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GENERAL INTRODUCTION 

Methionine plays a central role in the metabolism of sulfur amino acids. 

Many bacteria and eukaryotes catabolize L-methionine through a-ketobutyrate 

by three main pathways (1): (I) The conversion of methionine to cystathionine 

through S-adenosylmethionine and homocysteine, and then to cysteine, a

ketobutyrate and ammonia, (II) the deamination to a-keto-y-methylthiobutyrate, 

and the subsequent dethiomethylation to a-ketobutyrate, and (III) the 

simultaneous deamination and dethiomethylation to a-ketobutyrate by L

methionine "I-lyase (Fig. 1). 

L-Methionine "I-lyase lEC 4.4.1.11J, a pyridoxal-P dependent enzyme, 

catalyzes the direct conversion of L-methionine into a-ketobutyrate, 

methanthiol and ammonia. This enzyme has been demonstrated to b~~ present 

in various bacteria, such as Pseudomonas putida (2,3), Aeromonas sp.(4) , 

Clostridiufn sporogenes (5), and Trichomonas vaginalis (6). L-Methionine "1_ 

lyase is induced by the addition of L-methionine to the medium and is regarded 

as a key enzyme in bacterial methionine catabolism. 

a-Ketobutyrate, a main product of L-methionine catabolism, is converted to 

mainly propionyl-CoA by pyruvate dehydrogenase complex (7,8). It has been 

believed that high a-ketobutyrate levels interfere with a number of ITletabolic 

pathways by several mechanisms (9,10). P. pUfida can utilize L-methionine 

inducibly as a sole carbon and nitrogen source. Therefore, a study of the L

methionine catabolism involving L-methionine "I-lyase should be considered 

with the metabolism of a-ketobutyrate and with the L-methionine responsive 

gene regulatory mechanism. 

In 1976, Tanaka et al. purified L-methionine "I-lyase to homogeneity from 

P. pUfida, and determined its physicochemical and enzymological properties 

(11). This enzyme catalyzes a,y-elimination and "I-replacement of L

methionine and its derivatives, and also a,f3-elimination and f3-replacernent of 

S-substituted L-cysteines (3,12). The unique catalytic mechanism of L-
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Fig. 1. The pathways of L-methionine catabolism. 

methionine "I-lyase were studied using L-vinylglycine (13) , and its mechanisms 

of inactivations were using suicide substrates, L-propargylglycine (14) , S-(N

methylthiocar bamoyl)-L-cysteine (15) and L-2-ami no-4-chloro-4-pentanoate 

(16). The enzymes also catalyses the rapid exchange of the a- and ~

hydrogens of L-methionine and other amino acids with deuterium from 

solvents (17). From these studies, mechanisms for a ,y-elimination and "1-

replacement reactions by this enzyme have been proposed; a- and ~-hydrogens 

of the substrate amino acid are initially removed , and then the "I-substituent is 

eliminated to yield a vinylglycine-pyridoxal-P intermediate, which is a 

common key intermediate in a ,y-elimination and "I-replacement reactions (17, 

18) (Fig. 2). 

Alexsander et al. c1assfied pyridoxal-P enzymes to three family, a-, ~- , and 

"I-family with their primery structures and reaction properties (19). L

Methionine "I-lyase was identified the pyridoxal-P binding site lysyl residue and 

an essential cysteine residue located near the pyr idoxal-P binding region on 

affinity labeling with cofactor-analogous N-(bromoacetyl) pyridoxamine and 
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BAPMP (20). The pyridoxal-P binding regIon of L-methionine y-Iyase 

showed high sequence homology with that part of cystathionine y-synthase of 

Escherichia coli, and rat liver cystathionine y-Iyase, which have been already 

classfied to y-family pyridoxal-P enzymes (20). This report is expected that 

L-methionine y-Iyase is also clasfied to y-family pyridoxal-P enzyme. 

While from the view point of the metabolism of sulfur amino acids, genes 

for cystathionine-related y-family pyridoxal-P enzymes (cystathionine y-Iyase, 

cystathionine y-synthase and cystathionine B-Iyase) have been cloned (21-24), 

there have been few reports on the study of the reaction mechanism of these 

enzymes (14,25,26). It has been proposed that these enzyme reactions 

proceed through the same reaction mechanism as that of L-methionine y-Iyase. 

Thus, L-methionine y-Iyase would be a model enzyme for studying the catalytic 

mechanism, at the molecular level, of y-family pyridoxal-P enzymes. 

In this thesis, I describe cloning of genes involved in the L-methionine 

catabolism (mde operon) from P. putida, and identification of the gene 

products. I will discuss the primary structure of L-methionine y-Iyase and the 

function of a tyrosine residue required for y-elimination process in the reaction 

mechanism of the enzyme. I will also characterize a novel enzymes involved 

in the L-methionine catabolism, a-ketobutyrate dehydrogenase E 1, from 

enzymological and metabolic aspects. 
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CHAPTER I a 

Structural Analysis of the L-Methionine y-Lyase Gene 

from Pseudomonas putida 

In this chapter, I describe the cloning and expreSSion of P. putida L-

methionine y-Iyase. The complete pr imary structure of the enzyme 

determined from its DNA sequence, and its comparison with those of other 

a,y-elimination or y-replacement pyridoxal-P enzymes are discussed. In 

addition, I found the presence of a putative open reading frame, possibly that 

of pyruvate dehydrogenase (lipoamide), in the downstream of the L-methionine 

y-Iyase gene, indicating that these genes are related to the degradation of L

methionine. 

EXPERIMENT AL PROCEDURES 

Materials 

Restriction endonucleases, T4 DNA ligase and a in vitro packaging kit 

LAMBDA INN were obtained from Nippon Gene. A BcaBESTHvi sequencing 

kit and a random primer labeling kit were obtained from Takara Shuzo. [a-

32PldCTP (220 TBq/mmol) and fy-32p]ATP (220 TBq/mmol) were pllrchased 

from NEN Research Products~ bacterial alkaline phosphatase and T4 

polynucleotide kinase were from Toyobo; and carboxypeptidase Y, 3-methyl-

2-benzothiazolinone hydrazone hydrochloride and pyridoxal-P were from 

Nakarai Tesque. All other chemicals used were of analytical grade. 

Strains, Plasmids and Media 
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P. putida ICR3460, and Esherichia coli MYl184 and XLI-Blue were used 

as donor strain of the gene and the host strains for cloning, respectively. 

Plasmids pUC] 18 and pUC] 19, and phage vector ",ZAPII (Stratagene) were 

used for cloning. The M 13K07 helper phage was used for the preparation of 

single-strand DNA from pUC118 or pUCl19 (27). E. coli cells, which 

harbored the recombinant plasmid containing the L-methionine y-Iyase gene, 

were grown in L-broth (LB) (1 % polypeptone, 0.5 0/0 yeast extract, 10/0 NaCL 

pH 7.0) containing 50 /vlg/ml of ampicillin and 1 mM IPTG at 37°C for 17 h 

with shaking. P. putida cells were grown in LB or a medium (pH 7.2) 

containing 0.25% L-methionine (Met-medium) at 28°C as described in Tanaka 

et aL. (II). 

Synthetic Oligonucleotide Probe 

For screening of genomic DNA fragments containing the L-methionine y_ 

lyase gene, one complementary oligonucleotide 

[5'-GG(AG)TC(AG)T A(AGCT)CC(AG)TG(AG)TG(AGT)AT -3', 20 bp] 

was designed on the basis of the N-terminal amino acid sequence of the P. 

putida L-methionine y-Iyase (-ILeI5-His 16-Hisl7-Gly 18-Tyr] 9-Asp20-Pr021-, 

unpublished data), and synthesized with a DNA synthesizer Model 391 

(Applied Biosystems). The oligonucleotide synthesized was radiolabeled using 

T4 polynucleotide kinase and ry- :i2pJATP, and used as a hybridization probe. 

Cloning of the L-Methionine y-Lyase Gene 

Chromosomal DNA of P. putida was isolated by the method of Saito and 

Miura (28), and digested with restr iction endonuclease Pst!. The PstI 

fragments were ligated into the PstI site of plasmid pUC118 with T4 DNA 

ligase. The ligated DNA mixture was used to transform E. coli MY 1184. 

Then the transformants were screened by colony hybridization using a :i2P_end_ 

labeled oligonucleotide probe (29). One positive clone har boring the 

recombinant plasmid, pMR1, which contained a PstJ insert of 933 bp, was 
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obtained. The P."tI insert contained 424 bp of the 5' -terminal region of the L

methionine y-Iyase gene. A second genomic library was constructed with SacI 

restriction fragments and SacI-digested ",ZAPII. The library was screened by 

plaque hybridization (30) using the HindIII-PstI 453 bp fragment of pMRl 

labeled with la-32PldCfP as a probe, which contained the 5' -terminal region 

from the L-methionine y-Iyase gene. 

DNA Sequence Analysis 

The DNA sequence was determined by the dideoxy chain termlination 

method (31). Sequencing was carried out using the M13-specific primer 

radiolabeled with Iy-32PJATP. 

C-Terminal Sequence Analysis 

L-Methionine y-lyase was purified from an extract of P. putida cells by the 

method of Nakayama et ai. (2). The C-terminal amino acid residues were 

analyzed using the carboxypeptidase Y digestion method (32). The purified 

enzyme (10 nmol of subunits) was desalted and lyophilized. L-Norleucine (5 

nmol) was added to the sample as an internal standard. The sample then was 

denatured in 50 ~1 of 0.1 M sodium phosphate buffer (pH 5.6) containing 10/0 

SDS for 20 min at 60°C. The sample was digested at 25°C with 0.05 nmol of 

carboxypeptidase Y. At various times (0-60 min), 5 ~l aliquots were 

withdrawn and mixed with 5 ~l of 200/0 acetate. The amino acids released 

into the supernatant solution were measured with an automated amino acid 

analyzer JCL-300 (lEOL, Japan). 

Enzyme Assay 

A cell free extract from cells of E. coli MY 1184 carrying pYI-Il was 

prepared as described in Nakayama et aI. (2). The standard assay system 

comprised 200 ~mol of potassium phosphate buffer (pH 8.0), 40 ~mol of L

methionine, 0.04 ~mol of pyridoxal-P and enzyme, in a final volume of 1.6 ml. 
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Incubation was carried out at 37°C for 5 min, and the reaction was terminated 

by the addition of 0.2 ml of 50% trichloroacetic acid. After centrifugation, 

a-ketobutyrate in the supernatant solution was determined with 3-methyl-2-

benzothiazolinone hydrazone by the method of Soda (33). Protein was 

determined by the method of Lowry et ai. (34) with bovine serum albumin as a 

standard. 

Computer Search for Sequence Similarities 

Manipulation of the DNA sequence data derived from autoradiographs was 

performed with the GENETYX-Mac ver. 6.0.9 software (Software 

Development, Japan). A search of the National Biochemical Research 

Foundation (NBRF) protein sequence data bank for sequence similar ities was 

carried out with GENETYX-Mac CD vol. 23-3. 

Nucleotide Sequence Accession Number 

The nucleotide sequence data reported here has been submitted in the DDBJ, 

EMBL and GenBank Nucleotide Sequence Databases under the accession 

number, D30039. 

RESULTS 

Cloning and Expression of the L-Methionine y-Lyase Gene 

Using an oligonucleotide probe synthesized on the basis of the N-terminal 

amino acid sequence of L-methionine y-Iyase, I obtained one positive colony on 

colony hybridization. The plasmid, pMRI, had a 933 bp PstI insert 

containing the 424 bp 5' -terminal region of the L-methionine y-Iyase gene. A 

SacI genomic library of P. putida DNA was constructed in AZAPII and then 

plated on E. coli XLI-blue. The library was screened using the HindIII-PstI 
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P Sc H S1 Sc Specific activity (U/mg) 
Plasmid (kb) I I I I I 

!) LB LB(IPTG) Met-medium 

pYHl (2.6) <;>1 0.008 0.39 0.009 

pYH104 (2.4) <;>1 0.67 

pYH103 (1.3) <;>1 0.71 

pYH2 (2.6) I¢ NA NA 

pYH4 (2.9) I¢ NA NA 

¢ : lac orientation 

Fig. 3. L-Methionine y-Iyase activity of the cloned E. coli harboring 
recombinant plasmids . 

. The wide lines indicate the DNA inserts of the recombinant plasmids. One 
UnIt o~ the enzyme is defined as the amount of enzyme that catalyzes the 
formatIon of 1 !--lmol of a-ketobutyrate per min. LB (IPTG) denotes L-broth 
containing 1 mM IPTG. Met-medium is 0.25% L-methionine containing medium 
(pH 7:2), ~s described unde: E?,PERIMENT AL PROCEDURES. The POsillion 
and dIrectIOn of the L-methlOnIne y-Iyase gene are indicated by the big arrow. 
NA, no activity; -, not assayed. 

fragment from pMRl, which contained the 5' -terminal region of the L

methionine y-Iyase gene as a probe. The two positive phages obtained had the 

same 2.6 kb SacI insert. 

The SacI fragment was then ligated into the SacI site of pUCl18. Two 

clones were obtained: one carrying the DNA fragment in the same orientation 

as the lac promoter of pUCl18 (pYH1), the other carrying it in the opposite 

orientation (pYH2) (Fig. 3). The transformed E. coli MYll84 harboring 

pYHl showed low L-methionine y-Iyase activity and that harboring pYH2 

showed no activity at all. Addition of L-methionine to the medium 'was not 

effective for either the pYHl or pYH2 transformant. pYH4, carrying a PsfI

SacI 2.8 kb insert including a 5' -flanking region of 0.5 kb inserted into the 

PstI-SacI site of pUC] 18, also showed no activity. L-Methionine y-lyase 

activity was expressed efficiently in E. coli MY 1184/pYHl with the addition of 

a final concentration of 1 mM IPTG in LB. These results suggest that the lac 

promoter plays an effective role in the production of L-methionine y-Iyase, 
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whereas the promoter of the L-methionine y-lyase gene from the pseudomonad 

does not seem to be involved in the production of L-methionine y-Iyase when 

introduced into E. coli. The 1.35 kb HindIII-SalI fragment was inserted into 

the HindIII-SalI site of pUCl19. The resultant plasmid (pYHI03) showed 

high L-methionine y-lyase activity (specific activity = 0.71 units/mg protein) in 

LB containing 1 mM IITG. Thus, the enzyme expressed in E. coli! pYHI03 

cells amounted to about 3.70/0 of the total soluble protein on the basis of the 

specific activity (20.4 units/mg protein) of the pur ified enzyme from P. putida 

(2). 

DNA and Protein Sequencing of L-Methionine y-Lyase 

The nucleotide sequence of the fragment obtained from the subcloned 

pMRl and pYHl containing the entire L-methionine y-Iyase gene was 

determined by the dideoxy chain termination method. The determined DNA 

sequence suggested it contained two open reading frames: one of 1,194 

nucleotides, starting with an initiation codon, ATG, and ending with a 

termination codon, TGA, at position 1,195, and the other, starting with an 

initiation codon, ATG, located at position 1,223 of the 3'-flanking region of 

the former open reading frame (Fig. 4). The ATG codons of the two open 

reading frames appeared to be the best translation initiation sites because of 

their close location to the putati ve ri bosome binding site. 

A region of 1,194 nucleotides encodes a protein of 398 amino acid residues. 

The protein, L-methionine y-Iyase, was identified on the basis of its N-terminal 

amino acid sequence and the sequences of two BrCN-digested peptides derived 

from L-methionine y-Iyase reported by Nakayama et al. (20). The two 

peptides contain the essential cysteine residue (CBRl) and the lysine residue to 

which pyridoxal-P is bound (CBP). The C-terminal amino acid sequence 

(-Ala-Leu-Lys-Ala-Ser-Ala-COOH) was also determined using purified L

methionine y-lyase from P. pufida in this study. These amino acid sequences 

are in excellent agreement with those predicted from the DNA sequence. On 
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CTGCAGTACCTCGCGGGTGAACTCGCCGAACGACTCCAGATCCCGCGCCAGAATCTCCAGCAGG -451. 
PstI 

AAGTCATAGCGCCCGGAGATGTTGTGGCACGCCACGATTTCGGGGATATCCATCAGCCGCTGCTCGAATGCCCGGGCCATCTCCTTGCTG -361. 
TGCGAATCCATCATGATGCTGACGAAGGCGGTCACTCCGAAGCCCAGTGCCTTGGGTGACAGGATGGCCTGATAGCCGGTGATGTAGCCC -271. 
GACTCCTCCAGCAGCTTGACCCGCCGCCAGCACGGCGAGGTGGTCAGGGCGACGCTGTCGGCGAGCTCGGCCACGGTCAGTCGGGCATTG -181 

Sacl 
TCTTGCAGCGCGGCCAGCAGTGCGCGGTCGGTACGGTCGATGGCGCTAGGCATGTCTTGCCCTCCATAGCCTGTTCTTGTTGTTTTTATG -91 

-35 -10 
TCAGTGAGCGGCGCTTTTCGTAGGCGTATTTGGAAAAATTTAAGCCGGTCTGTGGAATAAGCTTATAACAAACCACAAGAGGCGGTTGCC -1. 

HindlII SD 
ATGCACGGCTCCAACAAGCTCCCAGGATTT GCCACCCGCGCCATTCACCATGGCTACGAC CCCCAGGACCACGGCGGCGCACTGGTGCCA 90 
M H G S N K LPG FAT R A I H H G Y D P Q D H G GAL V P 30 

CCGGTCTACCAGACCGCGACGTTCACCTTC CCCACCGTGGAATACGGCGCTGCGTGCTTT GCCGGCGAGCAGGCCGGGCATTTCTACAGC 180 
P V Y Q TAT F T F P T V E Y G A A C FAG E Q A G H F Y S 60 

CGCATCTCCAACCCCACCCTCAACCTGCTG GAAGCACGCATGGCCTCGCTGGAAGGCGGC GAGGCCGGGCTGGCGCTGGCCTCGGGCATG 270 
R I S N P T L N L LEA R MAS LEG G E A G L A LAS G M 90 

GGGGCGATCACGTCCACGCTATGGACACTG CTGCGCCCCGGTGACGAGGTGCTGCTGGGC AACACCCTGTACGGCTGCACCTTTGCCTTC 
GAl TSTLWTL LRPGDEVLLG NTLYG@]TFAF 
CBRI PstI 
CTGCACCACGGCATCGGCGAGTTCGGGGTC AAGCTGCGCCATGTGGACATGGCCGACCTG CAGGCACTGGAGGCGGCCATGACGCCGGCC 
LHHGlGEFGV KLRHVDMADL QALEAAMTPA 

ACCCGGGTGATCTATTTCGAGTCGCCGGCC AACCCCAACATGCACATGGCCGATATCGCC GGCGTGGCGAAGATTGCACGCAAGCACGGC 
T R V I Y F ESP A N P N M H M A D I A G V A K I ARK 8 G 

CBP 

360 
120 

450 
150 

540 
180 

GCGACCGTGGTGGTCGACAACACCTACTGC ACGCCGTACCTGCAACGGCCACTGGAGCTG GGCGCCGACCTGGTGGTGCATTCGGCCACC 630 
A T V V V D N T Y C T P Y L Q R P L E L GAD L V V H SAT 210 

AAGTACCTGAGCGGCCATGGCGACATCACT GCTGGCATTGTGGTGGGCAGCCAGGCACTG GTGGACCGTATACGTCTGCAGGGCCTCAAG 720 
®-r---L S G H G D I TAG I V V G S Q A L V D R I R L Q G L K 240 

GACATGACCGGTGCGGTGCTCTCGCCCCAT GACGCCGCACTGTTGATGCGCGGCATCAAG ACCCTCAACCTGCGCATGGACCGCCACTGC 810 
D M T G A V L S PHD A ALL M R G I K T L N L R M D R H C 270 

GCCAACGCTCAGGTGCTGGCCGAGTTCCTC GCCCGGCAGCCGCAGGTGGAGCTGATCCAT TACCCGGGCCTGGCGAGCTTCCCGCAGTAC 900 
A N A Q v L A E F L A R Q P Q VEL I H Y P G LAS F P Q Y 300 

ACCCTGGCCCGCCAGCAGATGAGCCAGCCG GGCGGCATGATCGCCTTCGAACTCAAGGGC GGCATCGGTGCCGGGCGGCGGTTCATGAAC 990 
T L A R Q Q M S Q P G G M I A F ELK G G 1 GAG R R F M N 330 

GCCCTGCAACTGTTCAGCCGCGCGGTGAGC CTGGGCGATGCCGAGTCGCTGGCGCAGCAC CCGGCAAGCATGACTCATTCCAGCTATACC lOBO 
A L Q L F S R A V S L G D A E S L A Q H PAS M T H S S Y T 360 

CCAGAGGAGCGTGCGCATTACGGCATCTCC GAGGGGCTGGTGCGGTTGTCGGTGGGGCTG GAAGACATCGACGACCTGCTGGCCGATGTG 1170 
PEE R A H Y GIS E G L V R L S V G LED I D D L LAD V 390 

CAACAGGCACTCAAGGCGAGTGCCTGAACC CGTCACGGATGAGGTCAATGCAATGGTGGC AATGATGAACCTTGTGCCTGGCGACGGCGT 1260 
Q Q A L K A S A * SD H V A M M N L V P G D G V 13 ' 

Sall 
GCCCGGTGACAGCGACCCTGGCGAAACTGC AGAGTGGCTGGAGGCGCTGGAGTCGACCCT GGCGCACTGCGGCCCGGCCCGCGCGCGGTT 1350 

P G D S D P GET A E W LEA L EST L A H C G PAR A R F 43 ' 

TCTGCTCGAACAGTTGGAGGCGCATGCCGC GAACTGGGCCTGGAGCGTGGTGCCCAGCCG TACTCGCGACCGCAACACCCTGTCGCTCGA 1440 
L L E Q LEA H A A N W A W S v v P S R T R D R N T L S L E 73' 

ACATCAGGGCGCCTACCCGGGCGATCTGGA ACTGGACGAGCGCATCACCAGCATCCTGCG CTGGAATGCCCTGGCGATGGTGGTGCGTGC 1530 
H Q GAY P G D L E L D E R ITS I L R W N A L A H V V R A 103' 

CAACCATG 1538 
N H 105' 

Fig. 4. Nucleotide sequence of the L-rnethionine y-lyase gene and the deduced 
amino acid sequence. 

The deduced amino acid sequence is indicated under the nucleotide sequence. The 
N-terminal (11 residues) region and two peptide fragments (CBR 1 and CBP), for 
which the sequences were determined from that of the previously purified enzyme (20), 
and the C-terminal (6 residues) region are underlined. The lysine residue involved in 
the binding of pyridoxal-P is circled. The putative essential cysteine residue is boxed. 
In the 5'-flanking region of the nucleotide sequence upstream from the ATG codon, the 
-35 and -10 regions of the putative promoter, and the proposed Shine-Dalgarno 
sequence (SD) for the ribosome binding site are indicated. In the 3'-flanking region 
from the coding sequence, it is suggested that there are a proposed SD and a putative 
open reading frame (See Fig. 5). 
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the basis of the sequence, the molecular weight of the L-methionine y-Iyase 

subunit is calculated to be 42,626, which is in agreement with the value 

(43,000) determined on SDS-polyacrylamide gel electrophoresis of the protein 

(2,20). Comparison of the overall amino acid composition of the enzyme 

experimentally determined with that predicted from the DNA sequence 

revealed good correlation for all residues (Table I) (20). 

Table I. Amino acid composition of L-methionine y_ 
lyase from P. putida.a) 

Amino acid Predicted b) Observed c) 

Ala 51 52 
Arg 20 (Asx) 20 
Asn ]0 29 
Asp 18 
Cys 4 4 
GIn 18 (Glx) 37 
Giu 18 
Gly 40 41 
His 18 18 
lIe ]6 16 

Leu 47 46 
Lys 9 10 
Met 14 14 
Phe 14 14 
Pro 19 20 
Ser 22 21 
Thr 23 22 
Trp 2 
Tyr 13 12 
Val 23 23 

a) The.nu~ber o~ amino acid residues i.s presented as mole per mole of 
subUnIt. ) Predicted values were denved from the translation of the 
L-methionine y-Iyase gene sequence. c) Observed values were 
re.calculated from the results obtained on hydrolysis in 6N He] (20) 
with the corrected subunit molecular weight (42,626). 
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Analysis of the Putative Open Reading Frame Existing Downstream 

of the L-Methionine y-Lyase Gene 

The partial sequence of the putative open reading frame existing 

downstream of the L-methionine y-lyase gene was determined (Fig. 4). The 

N-terminal region of the putative protein showed high homology [43% (40 out 

of 93 total residues)1 with the N-terminal region of pyruvate dehydrogenase 

(lipoamide) (the E1 component of the pyruvate dehydrogenase complex) from 

E. coli (35) on a computer search of the NBRF protein sequence data bank (Fig. 

5). 

Sequence Homology with Other Pyridoxal-P Enzymes 

A computer search of the NBRF protein sequence data bank revealed a 

number of protein segments which are similar to the sequences of various 

regions of L-methionine y-Iyase. I found such sequences in the following 

enzymes: rat cystathionine y-lyase (440/0) (21), Saccharornyces cerevisiae 

P. putida 

E. coli 

P. putida 

E. coli 

P. putida 

E. coli 

20 40 
MVAMMNLVPGDGVPGDSDPGETAEWLEALESTLAHCGPAR 

I I II I I II I II I I 
MSERFPNDVDPIETRDWLQAIESVlREEGVER 

60 
ARFLLEQLEAHAANWAWSVVPSR--TRDRNTLSLEHQG1~Y 

I I II I I I II I I I 
AQYL I DQLLAEARKGGVNVAAGTGI SNY INTIPVEEQPEY 

80 100 
PGDLELDERITSILRWNALAMVVRANH 

II III II I 1111 I II 
PGNLELERRIRSAIRWNAIMTVLRASK 

Fig. 5. Alignment of the amino acid sequences of the putative open 
reading frame of the 3'-flanking region of the L-methionine y-lyase 
gene (upper sequence) and that of E. coli pyruvate dehydrogenase 
(lipoamide) (lower sequence). 

The identical amino acid residues are linked with vertical bars. The C
terminal sequence (positions 100 - 886) has been omitted for the E. coli 
enzyme. 

- 13 -

cystathionine y-Iyase (38%) (22), E. coli cystathionine y-synthase (36%) (23) , 

and S. cerevisiae O-acetyl-homoserine O-acetylserine sulfhydrylase (31 %) (36) 

(Fig. 6). These enzymes, including L-methionine y-Iyase, are a,y-elimination 

or y-replacement pyridoxal-P enzymes. However, L-methionine y-lyase 

showed no homology with a,(3-elimination and/or (3-replacement pyridoxal-P 

enzymes (e.g., tryptophanase (37), threonine dehydratase (38), O-acetylserine 

sulfhydrylase (39), and so on), with the exception of E. coli cystathionine (3-

lyase (26%) (24). 

DISCUSSION 

L-Methionine y-Iyase is one of the most frequently studied a,y-elimination 

or y-replacement pyridoxal-P enzymes. The peptide sequence containing the 

pyridoxal-P binding lysine residue of a,y-elimination and y-replacement 

enzymes, i.e., cystathionine y-Iyase, cystathionine y-synthase and L-methionine 

y-Iyase, had been reported (20,40). Nakayama et ai. also reported that the 

cysteine residue of L-methionine y-Iyase (CysI16) was modified with DTNB, 

NTCB and BAPMP (20,41). But no other catalytically important residues 

have been identified in other a,y-elimination and/or y-replacement pyridoxal- P 

enzymes. 

In this study I found that Cysl16 in L-methionine y-Iyase was not conserved 

in other homologous enzymes (Fig. 6). In addition, it was found that no other 

cysteine residues were conserved in those enzymes. Furthermore, 

cystathionine y-Iyase from S. cerevisiae has no cysteine residue in its coding 

sequence. These observations suggest that reactive Cysl16 and all other 

cysteine residues do not participate in the enzyme reaction mechanism directly. 

I believe that Cysl16 of L-methionine y-Iyase is one of the residues forming the 

catalytic pocket of L-methionine y-Iyase (41). However, residues nearby 
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L-methionine y-lyase (P. putida) 
cystathionine y-lyase (rat) 
cystathionine y-lyase (S. cerevisiae) 
cystathionine y-synthase (E. coli) 
OAH-GAS sulfhydrylase (S. cerevisiae) 
cystathionine ~-lyase (E. coli) 

1) MHGSNKLPGFATRAIHHGYD-PQDHGG-ALVPPVYQ'l?ATFT 
2) CCGAA 
3) MTLQESDKFATKAIHAGEH-VDVH-G-SVIEPISLSTTFK 
4) MTRKQATIAVRSGLN-DDEQYG-CVVPPIHLSSTYN 
5) MPSHFDTVQLHAGQENPGDNAHRSRAVPIYM?TSYV 
6) MADKKLDTQLVNAGR-SKKYTLGAVNSVIQRJ~SSLV 

50 100. 

1) FPTVEYGAACFAGEQAGHF-!SISNPTLNLLEARMASjGGEAGLALAS MGAITSTLWTLLRPGDEVLLGNTL!;bkFA 
2) HLLATTFKQDSPGQSSGFV- S SGNPTRNCLEKAV DGAKHCLTFAR -TTTITHLLKAGDEVICMDEV ;GTNR 
3) --------QSSPANPIGTYE S SQNPNRENLERAV NAQYGLAFSS SATTATILQSLPQGSHAVSIGD-V ;GTHR 
4) F-------TGF-NEP~D- S GNPTRDVVQRALAE GGAGAVLTNT SAIHLVTTVFLKPGDLLVAPHDC ;GSYR 
5) FENSKHGSQLFGLEVPGYV- S QNPTSNVLEERI GGAAALAVSS AAQTLAIQGLAHTGDNIVSTSYL ;GTYN 
6) FDSVEAKKHATRNRANGELF G GTLTHFSLQQAMCE GGAGCVLFPC VANSlLAFIEQGDHVLMTNTA ~PSQD 

150 _ 

1) FLHHGIGEFGVKLRHVDMADLQALEAAMTPATRVIYISPANPNMH~IAGVAKIARKH----GAT 
2) YFRRVASEFGLKISFVDCSKTKLLEAAITPQTKLVWI TPTNPTLKL lKACAQIVHKH---KDIIL -MSAYFQ 
3) YFTKVANAHGVETSFTN-DLLNDLPQLlKENTKLVWI TPTNPTLKVT IQKVADLIKKHAAGQDVIL 
4) LFDSLAKRGCYRVLFVDQGDEQALRAALAEKPKLVL SPSNPLLR IAKICHLAREV----GAVS -LSPALQ 
5) QFKISFKRFGIEARFVEGDNPEEFEKVFDERTKAVY TIGNPKYNVP FEKIVAIAHKH----GIPVV\,j~nN'lrWGAGGYFC 
6) FCSKILSKLGVTTSWFDPLIGADIVKHLQPNTKIVF SPGSITMEVH VPAIVAAVRSVVP--DAIIMI -AAGVLF 

200 <> 
1) RPLELIIVVHS K LS H DITA~V-V---------------------------------GSQALVDRIRLQGLKDM 
2) RPLAL ICMCS K MN H DVVM LVSV---------------------------------NSDDLNERLRF--·LQNS 
3) NPLNF IVVHS K I H DVVL L-A---------------------------------TNNKPLYE-RLQFLQNA 
4) NPLAL VLHSC K L H DVVA -I---------------------------------AKDPDV-VTELAWWANN 
5) QPIKY IVTHS K I H TTIG II-VDSGKFPWKDYPEKFPQFSQPAEGYHGTIYNEAYGNLAYIVHVRTELLRDL 
6) KALDF I SIQ K LV H DAMI A-V---------------------------------CNARCWEQLRENAY--L 

250 

1) TIVLSPHDAALLMR~KTLNLRMDRHCANAQVLAEF 
2) L VPSPFDCYLCCR LKHCRSGWRNTFQDGMAVARF 
3) I IPSPFDAWLTHR TLHLRVRQAALSANKlAEF 
4) I TGGAFDSYLLLR LRTLVPRMELAQRNAQAIVKY 
5) - PLMNPFASFLLLQ TLSL~RHGENALKLAK 

6) M MVDADTAYITSR RTLGVRLRQHHESSLKVAE 

300 

QPQILIHYIFPQY--TLARQQMSQP-GGMI LK 
SNPR- KVIY PSHPQH--ELAKRSARAC-PGMVS YIK 

KE AVNY THPNYDVVLKQHRDALG-GGMIS RIK 
TQPL- LYH S PENQGH--ElAARQQKGF-GAMLS LD 
QSPY- SWVSY HSHH--ENAKKYLSNGFGGVLS GVK 

HPQ- VNH PGSKGH--EFWKRDFTGS-SGLFS 

~i ~~~~~~~~~~~~~~~~~~~~I~~~::~~~~~~~~~~~I~~I~ ~~I~z:~~ 
5) DLPNADKETDPFKLSGAQVVDNLK NLANV DART IAPYFTTHKQLNDKEKLASGVTKD I VS I FID II F 
6) KKLNNEELA--------NyLDNFS SMAYSW YES lLANQPEHlAAIRPQGEIDF--SGT I HI DVD LI L 

1 ) QQALKASA (398 a.a. ) 
2 ) GQALKAAHP (364 a.a. ) 
3) KQALKQATN (394 a.a. ) 
4 ) ENGFRAANKG (386 a.a. ) 
5 ) QQSFETVFAGQKP (444 a.a. ) 
6 ) DAGFARIV (395 a.a. ) 

Fig. 6. Comparison of the deduced sequences of L-methionine y-Iyase, and other 
a, y-elimination and y- replacement pyridoxal-P enzymes. 

The residues are numbered according to the sequence of L-methionine y-Iyas.e. 
Deletions introduced into the sequences are indicated by hyphens. Residues that are 
conserved in all the sequences compared with that of L-methionine y-Iyase are boxed. 
0, pyridoxal-P binding lysine residue; +, proposed essential cysteine residue for L
methionine y-Iyase. 
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Cys116, especially Tyr 114, are conserved in all the enzymes (Fig. 6). This 

residue may be catalytically important or essential in the binding of pyridoxal

P. I will further discuss the roles of Tyrl14 and Cysl16 in CHAPTER II. 

lt is generally accepted that the structural genes for cystathionine y-Iyase, 

cystathionine y-synthase, cystathionine ~-lyase and O-acetylhomoserine 0-

acetylserine sulfhydrylase evolved from a common ancestral gene (22,24). 

The sequence homology results support the conclusion that the L-methionine y

lyase gene may have evolved from the same ancestral gene (20). 0-

Acetylhomoserine O-acetylserine sulfhydrylase is distinct from other known 

enzymes (Fig. 6), as it only catalyzes the replacement reaction. This enzyme 

has large (32 a.a.) and small (10 a.a.) insertions at the Va1225-Gly226 and 

Arg326-Arg327 positions of L-methionine y-Iyase, respectively. Interestingly, 

the lar ge insertion is conserved in the amino acid sequence of putative 

dihydrorhizobitoxine synthase from Bradyrhi:obiufn japonicufn, which 

catalyzes the synthesis of dihydrorhizobitoxine from homoserine and serinol to 

produce r hizobitoxine through the y-replacement reaction (42). Thus, these 

insertions, especially the lar ge one, may be needed to promote the y

replacement reaction or to prevent the a,y-elimination reaction. 

I found that the primary structure of L-methionine y-Iyase was not similar 

to that of a,~-elimination andlor ~-replacement pyridoxal-P dependent 

enzymes, which are unable to catalyze a,y-elimination. Recently, Alexander 

et ai. compared the currently known amino acid sequences of pyridoxal-P 

enzymes and showed that many of them belong to one of three different 

families (a, ~ and y-families) of homologous proteins (19). In this case, L

methionine y-Iyase should belong to the y-family, and they have stated that the 

a-family (including tyrosine phenol lyase and tryptophanase) and y-family 

might be distantly related to one another, but are clearly not homologous with 

the ~-family (including all a,~-elimination or ~-replacement enzymes except 

tyrosine phenol lyase, tryptophanase and cystathionine ~-Iyase). The a,y

elimination reaction must remove the ~-hydrogen, not to mention the a-
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hydrogen. The feature of the reaction mechanism may be found tn the 

sequence of the characteristic pyridoxal-P binding site (40). 

L-Methionine y-Iyase is an enzyme which can be induced by L-methionine in 

P. putida. I showed that about 500 bp of the 5' -flanking region of the L

methionine y-Iyase gene in pYH4 had no promoter activity in E. coli, as L

methionine y-Iyase activity was not detected (Fig. 3), although a similar 

consensus sequence of E. coli was shown at positions -124 and -97 upstream of 

the translational start (Fig. 4). Relatively little is known about the 

transcription or the nature of promoter elements in the pseudomonad (43). 

Thus, I am interested in further study of the 5' -flanking region of the L

methionine y-Iyase gene and in elucidation of the methionine-inducible 

mechanism. I will discuss this problem in CHAPTER III. 

During the computer search of the NBRF protein sequence data bank, I 

found a putative pyruvate dehydrogenase (lipoamide) gene in the 3' -11anking 

region of the L-methionine y-Iyase gene (Fig. 5). The expression of the L

methionine y-Iyase gene and the putative El gene account for an efficient 

metabolic product of L-methionine degradation, namely a-ketobutyrate:, which 

has been formed through a,y-elimination reaction from L-methionine by L

methionine y-Iyase, and is converted rapidly to propionyl-CoA by the pyruvate 

dehydrogenase complex. 

[ L-methionine ~ a-ketobutyic acid ~ propionyl-CoA ] 

Characterization of the complete gene(s) existing downstream of the L

methionine y-Iyase gene may reveal an effective degradation pathway for L

methionine in bacteria possessing L-methionine y-Iyase activity (3) . 
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SUMMARY 

The gene encoding L-methionine y-Iyase from PseudOfnOna\' putida was 

cloned and the primary structure of the enzyme was deduced from its 

nucleotide sequence. The L-methionine y-Iyase gene was expressed In 

Escherichia coli. The amino acid sequences of BrCN-digested peptides agreed 

with the corresponding parts of the L-methionine y-Iyase sequence determined 

from the gene structure. The polypeptide is composed of 398 amino acid 

residues with a calculated molecular weight of 42,626, corresponding to the 

subunit of the homotetrameric enzyme. The deduced amino acid sequence of 

L-methionine y-Iyase only showed extensive homology with other well known 

a,y-elimination and/or y-replacement pyr idoxal 5' -phosphate-dependent 

enzymes, such as cystathionine y-Iyase, cystathionine y-synthase and 0-

acetylhomoserine O-acetylserine sulfhydrylase, that participate In the 

biosynthesis of sulfur amino acids. However, the deduced essential cysteine 

residue of L-methionine y-Iyase was not conserved in these enzymes. I 

confirmed the presence of a part of an open reading frame in the 3' -flanking 

region of the L-methionine y-Iyase gene, which showed high homology with the 

N-terminal region of pyruvate dehydrogenase (lipoamide) from E. coli, 

suggesting that it participates in the degradative pathway for L-methionine 

together with L-methionine y-Iyase. 
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CHAPTER lIb 

Role of Tyrosine 114 as a General Acid Catalyst in 

the Reaction Mechanism of L-Methionine y-Lyase 

As described in CHAPTER I, L-methionine y-Iyase gene of P. putida was 

cloned and its primary structure revealed. The enzyme is composed of 398 

amino acid residues, and its amino acid sequence is highly similar to y-family 

pyr idoxal-P enzymes that catalyze a,y-elimination and y-replacement reactions 

(19) , such as cystathionine y-Iyase, cystathionine y-synthase, and O-acetyl

ho moserine O-acety] seri n e s u Ifh y dry lase. 

According to the general mechanism for a,y-elimination and y-replacement 

reactions by y-family pyridoxal-P enzymes, a- and ~-hydrogens of the 

substrate amino acid are initially removed, and then the y-substituent lS 

eliminated to yield a vinylglycine-pyridoxal-P intermediate, which is a 

common key intermediate in a,y-elimination and y-replacement reactions 

(17,18). In inactivation mechanism studies of L-methionine y-Iyase by suicide 

substrates, such as L-2-amino-4-chloro-4-pentanoate (16) and 2-amino-4-

chloro-5-(p-nitrophenylsulfinyl)pentanoic acid (26), we suggested that a 

cysteine residue is located at the active site in the enzyme. The cysteine 

residue corresponding to Cys116 from primary structure of the enzynl1e was 

proposed as a nucleophilic residue for an enzymatically activated 3,4-allenic 

intermediate of these inactivators, and also modified and identified with 

BAPMP (a cofactor analogous affinity-labeling agent), NTCB and iodoacetate 

(20). Kinetic analysis of the Cys-cyanilated L-methionine y-Iyase with NTCB 

also revealed that the affinity of enzyme for the substrates was decreased 

greatly (41). Although the Cysl16 was not conserved in other y-.family 

enzymes, the sequence containing Cysl16, I-Tyr 114-Gly 11S-(Cysl16 or 

Glyl16)-(Thrl17 or Serl17)-1, is a highly conserved region, especially, the 
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tyrosine residue corresponding to Tyr 114, which is conserved in all known 

sequences of y-family enzymes (CHAPTER I, Fig. 6). It should be noted that 

a highly conserved Gly115 is positioned between Tyr 114 and Cysl16, and both 

residues are thought to be located at the approximate position on a spatial 

structure. 

In an attempt to define the role of Tyr 114 and Cys 116 in P. pufida L

methionine y-Iyase, I investigated, in this chapter , three mutant forms of this 

enzyme, Yl14F, C116A and C116G. I show that Tyr114 but not Cysl16 

plays an important role in catalytic activity. The wild type enzyme and 

Y 114F have been studied based on the individual putative steps of a ,y

elimination and y-replacement reaction mechanisms. I here propose that 

Tyr 114 is required as a general acid catalyst to facilitate y-elimination 

reaction process specific to the reaction mechanism of y-family pyridoxal-P 

enzyme. 

EXPERIMENT AL PROCEDURES 

Materials 

L-Methionine sulfone, L-vinylglycine, S-ethyl-L-cysteine, and S-methyl-L

cysteine were purchased from Sigma. O-Acetyl-L-homoserine was prepared 

by the method of Nagai and Flavin (44). The other amino acids were 

purchased from Nacalai Tesque, and D20 (99.8%) was from Merck. A 

pKK223-3 expression vector was obtained from Pharmacia. Synthetic 

oligonucleotides for site-directed mutagenesis were from Biologica (Nagoya). 

Restriction enzymes and other DNA modifying enzymes were from Takara 

Shuzo, and Nippon Gene. The other chemicals were analytical grade reagents. 

Construction of Expression Plasmid 
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pYHI03 encoding L-methionine y-Iyase gene from P. pUfida lCR3460 was 

constructed as described in CHAPTER I. The 1.35-kb HindIII -BatnHI 

fragment of pYHI03 containing the entire coding region was excised from 

0.7% agarose gel. The fragment was blunt-ended with Klenow fragment and 

subcIoned into the S,naI site of pKK223-3 to yield the expression plasmid 

pYH301. 

Site-Directed Mutagenesis 

The 0.6-kb lnndIII-SalI fragment corresponding to the 5'-terminal half of the 

coding sequence was subcloned into pUCl19 digested with HindIII and Sall, 

and then subjected to mutagenesis by the method of Kunkel ef aL. using Mutan

K site directed mutagenesis kit (Takara Shuzo) (45). The mutant enzymes 

and synthetic mutagenic primers were as follows (the underlined bold letters 

indicate the mutagenized nucleotides) : 

Y 114F: 5' -AGGTGCAGCCGAACAGGGTGTTG-3' 

C116A: 5'-CAGGAAGGCAAAGGTGGCGCCGTACAGGGYGYYG-3' 

ClI6G: 5'-GCAAAGGTGCCGCCGTACAGG-3' 

Clones obtained after mutagenesis were screened by sequencing the gene in the 

mutated region using BcaBESTTt--1 sequencing kit (Takara Shuzo) and M13-

specific primer radiolabeled with ry-3~p]ATP. The clones that were selected 

for sequencing contained the desired mutation. To construct entire 

mutational genes of L-methionine y-Iyase, the resultant plasmids containing the 

mutational site were digested with HindIII-SalI and the fragments replaced on 

same region of pYHI03 to give pYHI03(Yl14F), pYHI03(Cl16A) and 

pYHI03(Cl16G). Finally, HindIII-BatnHI fragments of these plasmids were 

inserted into pKK223-3 as described above, to construct mutated pYH301. 

Expression and Purification of the Wild Type and Mutant Enzymes 

Wild type enzyme and mutant enzymes were produced by E. coli JMI09. 

Recombinant E. coli cells were cultivated at 37°C for 16 h in Terrific broth 
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(46). The wild type enzyme was purified using the method of Nakayama ef al. 

(2). The mutant enzymes were pur ified using the same method (2) with some 

modifications: 

After DEAE-Toyopearl 650M column chromatography, the mutant 

enzyme (Yl14F, Cll6A or Cl16G) was applied onto a DEAE-Sephadex A-50 

column equilibrated with 0.02 M sodium pyrophosphate buffer (pHS.3) 

containing 0.1 M KCI. The enzyme was washed with same buffer and eluted 

with buffer containing 0.2 M KCf. The enzyme solution was then applied 

onto a Q-Spharose FF column equilibrated with 10 mM potassium phosphate 

buffer (pH7.2) containing 0.1 M KCf. Elution of the enzymes were carried 

out with a linear gradient of 0.1 M-0.2 M KCI. The buffers used throughout 

contained 0.02 mM pyridoxal-P and 0.01 % 2-mercaptoethanol. Purity of the 

enzymes were determined by SDS-PAGE (47). 

Enzyme and Protein Assay 

The enzymatic a,y- and a,~-elimination reactions were routinely followed 

by the determination of a-ketobutyrate and pyruvate, respectively, with 3-

methyl-2-benzothiazolone hydrazone hydrochloride (33). The elimination 

reaction assay system was described in CHAPTER I. For the replacement 

reaction (2), the reaction system consisted of 100 Il-mol of potassium phosphate 

(pHS.O), 25 Il-mol of L-methionine sulfone or S-methyl-L-cysteine, 40 Il-mol of 

2-mercaptoethanoJ, 10 nmol of pyridoxal-P and enzyme in a final volume of 

0.25 mf. After incubation at 37°C, the reaction was stopped by addition of 

0.03 ml of 50% trichloroacetic acid. S-(~-hydroxyethyl)-L-homocysteine or 

S-(B-hydroxyethyl)-L-cysteine formed was determined with an automated 

amino acid analyzer JCL-300 (lEOL, Japan). Protein was determined by the 

method of Lowry et al. (34) with bovine serum albumin as a standard. 

IH NMR Analysis 

The exchange reaction of the substrate hydrogens with deuterium of 
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solvent 0
2
0 was followed by lH NMR analysis as described by Esaki et al. (17). 

The reaction mixture contained ] 500 ~mol of potassium phosphate buffer (pD 

8.1) , 0.14 ~mol pyridoxal-P, 500 ~mol of the substrate and enzyme in 7 ml of 

D,O. The reaction was initiated by addition of 0.5 ml of the enzyme solution 

(0.1-4.0 mg/ml) and performed at 37°C. lH NMR spectra were recorded 

immediately after addition of 0.1 ml of 20/0 NaOO to 0.6 ml of the reaction 

mixture at appropriate intervals. The IH NMR spectra and peak integrals 

were analyzed with a lEOL YXR 200 spectrometer (200 MHz). 

RESULTS 

Expression, Purification and Characterization of Wild Type and 

Mutant forms of L-Methionine y-Lyase 

The genes encoding wild type and mutant enzymes were highly expressed 

under the control of the taq promoter of pKK223-3. The amounts of the 

produced enzymes corresponded to about 5% of the soluble proteins. 

The enzymes were purified as described under "EXPERIMENTAL 

PROCEDURES". The wild type enzyme was purified according to the 

procedure for purifying L-methionine y-Iyase from P. putida ICR3460 (2) (Fig. 

7). As the mutant enzymes (YlI4F, ClI6A and Cl16G) behaved differently 

from the wild type enzyme during OEAE-Sephadex A-50 column 

chromatography, they were purified by Q-Sepharose FF column 

chromatography as the final pur ification step. The pur ified enzymes were 

found to be homogeneous upon SDS-PAGE, and the subunit sizes were the 

same. In addition, the purified mutant enzymes were also immunochemically 

indistinguishable from the wild type enzyme by Ouchter10ny double diffusion 

analysis (48) (data not shown). 

The steady state kinetic parameters of wild type and mutant enzymes for L-
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Fig. 7. Purification of L-methionine y-Iyase from E. coli JMI09/pYH301 
(wild type enzyme). 

SDS-PAGE (10.5% acrylamide) of fractions obtained in the purification 
procedure. Lane 1, molecular-mass standards; lane 2, soluble fraction; lane 3, 
pooled fracti?ns obtained from DEAE-Toyopearl 650M chromatography; lane 4, 
pooled fractIOns. obtained from DEAE Sephadex A-50 chromatography. The 
band correspondmg to the expressed protein is indicated by an arrow. 

Table II. Steady state kinetic constants of L-methionine 
y-Iyase and its mutants for L-methionine. 

Enzyme Km kcal kca/Km 

mM S-l s-l m M-1 

Wild Type 0.90 48.6 54.1 

Cl16A 0.92 8.4 9.1 

Cl16G 0.26 5.4 21 

Yl14F 1.13 0.053 0.047 
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methionine are shown in Table II. C116A and C116G mutant fOflms still 

showed quite high activity with k cal values of 8.4 and 5.4 S- I, respectively, 

compared to that of 48.6 S-I for wild type enzyme. The Km value of C116G 

mutant form was about 3.5-fold lower than that of the wild type enzyme. 

These results suggest that Cys 116 is not an essential residue for catalytic 

activity. Y114F mutant form exhibited kcat value of 920-fold lower compared 

to that of the wild type enzyme. Since the Km value of Y114F mutant form 

was the same as that of the wild type enzyme, Tyr 114 could plays a critical 

role in the catalytic mechanism. 

Properties of Elimination and Deamination Reactions with Y 114F 

Mutant Enzyme 

I have examined the reactions of Y114F mutant form with various substrates 

(Table III). The kcat value for L-ethionine decreased by 514-fold compared 

with that of wild type enzyme. Interestingly the kcal values for L-methionine 

sulfone and O-acetyl-L-homoserine, which have good leaving groups at the "1-

positions, exhibited only 16 and 28-fold reductions, respectively. These 

results suggest that there are "Tyr-dependent" and "Tyr-independent" 

substrates for the a,y-elimination reactions of L-methionine "I-lyase. Y 114F 

mutant form did not show significant reductions for kcal value of L

vinylglycine which served as a substrate of deamination, and for kcat values of 

substrates requiring ~-elimination reaction like S-methyl-L-cysteine and S

ethyl-L-cysteine. These results suggest that Tyr 114 does not play an 

important role for the deamination and ~-elimination processes in the reaction 

mechanism. 

Isotope Exchange in D20 

In deuterium solvents, L-methionine "I-lyase catalyses the rapid exchange of 

the a- and ~-hydrogens of the substrates and straight-chain L-amino acids 

which are not substrates for elimination reactions (17). The enzyme-
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Table III. Steady state kinetic constants of wild type and 
Yl14F mutant forms. 

Wild Type Yl14F 
Substrate 

Km kcat kca/Km Km kcal 

mM s-, .~·- 'mM- ' mM s' 

L-Methionine 0.90 48.6 54.1 1.13 0.053 

L-Ethionine 0.27 33.4 125 1.18 0.065 

L-Methionine sulfone 8.22 40.4 4.87 0.84 2.52 

0 -Acety 1-L-homoseri ne 2.22 78.0 35.1 0.74 2.84 

S-Methyl-L-cysteine 0.40 5.53 14.0 4.18 0.423 

S-Ethyl- L-cysteine 0.48 5.79 12.1 0.72 0.38 

L-Vinyl glycine 7.22 44.4 2.88 1.96 2.37 

kca/Km 

s-'mM-' 

0.047 

0.055 

2.99 

3.84 

0.101 

0.531 

1.21 

catalyzed hydrogen exchange reactions was studied by following the 

disappearance of the IH NMR signal corresponding to a- and ~-protons of the 

substrate when the enzyme and amino acid were incubated in D~O. Figure 8 

shows the IH NMR spectral change of L-methionine observed during 

incubation with Y 114F mutant form in D~O. Signals of the a- and ~-protons 

disappeared continuously with time. The exchange of ~-hydrogens of L

methionine by Y114F mutant form occurred due to the stereospecificity of 

nonequivalent ~-hydrogens, since the signal of (3-protons after 120 min 

incubation was shown as a triplet in 1.2 ppm. This observation was not 

shown in the wild type enzyme (17). 

The rates of the a- and ~-hydrogens exchange for L-methionine, S-methyl

L-cysteine and L-norleucine (a non-substrate for elimination reaction) by wild 

type and Y114F mutant enzymes are summarized in Table IV. The a-proton 

exchange rate for L-methionine of the Y114F mutant form is only 89-fold 

slower than the wild type enzyme, although the elimination reactions 

producing a-ketobutyrate of Y 114F mutant forms is 920-fold slower (Table 
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Fig. 8. IH-NMR spectra of L-methionine before (0 min) and after (120 
min) incubation with L-methionine y-Iyase Y114F mutant form in D20. 
The reaction mixture contained 135 J.1g of enzyme. The IH-NMR spectra were 
recorded immediately after addition of 100 J.11 of 2% NaOD to the reaction 
mixture (see EXPERIMENTAL PROCEDURES). 

II). The rate reductions of a-proton exchange were also observed for S

methyl-L-cysteine and L-norleucine by the Y114F mutant form. The~

proton exchange rates of these substrates seem to follow their a-proton 

exchange rates, as the ratios of a- and ~-proton exchange rates for each 

substrate are similar in both wild type and Y 114F mutant enzymes. 

The proton exchange of Tyr-independent substrates, L-methionine sulfone 

and O-acetyl-L-homoser ine, by these enzymes were not observed under the 

same conditions (data not shown). 
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Table IV. Rates of exchange of a and J3 hydrogens of L
amino acids with wild type and Yl14F mutant forms. 

Initial velocity of exchange (f-tmol/min/mg enzyme) 

Wild Type YI14F 
Substrate 

a-H P-H a-H P-H 

L-Methionine 841 1080 9.45 12.7 

L-Norleucine 33.6 33.6 5.17 5.16 

S-Methyl-L-cysteine 76.9 120 3.74 5.12 

Spectral Analysis 

The wild type and Y114F mutant enzymes exhibit similar absorption 

maxima at 420 and 424 nm, respectively, in the absence of substrates (Fig. 9). 

They were stable to exhaustive dialyses, suggesting that pyridoxal-P is tightly 

bound in each enzyme form. Addition of L-methionine (a final concentration, 

25 mM) to the wild type enzyme resulted in the absorption maximum being 

shifted to 460 nm and a new absorption shoulder appeared at about 480 nm as 

described in Esaki et ai. (49) (Fig. 9A). In contrast, addition of L-methionine 

(25 mM) to Yl14F mutant form showed no appreciable spectral changes and a 

little quenching of the 424 nm band (Fig. 98). However , when O-acetyl-L

homoserine or L-methionine sulfone was added to the Yl14F mutant form , the 

absorption maximum shifted slowly to 460 nm and the absorption shoulder 

appeared in the range of 480 nm (Fig. 9B). The Y 114F mutant form also 

exhibited an absorption shoulder at 480 nm for vinylglycine. The same 

spectral changes were observed in the wild type enzyme (Fig. 9A) (50). In 

addition, non-substrate amino acids which undergo the hydrogen exchange 
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Fig. 9. Absorption spectra of wild type and Yl14F mutant form 
with L-methionine and O-acetyl-L-homoserine. 
L-methionine or O-acetyl-L-homoserine (final concentration, 25 mM) 
was added into reaction mixture (pH8.0) containing 1.3 mg/ml enzymes. 
Wild type enzyme was measured immediately after addition of these 
substrates (A). Y 114F mutant fonn was measured after 2hr (L
methionine) and after 30 min (O-acetyl-L-homoserine) (B). M, L
metlllonine; OAH, O-acetyl-L-homoserine. 

reaction (e.g. L-alanine, L-norleucine) caused a quenching of the 420 n:m band 

of wild type and Y114F mutant forms but did no change at longer wavelength 

(data not shown). The absorption shoulder at 480 nm is probably ascribed to 

a pyridoxalaldimine intermediate of a-aminocrotonate as proposed by 

Johnston et 01. (14) (Fig. 10 V). These results indicate that the formation of 

a-aminocrotonate-pyridoxalaldimine intermediate from Tyr-deJPendent 
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substrate (e.g. L-methionine) is strongly inhibited by the mutation of Tyr 114, 

therefore, Tyr 114 plays a crucial role in the y-elimination step of the reaction 

mechanism. In the spectrum change during the a,f3-elimination of S-methyl

L-cysteine, the wild type enzyme exhibited an absorption shift to 428 nm 

without any change in the region of 480 nm, while the Y 114F mutant form did 

not show such an absorption change (data not shown). 

Properties of Replacement Reactions with Yl14F Mutant Enzyme 

L-Methionine y-Iyase also catalyses the enzymatic y- or f3-replacement 

reactions in the presence of various thiols (3). It is proposed that the y- or f3-

replacement reaction proceeds through common key inter mediates with a,y

or a,f3-elimination reaction, which are vinylglycine-pyridoxal-P (Fig. 10 IV) 

and aminoacrylate-pyridoxal-P intermediate, respectively . 

The Y 114F mutant form catalyzed the y-replacement reaction between L

methionine sulfone and 2-mercaptoethanol, which is an S-substituted donor, to 

yield S-(f3-hydroxyethyl)-L-homocysteine, but its relative activity was reduced 

by 121-fold of that of the wild type enzyme. The f3-replacement reaction to 

yield S-(f3-hydroxyethyl)-L-cysteine was examined in the same reaction system 

using S-methyl-L-cysteine and 2-mercaptoethanol. In the reaction system, 

Yl14F mutant form showed a reduction of 134-fold for f3-replacement 

reaction than that of wild type enzyme. There was little change in the Km 

values (7-17 mM) for 2-mercaptethanol of both enzymes during the y- or f3-

replacement reactions. 

DISCUSSION 

In earlier studies, Nakayama et ai. characterized L-methionine y-Iyase 

whose reactive cysteine residue (CysI16) was cyanilated with NTCB (20,41). 
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My results suggested that the inactivation of the enzyme by cyanilation results 

from the inefficient binding of substrates, although the cyanil group is small 

and uncharged. In this study, the Cysl16 was substituted with alanine since 

this amino acid does not alter the main chain conformation, nor does the 

incorporation of this amino acid introduce char ge or steric effects within the 

protein (51). Furthermore, glycine was also chosen to replace Cys116 since 

this amino acid is conserved in other y-family enzymes (CHAPTER I, Fig. 6), 

and the rotational flexibility of this residue also allows the protein to assume 

variable conformations. 

On comparison of the kinetic parameters of the cyanilated (41) and the 

Cys116 mutant enzymes, the Km (or K) values of the cyanilated enzyme for the 

substrates (or non-substrate amino acids) with a long side chain (above C-6) 

were increased by 40-90-fold, while that of Cl16A mutant form did not 

change (Table II), This observation suggests that the low affinity with 

cyanilated enzyme due to steric hindrance of cyanilated Cys116 for substrate. 

In addition, the Cl16A and Cl16G mutant forms showed only an 80-900/0 

decrease in k ca t values for L-methionine. Therefore I think that the sulfhydryl 

group of Cys116 is not required for the enzyme's catalytic role and substrate 

binding. However, in the proposed inactivation mechanism with suicide 

substrates, the cysteine residue is also a possible nucleophilic residue for an 

electrophilic 3,4-allenic inter mediate of the inactivator (16,26). These 

observations suggest that Cys116 is located at around the o-position of the 

substrate to form the active site pocket. Furthermore, on the basis of these 

studies it is interesting to re-examine the inactivation mechanism using Cys116 

mutant enzymes. 

The Tyr 114 highly conserved in y-family enzymes is probably located at 

the approximate position with Cys116 on a spatial structure. The kc aa value 

for Tyr 114 mutant form (Yl14F) exhibited a 920-fold reduction for L

methionine without any change in the Km value (Table II). Thus Tyr 114 must 

be an important residue for the enzyme's catalytic activity. To determine the 

- 31 -

role of Tyr 114, five main catalytic processes were postulated on the basis of 

the proposed a,y-elimination reaction mechanism (Fig. 10); internal-external 

aldimine exchange (i), a-proton removal (ii), ~-proton removal (iii) , y

elimination (iv), and a-amino group hydrolysis process (v). I investigated 

which of the processes are influenced by Tyr 114. Although, the studies of 

proton exchange reaction of substrates with IH NMR correspond to steps i , ii , 

and iii, the a-proton exchange rate for L-methionine of Y114F mutant form 

showed only a 89-fold reduction than that of wild type enzyme (Table IV). 

The kcat value for vinylglycine can show the effect of steps i, ii and v, and 

Yl14F showed a 19-fold decrease compared to that of wild type enzyme 

L-methionine + pyridoxal-P 

(I) 

a-ketobutyrate 
+ NH3+ pyridoxal-P 

(II) 

y-elimination" A Tyrl14 

V 

(III) 

/'-elimination 

(V) 

0, 
.H 

CH z =CH-C-COO 
II 

O
H N~ 
H H 

0 -
I~ 

N+' 
I 

H 

(IV) 

Fig. 10. Proposed role of Tyr114 as a general acid 
catalyst in a, y-elimination reaction mechanism of 
L-methionine y-Iyase. 
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(Table III). From these observation, I propose that Tyr 114 is located near 

the a-position of the Tyr-dependent substrate and functions as the general acid 

catalyst to facilitate the elimination (iv) of y-thiomethyl group as shown in Fig. 

10. A 10-fold reduction of Yl14F Km value for L-methionine sulfone and a 

10-fold increase of that for S-methyl-L-cysteine may indicate that the Tyr 114 

hydroxyl group of the wild type enzyme is in a position to cause steric volume 

exclusion at the a-position of L-methionine sulfone and to interact with the 

methyl group of S-methyl-L-cysteine (Table III). The spectral change of 

Y 114F mutant form involving L-methionine also supported the suggestion that 

the y-elimination process was the most important rate-limiting step, since the 

new absorption shoulder at 480 nm, which was the proposed absorpt.ion of 

intermediate V (14), (Fig. 10 V) was not observed during the elimination 

reaction (Fig. 9). 

In the course of this study, I found that there are Tyr-dependent and Tyr

independent substrates in a, y-elimination reactions (Table III). The kcat 

values of the Tyr-independent substrates, which are L-methionine sulfone and 

O-acetyl-L-homoserine, of the Yl14F mutant form exhibited only 16 and 27-

fold reduction, respectively, for the a,y-elimination overall reaction (Table 

III), and the spectral studies showed that the y-elimination processes for these 

substrates are not the rate determining steps (Fig. 9). It should be noted that 

the Tyr-independent substrates have good electron attractive groups at the y

position. These substrates also did not exhibit the observed hydrogen 

exchange reaction in both wild type and Y 114F mutant enzymes (17,50). I 

propose two different pathways of y-elimination process for Tyr-dependent 

and Tyr-independent; i) in the y-elimination process of Tyr-dependent 

substrates, Tyr 114 may be required to destabilize the enamine intermediate III 

during a reversible tautomerization between intermediates II and III, ii) the 

Tyr-independent substrates which do not exhibit the hydrogen exchange be 

eliminated chemically to form intermediates IV from II by-passing III (Fig. 
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10) (17,50). 

Although the y-elimination process is specific to the reaction mechanism of 

y-family pyridoxal-P enzymes, it is interesting to evaluate the mechanism of 

formation of the ~,y-unsaturated intermediate IV by ~-proton removal 

through that of the a,~-unsaturated intermediate by a-proton removal, which 

is catalyzed by the well-known a,~-elimination and ~-replacement pyridoxal-P 

enzymes. The ~-elimination reaction processes of serine, threonine, 

tryptophan, and tyrosine need protonation at the hydroxyl oxygen or y

position of the substrates, for they have relatively weak leaving groups (52). 

Previously, internal transfer of hydrogen from C-a to C-y of the substrate was 

observed for tyrosine phenol-lyase and tryptophan indole-lyase, suggesting the 

involvement of a single acid/base group (53,54). However, recently, Chen et 

ai. reported that tyrosine phenol-lyase has a general acid catalyst (Tyr71) in 

the elimination of ~-leaving group (55). The protonation at the ~-substituent 

by O-acetylserine sulfhydrylase and tryptophan synthase to facilitate the ~

elimination is not also caused by the residue that abstract the proton at C-a 

(56,57). In the y-elimination process, my results also suggest no internal 

transfer of hydrogen from C-~ to C-a of the substrate by single acid/base 

group, because ~-proton exchange reaction was not inhibited significantly by 

Y 114F mutant form (Table IV). 

Tyrosine residues functioning as a general acid catalyst have been reported 

in the mechanisms of aldose reductase (59) and tyrosine phenol-lyase (55). It is 

believed that the tyrosine residue in the aldose reductase function as the proton 

donor during the protonation of the carbonyl oxygen of the substrate, while 

the tyrosine residue (Tyr71) in Citrobacter freundii tyrosine phenol-lyase, 

plays an essential role in the f3-elimination process of the substrate. In the 

tyrosine phenol-lyase reaction with L-tyrosine, the hydroxyl group of Tyr71 is 

donated to C-y of the substrate to permit the formation of the cyclohexa

dienone tautomer (55). The mutations of tyrosine residue with phenylalanine 

of these enzymes result in no detectable activity. In this study, the L-
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methionine y-Iyase Y 114F mutant form resulted in only a reduction of k C<l l 

values by 10~-fold. However it should be noted that B-elimination reactions 

of S-substituted L-cysteine by tyrosine phenol lyase Y71F mutant also exhibit 

kcat values reduced by 10~- 10-+-fold (55). The relative low pKa values of 

conjugate acids (alkyl thiolate) of the leaving groups, which are produced by 

C-S cleavage, may explain why the Y 114F mutant form showed a low activity. 

L-Methionine y-Iyase can also catalyze y- (or B-) replacement reactions, to 

produce S-(B-hydroxyethyl)-L-homocysteine (or S-(~-hydroxyethyl)-L

cysteine) in the presence 2-mercaptoethanol. However the relative activities 

compared with the wild type enzyme are 0.83 and 0.77%, respectively. Thus 

it appears that Tyr 114 has an equal effect on both y and B-addition processes. 

Tai ef ai. reported that in Saifnonella typhifnuriufn O-acetyllserine 

sulfhydrylase-A, HS-, which under goes a nucleophilic attack on the a 

aminoacrylate intermediate, is hydrogen-bonded to the enzyme group that 

assists in the B-elimination of acetate (57). However it seems that Tyr 114 

does not play an important role in the orientation of an external thiol in the 

active site pocket since Km values for substituent of wild type and Y 114F 

mutant forms were little change. 

IH NMR studies of Y 114F mutant form showed that the hydrogens 

exchange rates were about 6.5-89-fold slower than that of wild type enzyme 

(Table IV). These results suggest that the proton removing step is one of the 

rate-limiting step in all substrates, especially in the a,B-elimination- and the 

Tyr-independent a,y-elimination substrates. This is also supported by an 

absorption spectral change of the Y 114F involving Tyr-independent substrate 

which shifted slowly to 480 nm (Fig. 9). Esaki ef ai. have proposed a two

base mechanism for the substrate hydrogen exchange reaction catalyzed by L

methionine y-lyase (17). It supposes that a- and B-hydrogen exchange rates 

are independent, although a-proton is removed prior to B-proton. In my 

observations, the ratios of a- and B-proton exchange rates did not change 

significantly between wild type and Y 114F mutant enzymes. Thus the rate 
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reductions of the proton exchange reactions by Y 114F mutant form may be 

caused by a-proton removing process or aldimine transfer between substrate 

and pyridoxal-Po 

Yl14F mutant form exhibited an absorption maximum at 424 nm, which 

was shifted by 4 nm compared to the wild type enzyme (420 nm) (Fig. 9). 

Both the wild type and Y 114F mutant enzymes exhibited positive internal 

aldimine CD bands with maxima at 420 nm and 424 nm, respectively (data not 

shown). This suggests that the environment of the pyridoxal-P binding site is 

slightly altered by Tyr 114 mutation, and may support an influence on the 

aldimine transfer or a-proton removal process. In addition , the 

stereospecific B-proton exchange of L-methionine observed in the Y 114F 

mutant form (Fig. 8) may also be explained by an environmental change of 

active site pocket. Chen et ai. reported that Tyr71 of tyrosine phenol-lyase 

functions not only as the general acid catalyst but also in the pyridoxal-P 

binding in the absence of substrate (55). The tyrosine phenol lyase Y71 F 

mutant form resulted in a 1700-fold increase in the Kd for pyridoxal-P. 

Although the purified Yl14F mutant form appears to bind pyridoxal-P tightly, 

which is stable to exhaustive dialyses, it is interesting to compare the Kd values 

for pyridoxal-P of apo-wild type and apo-Y 114F mutant enzymes. 

The tyrosine residues corresponding to Tyr 114 of L-methionine y-Iyase 

may function as an important residue for y-elimination process of other y

family pyridoxal-P enzymes (e.g. cystathionine y-Iyase and O-acetyl

homoserine O-acetylserine sulfhydrylase). Cystathionine ~-lyase, which 

catalyzes mainly a,B-elimination reaction, also is a member of y-family based 

on its primary structure and has the conserved tyrosine residue. However the 

residues corresponding to Glyl15 and Cys(Gly)116 are replaced by Glu and 

Pro, respectively, in E. coli (24) and S. fyphimuriufn enzymes (60). The 

observations may suggest that the tyrosine residue in active site of 

cystathionine B-Iyase is located at the altered position compared with that of 

the other enzymes catalyzing y-elimination. 
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SUMMARY 

L-Methionine y-Iyase has a conserved tyrosine residue (Tyr 114) as in all 

other known sequences of y-family pyridoxal 5' -phosphate dependent enzymes. 

This residue is present close to the cysteine residue (CysI16) that is located in 

active site pocket by chemical modification studies. Three mutant forms of 

Pseudo/nonas putida, C116A, Cl16G and Y 114F, were constructed, expressed, 

and pur ified. The properties of the wild type and mutant enzymes were 

studied by steady state kinetics. The results suggest that Cys116 does not 

serve a critical catalytic role since Cl16A and Cll6G resulted in a 80%-90% 

decrease in kcat values for L-methionine. The k cat value for Y114F was 

reduced by 103-fold while the Km value for L-methionine remained the same 

compared to the wild type enzyme. The kca t value for Y114F was reduced by 

only 27- and 16-fold for substrates with good electron attractive groups at the 

y-position, namely O-acetyl-L-homoserine and L-methionine sulfone.. The 

substrates for u,~-elimination, 13- or y-replacement, and deamination reactions 

also did not cause a significant decrease in kcat values of Yl14F mutant. JH 

NMR studies of substrate hydrogen exchange reactions catalyzed by Y 114F 

showed that the rate of a-hydrogen exchange was 6.5 to 89-fold slower than 

that of wild type enzyme. The ~-proton exchange rate reductions of 

substrates by Y 114F followed their a-proton exchange rate reductions. The 

spectral changes of Y114F during u, y-elimination reactions indicated that y

elimination step of L-methionine is strongly inhibited by the mutation of 

Tyr 114. On the basis of these results, I propose that Tyr 114 in L-methionine 

y-Iyase plays a role as a general acid catalyst in the elimination of y-substituent 

of the substrate, and that the tyrosine residue of other y-family pyridoxal-P 

enzymes corresponding to Tyr 114 may also function as an important residue 

for y-elimination process. 
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CHAPTER III C 

Molecular Characterization of the mde Operon 

Involved in L-Methionine Catabolism 

of Pseudomonas putida 

Methionine plays a central role in the metabolism of sulfur amino acids. 

Although L-methionine is mainly catabolized through a-ketobutyrate, it has 

been reported that high a-ketobutyrate levels interfere with a number of 

metabolic pathways by several mechanisms (9,10). L-Methionine y-Iyase is 

induced by the addition of L-methionine to the medium and is regarded as a 

key enzyme in the bacterial methionine catabolism. Therefore, a study of the 

L-methionine catabolism pathway, especially involving L-methionine y-·lyase, 

should be considered with the metabolism of a-ketobutyrate. 

In CHAPTER I, I described the cloning of the L-methionine y-Iyase gene (I 

termed tndeA) from P. putida. I found the presence of a part of an open 

reading frame (termed mdeB) in the 3' -flanking region of tndeA, and that 

these genes form an operon which was termed mde operon. The deduced 

amino acid sequence of MdeB showed a high homology with the N-terminal 

region of the E 1 component of pyruvate dehydrogenase complex from E. coli. 

To obtain more information about the genes involved in L-methionine 

catabolism, I here descr ibe the cloning and identification of the genes 

containing the entire tnde operon from P. putida. I have demonstrated that 

the tndeB gene product shows a high substrate specificity towards a

ketobutyrate rather than pyruvate. In addition, I have also identified a 

regulatory gene, termed tndeR, to the upstream of mdeA, which may relate to 

the expression of the tnde operon. 

- 39 -

EXPERIMENT AL PROCEDURES 

Strains, Plasmids and Culture Conditions 

The bacterial strains and plasmids used in this study are listed in Table V. 

E. coli cells were cultured aerobically at 37°C or 2SoC in L-broth (LB) or a 

medium (pH 7.2) containing 0.25% L-methionine (Met-medium) as described 

in CHAPTER I. P. putida cells were cultured aerobically at 2SoC in LB, Met

medium or a medium (pH 7.2) containing 0.3% glucose and 0.30/0 di

ammonIum hydrogenphosphate in place of L-methionine (Glc-medium). 

Ampicillin (50 mg/l) and/or kanamycin (50 mg/l) were added to the media for 

E. coli as a selection marker, when necessary. 

DNA Hybridization, Cloning and Sequencing 

Southern blot hybridization, Northern blot hybridization and colony 

hybridization were performed with Hybond-NT nylon membranes (Amersham) 

by the standard techniques (46). A Pstl -Sacl 272 bp fragment containing a 

part of the mdeB gene (Fig. llA) and a HindIII-PstI 453 bp fragment 

containing a part of the mdeA were used as probes. These probes were 

labeled with (a-32p]dCTP (NEN Research Products) using 6 bp random 

primers (Takara Shuzo, Japan) and Klenow fragment. 

The chromosomal DNA of P. putida was isolated by the method of Saito 

and Miura (2S). To construct a P. putida genomic DNA library, genomic 

DNA was digested with BamHI and separated by electrophoresis on a 0.7% 

agarose gel. The 15 kb BamHI DNA fragments excised from the gel were 

cloned into Charomid 9-2S. The library was packaged into A USIng 

LAMBDA INN (Nippon Gene, Japan) and then plated on E. coli DHI. The 

library was screened by colony hybridization with a PstI-SacI 272 bp fragment 

as a probe to obtain the clone pYHIOOl (Fig. IIA). 

Several restriction fragments from pYHIOOl were subcloned into pUCllS 

or pUCl19. The ssDNA was prepared with the helper phage M13K07 (27). 
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- -
DNA sequence was determined by the dideoxy chain termination method (31). 

Sequencing was carried out using Ml3-specific M4 primer (Takara Shuzo, 

Japan) radiolabeled with ry-32pJATP (NEN Research Products) and BcaBEST f \ 1 

DNA sequencing Kit (Takara Shuzo, Japan). The DNA sequence data and 

deduced amino acid sequences were analyzed with the GENETYX-Mac ver. 

7.0.9 software (Software Development, Japan), 

Construction of Expression Plasmid 

To construct the expression plasmid for the tndeB gene product, an NdeI 

site was introduced into the proposed translational start codon of fndeB by PCR. 

The 1152 bp fragment corresponding to the 5' -terminal half of the coding 

sequence was amplified by PCR using the PCR primers PI (5'-GGGCATATG 

GTGGCAATGATGAACCfTGTGC-3') and P2 (S'-GGCAAAGGCGGCATA 

CAGCfTGC-3'), which corresponded to the sequences from nucleotide 1866 

to 1890 and from 2989 to 3011 (complementary sequence) (see Fig. 12), 

respectively. The preceding six bases (GGGCAT) of the mdeB initiating 

codon, ATG (underlined in the text), was substituted for the wild type sequence 

(AA TGeA). The PCR product was purified and subcloned into the SmaI site 

of pUC119. Subsequently, the NdeI-BamHI fragment excised from the 

resultant plasmid was subcloned into pET -lla (termed pYHI008). To 

construct the entire mdeB structural gene, a SacI-BmnHI fragment containing a 

SacI-SmaI fragment of 3'-partial region of fndeB was inserted into pYH1008 to 

give pYHI009. Finally, a XbaI-BamHI fragment of pYH1009 was inserted 

into pUCl19 to yield the expression plasmid pYH 1010 (Fig. 13A). 

Expression of mdeB Gene Product 

The expression plasmid pYHI010 was transformed into E. coli MVI184. 

A O.S ml overnight culture of the cells were inoculated into ISO ml of LB and 

cultivated at 28°C for 30 h under aeration. The soluble fraction of the cell 

extract was prepared by sonication in Buffer A (10 mM potassium phosphate 
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buffer pH 7.2 containing 0.1 mM TPP and 3 mM MgCI2) followed by 

centrifugation. The cell debris was washed twice with the Buffer A and then 

the inclusion body fraction containing MdeB was obtained as a precipitate from 

a 10 min centrifugation at 3,000 X g. Each fraction was analyzed by SDS

PAGE (47). 

Enzyme Assays 

E 1 activity was measured by an assay involving the reduction of [)CPIP 

(61). In the assay. 50 ~l of 100 mM a-keto acid (pyruvate or a-ketobutyrate) 

was added to 1050 ~I of mixture containing 0.1 M potassium phosphate, pH 7.2, 

0.1 mM DCPIP, 0.2 mM TPP, 0.1 mM MgCI2 and 0.5 to 0.1 mg of cell extract 

at 30°C. L-Methionine y-Iyase activity was routinely followed by the 

determination of a-ketobutyrate formed with 3-methyl-2-benzothiazolone 

hydrazone hydrochloride as described in CHAPTER I. A cell extract from E. 

coli MY 1184 transformant containing fndeA was prepared by the method of 

Nakayama et ai. (2). Protein was determined by the method of Lowry et ai. 

(34) with bovine serum albumin as a standard. 

Nucleotide Sequence Accession Number 

The nucleotide sequence reported here has been submitted 

GenBank and DDBJ with the following accession number D89015. 

RESULTS 

Cloning of mde Operon 

to EMBL, 

I had cloned a 2.8 kb PstI-SacI region containing mdeA and 5' -part of the 

tndeB gene from P. putida ICR3460 as discribed CHAPTER 1. To clone the 

entire tnde operon, I used the 272 bp PstI-Sacl fragment containing mde13 as a 
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probe (Fig. lIA). A 15 kb BamHI hybridization band was identified from 

Southern blot experiment of P. putida genomic DNA digested with several 

restriction enzymes. I constructed the BamHI genomic library in Charomid 

9-28 as described in EXPERIMENTAL PROCEDURES. A positive clone, 

designated pYHI001, was isolated by colony hybridization. Restriction 

mapping showed that a portion of this clone overlapped the whole region of the 

cloned fragment corresponding to the insert of pYH4 (CHAPTER I, Fig. 3). 

Organization and Sequence Analysis of mde Operon 

Figure l1A shows the structural or ganization of the fnde operon and an 

upstream regulatory gene (mdeR). The fnde operon contained two genes 

(tndeAB). The nucleotide sequences and deduced amino acid residues for 

mdeR and fndeB are shown in Fig. 12. The mdeR coding region contained 

477 bp beginning at 127 bp from the 5' -end of tndeA on the opposite strand 

and encoded a 159 amino acid residue protein with a calculated molecular 

A 

B 

I 

B 

B 
I 

I 1 Kb 

Sa St P Sc H P Sa P Sc SmSa E 

I II I I I I 1..1 I I I 
~ " " mdeR mdeA mdeB 

Sc Sc 
I I ~P.lac pYHZ 

P 
I ~P.lac pYH4 

St 
I ~P/ac pYH7 

Sa 
I ~Plac pYHS 

~P/ac pYH6 

Fig. 11. Restriction map of Bam HI fragment containing the mde operon. 
The positions and directions of transcription of genes are indicated by 

arrows (A). The fragment used as a probe for cloning is indicated with bold 
line. The DNA fragments (B) were used in promoter analysis of the mdeA. 
The directions of transcription by the lac promoter are indicated with short 
arrows. MdeA activities of transforms are presented in Table VII. B, BamHI; 
Sa, SalI; St, StuI; P, PstI; Sc, Sad; H, HindIII; Sm, SmaI; E, EcoRl. 
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weight of 17,836. The 5' -end of fndeB is separated from the 3' -end of tndeA 

by a 28 bp noncoding region that contains a putative ribosome binding site (Fig. 

12B). The fndeB coding region contained 2673 bp encoding an 891 amino 

acid residue protein with a calculated molecular weight of 98,082. A stem

loop structure followed by T residues was found immediately after the stop 

codon of tndeB, which was likely to encode a rho-independent terminator (62) 

and additional downstream open reading frames were not found. The G+C 

contents of tndeR, mdeA, and fndeB were 62.7 mol%, 66.3 mol%, and 66.9 

mol%, respectively. The G+C contents of these genes correspond with the 

genomic G+C content of P. putida genome (62.5 mol%) (63). The intergenic 

region between rndeR and rndeA was only 45.7 mol% G+C. To analyze the 

expression of the mde operon in P. putida ICR3460, RNA was isolated from 

cells grown on Met-medium or Glc-medium. In Northern blot hybridization, 

two radiolabeled probes complementary to rndeA and mdeB hybridized 

significantly at the same single position with the RNA isolated fronl cells 

grown on Met-medium (data not shown). These results indicate that mdeB is 

transcr ibed only from the fndeA promoter and thus follows the same tight 

induction pattern as tndeA. 

Identification of mdeB Gene Product 

A computer search of the deduced amino acid sequence of tnde B with data 

libraries revealed 50.5%, 53.30/0 and 650/0 amino acid identities to the El 

component of pyruvate dehydrogenase complexes of E. coli (AceE) (35) and 

Alcaligenes eutrophus (PdhA and PdhE) (64, 65) respectively, which are 

known as homodimeric type of pyruvate dehydrogenase complexes in contrast 

to heteromeric (a and ~ subunits) type from eukaryotes and gram-positive 

bacteria (64). The conserved 30 amino acid residues of the putative TPP

binding region (beginning with the sequence -GDG- and ending with the 

sequence -NN or C-), which had been found in the sequences of various TPP

dependent enzymes, was also observed in the protein sequence of mdeB (amino 
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A 

B 

AGGCCTTGCCGGGGAAGTGCCCAGCGGACACGCGCTTCAAATATGCTTCTGTGCCACCGG 
StuI • I H K Q A V P 

60 
153 

AATCACCCGCTTCTCCTTCACCGCCTTGAACGAGAAGCTCGAATAGATCTCCTTCACCCC 120 
I V R K E K V A K F S F S S Y I E K V G 133 

PstI 
CGGCAGCCGCTGCAGTACCTCGCGGGTGAACTCGCCGAACGACTCCAGATCCCGCGCCAG 180 

P L R Q L V E RTF E G F S E L D R A L 113 

AATCTCCAGCAGGAAGTCATAGCGCCCGGAGATGTTGTGGCACGCCACGATTTCGGGGAT 240 
I ELL F D Y R G S I N H C A V I E P I 93 

ATCCATCAGCCGCTGCTCGAATGCCCGGGCCATCTCCTTGCTGTGCGAATCCATCATGAT 300 
D M L R Q E FAR A M E K S H S D M M I 73 

GCTGACGAAGGCGGTCACTCCGAAGCCCAGTGCCTTGGGTGACAGGATGGCCTGATAGCC 360 
S V FAT V G F G L A K P S L I A Q Y G 53 

GGTGATGTAGCCCGACTCCTCCAGCAGCTTGACCCGCCGCCAGCACGGCGAGGTGGTCAG 420 
T I Y G SEE L L K V R R W CPS TTL 33 

Sacl 
GGCGACGCTGTCGGCGAGCTCGGCCACGGTCAGTCGGGCATTGTCTTGCAGCGCGGCCAG 480 

A V S D ALE A V T L RAN D Q L A A L 13 

CAGTGCGCGGTCGGTACGGTCGATGGCGCTAGGCATGTCTTGCCCTCCATAGCCTGTTCT 540 
L A ROT R 0 lAS P M ~S 1 

« meR 
TGTTGTTTTTATGTCAGTGAGCGGCGCTTTTCGTAGGCGTATTTGGAAAAATTTAAGCCG 600 

GTCTGTGGAATAAGCTTATAACAAACCACAAGAGGCGGTTGCCATGCACGGCTCCAACAA 660 
HindlII ~S M H G S N K 6 

JDdeA » 

GCTGGCCGATGTGCAACAGGCACTCAAGGCGAGTGCCTGAACCCGTCACGGATGAGGTCA 1860 
LAD v Q Q A L K A S A * ReS 398 

(mdeA continued) 
ATGCAATGGTGGCAATGATGAACCTTGTGCCTGGCGACGGCGTGCCCGGTGACAGCGACC 1920 

M V A M M N L V P G D G V P G 0 S D P 19 
meB » SaIl 

CTGGCGAAACTGCAGAGTGGCTGGAGGCGCTGGAGTCGACCCTGGCGCACTGCGGCCCGG 1980 
GET A E W LEA L EST L A H C G P A 39 

CCCGCGCGCGGTTTCTGCTCGAACAGTTGGAGGCGCATGCCCGCGAACTGGGCCTGGAGC 2040 
R A R F L L E Q LEA H ARE L G L E R 59 

GTGGTGCCCAGCCGTACTCGGCGTACCGCAACACCCTGTCGCTCGAACATCAGGGCGCCT 2100 
G A Q P Y SAY R N T L S L E B Q GAY 79 

ACCCGGGCGATCTGGAACTGGACGAGCGCATCACCAGCATCCTGCGCTGGAATGCCCTGG 2160 
P G 0 L E L D B R ITS I L R W N A L A 99 

CGATGGTGGTGCGTGCCAACCATGCCTACGGTGACCTGGGCGGGCACATCGCCAGTTACG 2220 
M V V RAN HAY G D L G G H I A S Y A 119 

CTTCGGCCGCAGAGATCTTCGAGGTGGGGTTTCAGCATTTTTTTCGCGGCGAGGAGGGCG 2280 
S A A ElF E V G F Q H F F R GEE G G 139 

Fig. 12. Nucleotide sequences of mdeR (A) and ",deB (8) genes. 
The amino acid sequences of nufeR, meieB and part of IIldeA are represented by single-letter codes. 

Putative ribosdme binding sites and a putative TPP-binding site of mdeB gene product arc 
underlined. Only restriction sites used in experiments are boxed. The stop codons are indicated with 
asterisks. The location of a potential rho-independent terminator structure · is marked wi th bi
directional arrows. The DNA sequence of the mde operon gene region will appear in the EMBL, 
GenBank and DDB] under the accession number D89015. 
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GCGAGCAGCGCACGGCCGACCTGGTGTTCTTCCAGCCGCACTCGGCGCCCGGCATCTATG 2340 
E Q R TAD L V F F Q PHS A P G I Y A 159 

CCCGGGCCTTTCTTGAAGGGCGCCTGAGCGAGGCTCAGCTGGCCAGCTATCGGCAGGAGG 2400 
R A F LEG R L SEA Q LAS Y R Q E V 179 

TCGCAGGCGATGGCCTGTGCTCCTACCCGCACCCGTGGCTGATGCCCGACTTCTGGCAGT 2460 
A G D G L C S Y P H P W L M PDF W Q F 199 

TTCCCACCGGGTCGATGGGCATCGGCCCGCTAAACGCCGTGTACCAGGCGCGCTTCATGC 2520 
P T G S M GIG P L N A V Y Q A R F M R 219 

GCTACCTGCAGCACCGCGCCTGGCCATACCGCGCACATGTGTGGGGCGTGTTCGGCGATG 2580 
Y L Q H RAW P Y R A H V W G V F G D G 239 

GCGAGATGGACGAGCCCGAATCCATCGCCGGGCTGACGCTGGCGGCCCGTAAGCAACTCG 2640 
E M D E PES I A G L T L ~ ARK Q L D 259 

PstI 
ACAACCTGACCTTCATCGTCAACTGCAACCTGCAGCGCCTGGATGGTCCGGTGCGTGGCA 2700 

N L T F I V N C N L Q R L D G P V R G N 279 

ATGGCCAGATCATCCAGGAGCTGGAGTCGCTGTTCAGCGGCGCCGGCTGGAACGTGATCA 2760 
G Q I I Q E L E S L F S GAG W N V I K 299 

AGGTGTTGTGGGGCTCGGAATGGGATGCGCTGTTTGCCCGCGACAGCGAGCACGTGCTGC 2820 
V L W G SEW D A L FAR D S E H V L L 319 

TGCGCCAGCTGGCGGCAACCCCCGACGGCCAGTTCCAGACCCTGGGGGCCAATGACGGCG 2880 
R Q L A A T P D G Q F Q T L G AND G A 339 

CCTACAACCTCGAACACTTCTTCAACCAGCACCCGGCCTTGCAGCGCCTGGTCGAGCACA 2940 
Y N L E H F F N Q H PAL Q R L V E H M 359 

SacI 
TGAGCTCGGCCGAGATCAACGCGCTCAACGCGGGTGGCCATGATTTTCGCAAGCTGTATG 3000 

S S A E I N A L NAG G H 0 F R K L Y A 379 

CCGCCTTTGCCGCCGCCAAGGCGTGCAAGGGCCGGCCGACGGTGATCCTGGCCAAGACCA 3060 
A F A A A K A C K G R P T V I L A K T K 399 

AGAAGGGCTACGGCATGAGTGCGGCCGGCGAGTCGCGCATGACCGCGCACCAGGCCAAGA 3120 
K G Y G M S A AGE S R M T A H Q A K K 419 

AGCTCGACGTGCAGGCGCTGCTGGCCTTCCGTGACCGCTTCCACCTGCCCTTGAGCGATG 3180 
L D V Q ALL A F R D R F HLP LSD A 439 

CGCAGGTGGAGCAGTTGCAGTTCTACCGGCCGGACGAAAACAGCCGGGAGATGCGCTACC 3240 
Q V E Q L Q F Y R P DEN S REM R Y L 459 

TGCGCGAGCGGCGCAATGGCCTGGGCGGCAGCCTGCCGTCGCGGCGGCCCCAGGCGCGCA 3300 
R ERR N G L G G S L P S R R P Q ART 479 

CGCTGCCGGTACCGGCGCTGGAGGTGATGGGCGGTTTTGCGCTGCACGCCGAGGGCAAGG 3360 
L P V PAL E V M G G F A L H A E G K E 499 

AGATGTCCACCACCATGGCTGCGGTGCGCATGCTCGGTGCCTGGCTCAAGGCCCCGGAAC 3420 
M S T T M A A V R M L G AWL K APE L 519 

TGGGGCCGCGGGTGGTGCCGATTGTCGCCGATGAAGCGCGCACCTTCGGCATGGCCAGCC 3480 
G P R V V P I V A D EAR T F G MAS L 539 

TGTTCCGGCAGATCGGCATCTACTCGCCCCATGGGCAGCGTTACGAACCCGAAGATGCCA 3540 
F R Q I G I Y S P H G Q RYE P E D A S 559 

GTTCGCTGCTCTCCTACAGGGAGTCGCGCGATGGTCAGTTGCTGGAGGAGGGCATCACCG 3600 
8, L L S Y RES R D G Q L LEE G I T E 579 

! 
AGGCCGGGGCCCTGTCGTCCTGGGTAGCGGCGGCCACCTCCTATGCGGTGCATGGCGAGC 3660 

A GAL SSW V A A A T S Y A V H G E. P 599 

CGATGTTGCCGGTGTACATCTATTACTCGATGTTCGGCTTCCAGCGGGTCGGCGACCTGA 3720 
M L P V Y I Y Y S M F G F Q R V G D L I 619 

Fig. 12 - Continued 

- 47 -

TATGGGCGGCGGCCGACCAGCGTGCACGTGGCCTGCTGCTGGGGGCCACGGCAGGGCGCA 3780 
W A A A D Q R A R G L L L GAT A G R T 639 

CCACCCTGGGCGGCGAAGGCTTGCAGCACCAGGATGGCTCGAGCCTGGTGATGGCGGCCA 3840 
T L G G E G L Q H Q 0 G S S L V M A A M 659 

TGGTGCCCAACTGCCGCGCCTGGGAGCCGTGCTTTGCCGGCAGACTGGCGGTGATTCTGG 3900 
V P NCR AWE P C FAG R L A V I L E 679 

AACACGCGGCGCGGCGCATGTTGGTGGAGCAGTGCGACGAGTTTCACTATGTGGCGGTGA 3960 
H A A R R M L V E Q C 0 E F H Y V A V M 699 

TGAATGAAAGTTATCCACACCCCTCCCTGCCACCTGAGGCACATGCGGCAGTGTTGCGCG 4020 
N E S Y P H P S L P PEA H A A V L R G 719 

GGATGTACCGGTTTGCCGAACAGCCGGTGGAGCATGCCCTGGGGCGGGTTCGCCTGCTGG 4080 
M Y R F A E Q P V E HAL G R V R L L G 739 

GCTCCGGGGCGATCCTGCGCGAGGTGATCGCCGCGAGCGAGCTGCTGGCGGCGGACTGGG 4140 
S G A I L REV I A A S ELL A A D W G 759 

GCATCGCCAGCGAGGTGTTCAGTGTGACCAGCTTCAGCGAACTGGCGCGTGATGCACGGG 4200 
I A S E V F S V T S F S E L A R DAR D 779 

ATGTGCAGCGCGGGCAGCGTCTGGGGCTGGGTGGCAGCAGCCATGTGGCGCAATGCCTGG 4260 
V Q R G Q R L G L G G S S H V A Q C L V 799 

TGGGAGATGCGCCGGTGATTGCCGCAACTGACTATGTACGTGCCTGGCCGCAATTGATTG 4320 
G D A P V I A A TOY V RAW P Q L I A 819 

CCGAGTACGTGCCGGCGCCGTACGTGACGCTGGGCACCGACGGCTTCGGGCGCAGCGATA 4380 
E Y V PAP Y V T L G TOG F G R SOT 839 

CGCGCCAGCGGTTGCGCCAGTTCTTCGAGGTGGACCGCTTCAGTGTGGTGCTGGCCAGCT 4440 
R Q R L R Q F F E V D R F S V V LAS L 859 

TGCAGGCGCTGGTGGATGACGGGCTGCTGGAGGTCGATGTGATGGCGCAGGCACGGGCCA 4500 
Q A L V D D G L LEV DVM A Q A R A R 879 

GGTATCCGGCGCTGGATGCGGCGGGGCCCTGGTATCGTTGATGTGAGGGGATGAAAAAAG 4560 
Y PAL D A A G P W Y R * -------- 891 

GGGCCGGTGATCGGCCCCTTTTTTCTTTGTGTAAGATGGTTGGGTGTGGCATCTCGGCAA 4620 

-----> <-------------
GGCCGCTCCAGCAGGAGCGCGCCATGCCAGTGACGGGGCCGCTGCGATCAGCGCTTGAGC 4680 

SmaI 
CCGTAATGCTCATCCAGCATGCCCGGG 4707 

Fig. 12 - Continued 

acid residue 237-267) (66) (Fig. 12B). These results indicate that fndeB 

might represent the structural gene corresponding to a protein possessing El

like activity (decarboxylase activity) of pyruvate dehydrogenase complex. 

To test the enzymatic activity of the mdeB gene product, I constructed an 

expression plasmid (pYHIOIO) containing fndeB in the same orientation in the 

Lac promoter and a designed ribosome binding site of pET -Ila as described in 

EXPERIMENTAL PROCEDURES (Fig. 13A). Soluble and insoluble 

fractions prepared from E. coli carrying pYHI010 and pUCl19 (control) were 
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A 
8m B 

pYHIOIO P_I_ac _____ ~ 

-- -- - Nde I ............. .. 
TTAAGAAGGAGATATAtATAT~TGGCA 

Designed RBS M V A 

B 
1 2 3 456 7 8 9 

Fig. 13. A schematic drawing of the expression construct, pYHIOIO, used to lexpres~ 
MdeB in E. coli MVl184 and SOS-PAGE analysis of the cell extracts of E. coil 
transformants. 

Designed ribosome binding site from pET-1la is underlined (A). Xbal-NdeI region is from 
pET-11a. X, XbaI; Sc, SacI; Sm, SmaI; B, B~mHI. E. c?li MV1184/pYH1010 ~nd MV1184/ 
pUC119 (control) cells were incubated at 28 C and 37 C: Each cell extract (msoluble and 
soluble fractions) was run on SDS-PAGE (12.5% acrylamlde) (B). Lanes 1 to 4 and lanes ~ 
to 9 indicate soluble fractions and insoluble fractions, respectively. Lanes 1 and 6, E. coll 
MV1184/pYHl010 incubated at 37°C; lanes 2 and 7, E. coli ~Vl184/pYHI0I0 incu~~ated at 
28°C; lanes 3 and 8, E. coli MVl184/pUC119 incubated at 37 C; lanes 4 and 9, E. cob MV11 
84/pUC119 incubated at 28°C; and lane 5, molecular weight standards (top to bottom: 94 kDa, 
67 kDa, 43 kDa, 30 kDa, and 20.1 kDa). The MdeB protein is indicated with arrow. 
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analyzed by SDS-PAGE (Fig. 13B). When E. coli MVll84 / pYHIOlO was 

grown at 37°C, MdeB was expressed as an inclusion body. A protein of 94 

kDa, which is in reasonable agreement with the approximate mass of the 

predicted mdeB product (98 kDa) was observed in the insoluble fraction (Fig. 

13B lane 6). MdeB could be detected in both soluble and insoluble fractions 

when MVl184 / pYHIOIO was grown at 28°C (Fig. 13B lane 2 and 7). No 

protein of 94 kDa was found in each fraction of the MVl184 / pUCll9 control 

strain. Only the pYHIOIO transformant grown at 28°C exhibited strong a

ketobutyrate dehydrogenase El-like activity IO-fold higher than that of control 

strain (Table VI). However the increase in the pyruvate dehydrogenase E 1 

activity in the transformant was insignificant. These results suggest that 

MdeB is an a-keto acid decarboxylase, which is highly specific for a

ketobutyrate rather than pyruvate. The El-like activity was not detected in 

the insoluble fraction of MVII84/pYHIOIO (data not shown). The sequence 

of the first five N-terminal amino acids of the insoluble MdeB was VAMMN, 

which was in agreement with the predicted amino acid sequence except for the 

first methionine residue. 

Table VI. Expression of mdeB in E. coli MVl184. a) 

pYHIOIO (mU/mg) b) pUCl19 (mU/mg) 
Substrate 

u-Ketobutyrate 4.80 0.44 0.46 

Pyruvate 3.70 3.08 3.28 

a) E. coli MY 1184 transformants were grown at 28°C or 37°C in LB. 
b) One unit of the enzyme is defined as the amount of the enzyme that 
catalyzes the reduction of 1 ~mol of DCPIP per min at 30°C. 
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Identification of mdeR Gene Product as Lrp-Family Regulatory 

Protein 

The deduced amIno acid sequence of the fndeR gene product showed a 

homology to regulatory proteins that belong to the leucine responsive 

regulatory protein (Lrp) family (Fig. 14). The identity scores of MdeR are 

32% for Lrp (67) (from E. coli) , 260/0 for AsnC (68) from E. coli, 39(~ for 

BkdR (69) from P. putida, and 36% for PutR (70) from Rodobacter capsulatus. 

Although Lrp is a global positive or negative transcriptional regulatory protein 

(71), the other Lrp-like proteins especially BkdR and PutR have been reported 

to function as positive transcriptional regulators of the genes of their respective 

catabolic pathways. They are involved in the catabolism of branched keto 

acid (BkdR) and proline (PutR) (69,70). To investigate the influence of the 

mdeR gene product on the mde operon expression, I constructed plasmids 

containing 0.2 kb to 4.7 kb of 5' -flanking region of mdeA and the entire I'ndeA 

gene which were introduced into pUC118 (Fig. lIB). The MdeA activity was 

MdeR (P.putida) 
Lrp (E.coli) 
BkdR (P.putida) 
PutR (R.cap~ulatu~) 
AsnC (E.coli) 

* ** * * * * 
MPSAIDRTDRALLAALQDNARL 

MVDSKKRPGKDLDRIDRNILNELQKDGRIS 
MRKLDRTDIGILNSLQBNARIT 

MTDLIDATDRRILBELCANARIP 
MBNYLIDNLDRGILBALMGNARTA 

*** ** " 

*** *.. .. ** * * * * 
LADSVALTTSPCWRR 
LSKRVGLSPTPCLER 
LARSVNLSPTPCFNR 
LARKVGLSKTPVAARI 
LAKQFGVSPGTIHVR 

ESGYITG 
RQGFIQG 
ELGVIRQ 
EMGLITG 
QAGIITG 

* * ** 

53 
60 
52 
53 
54 

MdeR (P.putida) YQAILSPKALGFGVTAFVSIMMDSHSKBMARAFEQRLMDIPE IVACHNISGRYDFLLE IL 113 
Lrp (E.coli) YTALLNPHYLDASLLVFVBITLNRGAPDVYEQFNTAVQKLEEIQECHLVSGDFDYLLKTR 120 
BkdR (P.putida) QVTLLSPEALGLDVNVFIHVSLEKQVBQSLHRFEEElAERPEVMECYLHTGDPDYLLRVL 112 
PutR (R.capsulatus) YRAMLSPIRLGLIHVTYVEVRLNDTRQKALEQFNAAVRBIPEVBECYMIAGGFDYLLKVR 113 
AsnC (E. coli) ARIDVSPKQLGYDVGCFIGIILKS-AKDYPSAL-AKLESLDEVTEAYYTTGHYSIFIKVM 112 

• • •• • 
MdeR (P.putida) ARDLESFGEFTREVLQRLPGVKEIYSSFSFKAVKEKRVIPVAQKHI 
Lrp (E.coli) VPDMSAYRKLLGETLLRLPGVNDTRTYVVMBEVKQSNRLVIKTR 
BkdR (P.putida) LPSIQALERFL-DYLTRLPGVANIRSSFALKQVRYKTALPLPANGMTLRE 
PutR (R.capsulatus) SHDlAEYRKIMGEKLSALPRVAATSSYVAMEAVVEQNSPSL 
AsnC (E.coli) CRSIDALQHVLINKIQTIDBIQSTETLIVLQNPIMRTIKP 

Fig. 14. Alignment of the deduced amino acid sequence of P. 
putida MdeR with homologous proteins from other organisms. 

These sequences were aligned by introducing gaps (hyphens) to 
maximize identities. A putative DNA-binding helix-tum-helix motif 
is boxed. Percentages of identity to MdeR are given at the end of 
each sequence. Common residues in four or five proteins containing 
MdeR are shown with asterisks. 
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159 
164 (32%) 
161 (39%) 
154 (36%) 
152 (26%) 

assayed with the cell extract of these E. coli MV 1184 transformants. Only 

transformants carrying plasmids containing the entire mdeR gene (p YH7, 5 and 

6) showed MdeA activity (Table VII). The MdeA activity of E. coli carrying 

pYH2 was also detected when complemented in trans by pMUS5, which was 

constructed from the StuI-HindIII fragment containing a complete copy of 

mdeR inserted into pMW219 (a compatible plasmid for pUC vector) (Table 

VII). These results suggest that the mdeR gene product acts as an essential 

positive regulator of the expression of the mde operon. However L

methionine had no effect on fnde operon promoter activity in E. coli MV 1184 

(Table VII). 

Table VII. Expression of MdeA in E. coli MVl184. 

Specific activity (mU/mg) a) 

Plasmid LB Met-medium b) 

pYH2 c) NO d) NO 

pYH2/pMUS5 34 24 

pYH2/pMW219 NO NO 

pYH4 NO NO 

pYH7 17 7.8 

pYH5 18 12 

pYH6 17 4.1 

a) One unit of the enzyme is defined as the amount of the enzyme that 
catalyzes the formation of I ~rnol of a-ketobutyrate per minute at 37 C. 
b) 0.25% L-rnethionine containing medium. c) CHAPTER I. (1) ND, Not 
detected. 
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DISCUSSION 

To my knowledge, this is the first report on the genes responsible for L-

methionine catabolism in the form of an operon. 

in this operon, which were mdeR and mdeB. 

I identified two more genes 

Molecular and biochlemical 

characterization of the structural genes of the fnde operon revealed an effective 

degradation pathway of L-methionine of P. putida. The predicted amino acid 

sequences of MdeA and MdeB revealed that each of these enzymes showed 

sequence similarlities to enzymes catalyzing similar reactions from other 

sources. MdeA and MdeB show extensive homology with cystathionine y

synthase (CHAPTER I, Fig. 6), and homodimeric type E1 component of 

pyruvate dehydrogenase complex, respectively. The genes coding these 

proteins are commonly found in various bacteria as genes of distinct operons 

(12,65,35). These observations suggest that the L-methionine catabolism 

pathway with the fnde operon from P. putida evolved from the reconstitution 

of preexisting enzymes. 

The results suggest that MdeB is a novel El component of a-keto acid 

dehydrogenase complex. A ten-fold increase in El-like activity for a

ketobutyrate of the cell extract from MdeB overexpression strain was found in 

comparison to the background activity (Table VI). Interestingly, E1-like 

activity for pyruvate of MdeB overexpression strain did not sho~v any 

significant increase. Therefore, in spite of amino acid sequence similarities, 

the El component of pyruvate dehydrogenase complex and MdeB are clearly 

distinctive in substrate specificity and physiological role. It is generally 

accepted that pyruvate dehydrogenase complex can use the a-ketobutyrate as a 

substrate (7,8,10). However, the pyruvate dehydrogenase complex possessing 

homodimeric E1 component demonstrates a low relative activity for a

ketobutyrate. In the pyruvate dehydrogenase complex of E. coli, the Km value 

for a-ketobutyrate is 10-fold greater than that for pyruvate and the maximum 

velocity shows a 5-fold reduction (7). In contrast, MdeB of P. putida is a 
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homodimeric type El component specific for a-ketobutyrate, which is the true 

substrate for this enzyme. I will discuss further studies for substrate 

specificity of purified MdeB in CHAPTER IV. MdeB may play an important 

role to reduce the toxic accumulation of a-ketobutyrate formed from L

methionine in the cell (9,1 0). 

It is unclear whether MdeB can form a complex with E2 (dihydrolipoamide 

acyltransferase) and E3 (dihydrolipoamide dehydrogenase) components. 

fndeB was not clustered with structural genes for other components of the 

complex. This is a remar kable result, because all other known genes encoding 

El components of a-keto acid dehydrogenase complexes which have been 

identified so far, occur together with the respective genes for the E2 

components as operons or gene cluster (35,65,72,73). The only exception to 

this is the pdhE gene from A. eutrophus, which was recently reported by Hein 

et al. (64). A. eutrophus possesses two distinct homodimeric type pyruvate 

dehydrogenase El components, PdhA and PdhE. The pdhA gene is clustered 

together with pdhB and pdhL encoding the E2 and E3 components, 

respectively (65). PdhE is the second A. eutrophus pyruvate dehydrogenase 

El component which is not clustered with structural genes for components of 

E2 and E3 (64). It should be noted that a high amino acid sequence identity 

(65%) was showed between MdeB and PdhE of the second El component 

rather than PdhA. This identity suggests that PdhE may also possess a high 

El activity for a-ketobutyrate than pyruvate. PdhE had the ability to replace 

PdhA, and to construct active pyruvate dehydrogenase complex together with 

PdhB and PdhL (64). From this report, I expect that MdeB also may form an 

a-ketobutyrate dehydrogenase complex with E2 (unidentified) and E3 (LPD

Glc) of pyruvate dehydrogenase complex from P. putida (its El component is 

homodimeric type) (74,75,76). 

When MdeB was overproduced in cloned E. coli under the control of lac 

promoter at 37°C, it was expressed in the form of inclusion bodies (Fig. 13B). 

The MdeB activity and the protein band on SDS-PAGE corresponding to MdeB 
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with a molecular weight of 94,000 were detected in the cell extract 'when 

grown at 28°C. These observations suggest that low temperature IS an 

important factor in preventing the formation of the MdeB inclusion body. 

The reason for the formation of the MdeB inclusion body remains unclear. 

The production of cloned homodimeric type E 1 has been reported only as a 

component of a complex when it is produced together with E2 and E3 

components (77). Overproduction of the cloned E. coli pyruvate dehydro

genase complex have not formed inclusion body of each component. The 

components of E2 and E3 may play an important role to promote the folding 

and the stability of the E 1 component. 

I revealed that MdeR is a Lrp family regulatory protein and acts as a 

positive regulator allowing the expression of the fnde operon. The deduced 

amino acid sequence of MdeR exhibited similarities to the regulatory proteins 

Lrp and AsnC of E. coli, BkdR of P. putida and PutR of R. capsulatus. In 

addition, like bkdR, asne and pufR, mdeR is divergently transcribed frolm the 

structural gene which is the target of MdeR. The 127 bp intergenic region 

between mdeA and mdeR is a regulatory region to express the mde operon. 

This region is unusually low (45.7 mol%) in G+C for P. putida (62.5 mol%), 

and this low G+C content may playa role in transcriptional regulation by 

facilitating DNA melting and/or bending (69). 

MdeR seems to be essential for the expression of mde operon in cloned E. 

coli. The fndeA expression of pYH2 which contains the entire regulatory 

region upstream of mde operon was complemented in trans by MdeR produced 

from pMUS5 (Table VII). A conserved helix-turn-helix motif located in the 

N-terminal part of Lrp family regulatory proteins was also identified in lMdeR 

(78,79) (Fig. 14). These results suggest that MdeR acts directly on the 

specific region by DNA binding. It should be noted that L-methionine could 

not act as an effector of MdeR to stimulate expression of the mde operon in E. 

coli (Table VII). The relatively low level of MdeA expression in Met

medium is probably a consequence of growth inhibition. It is likely that 
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MdeR can bind to interact with the regulatory region of fnde operon in spite of 

the presence of effector or not, as reported for BkdR and PutR (70,80,8 1). 

However, the interaction between the activated MdeR and RNA polymerase on 

the regulatory region may be different in E. coli and in P. putida. Thus it 

remains unclear whether L-methionine can interact directly as the true effector 

to activate MdeR. In addition, unknown factors of P. pUfida other than MdeR 

may be involved in the expression of the mde operon. 

Finally, it is interesting that both the bkd operon and the ,nde operon are 

regulated by Lrp family protein in P. pUfida. Since the nucleotide sequence of 

mdeR and bkdR including each regulatory region showed high similarities 

(51.4% nucleotide identity) (data not shown) (82), these genes presumably 

evolved after gene duplication from a common ancestor. Thus both operons 

may be controlled by a similar regulatory mechanism. A comparison of the 

MdeR and BkdR should reveal not only structural and functional properties of 

Lrp family protein but also more about on the amino acid (L-methionine and 

branched amino acid) catabolism in P. putida. 
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SUMMARY 

A 15 kb region of Pseudomonas putida chromosomal DNA containing the 

fnde operon and an upstream regulatory gene (mdeR) has been cloned and 

sequenced. The fnde operon contains two structural genes involved in L

methionine degradative metabolism: the already identified fndeA, which 

encodes L-methionine y-Iyase [Inoue, H., Inagaki, K., Sugimoto, M., Esaki, N., 

Soda, K., & Tanaka, H. (1995) 1. Biochefn. (Tokyo) 117, 1120-11251; and 

fndeB, which encodes a homologous protein to the homodimeric type El 

component of pyruvate dehydrogenase complex. A rho-independent 

terminator was present just downstream of fndeB and open reading frames 

corresponding to other components of a-keto acid dehydrogenase complex 

were not found. When MdeB was overproduced in Escherichia coli, the cell 

extract showed the El activity with high specificity for a-ketobutyrate rather 

than pyruvate. These results suggest that MdeB plays an important role in the 

metabolism of a-ketobutyrate produced by MdeA from L-methionine. 

Accordingly, mdeB encodes . a novel El component, a-ketobutyrate 

dehydrogenase El component, of an unknown a-keto acid dehydrogenase 

complex in P. pufida. In addition, I found that mdeR gene was located on the 

opposite strand and began at 127 bp from the translational start site of rndeA. 

The fndeR gene product has been identified as a member of the leucine 

responsive regulatory protein (Lrp) family and revealed to act as an essential 

positive regulator allowing the expression of the fndeAB operon. 
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CHAPTER IV d 

Purification and Characterization of a Novel 

a-Ketobutyrate Dehydrogenase El component 

a-Keto acid dehydrogenase complexes catalyze the oxidative decarboxy

lation of a-keto acid and consist of multiple copies of three components, a

keto acid decarboxylase/dehydrogenase (EI) utilizing TPP as a cofactor, 

dihydrolipoamide acetyltransferase (E2) which contains covalently-bond lipoil 

groups, and dihydrolipoamide dehydrogenase (E3) containing tightly bound 

FAD (Fig. 15). In all known complexes, substrate specificity resides in the 

E1 and E2 components, whereas E3 fulfills a common service function to 

reoxidize the enzyme-bound dihydrolipoamide. Three types of E 1 

components are known thus far, namely, pyruvate, a-ketogulutarate and 

branched-chain keto acid dehydrogenases (75). 

As described in CHAPTER III, I cloned the forth E1 component, termed 

a-ketobutyrate dehydrogenase El, from P. pufida. This enzyme is encoded in 

the second gene (mdeB) of the L-methionine degradative operon (mde operon). 

MdeB showed a high amino acid homology (51-650/0) with the E 1 components 

of E. coli (35) and A. eutrophus (64,65) pyruvate dehydrogenases 'Nhich 

consist of a single lar ge subunit (Mr about 98,000-100,000). I have proposed 

that MdeB plays an important role in the metabolism of a-ketobultyrate 

produced from L-methionine by L-methionine y-Iyase (MdeA) in P. pUfida. 

a-Ketobutyrate is converted to mainly propionyl-CoA by pyruvate 

dehydrogenase complex (8). However, the pyruvate dehydrogenase cornplex 

possessing the single lar ge subunit E 1 component from gram-negative bacteria 

demonstrates a low substrate specificity for a-ketobutyrate (7). In addition, 

the accumulated a-ketobutyrate also functions as a competitive inhibitor of 

several enzymes that utilize other a-keto acids as their principle substrates (10). 

- 59 -

Thus to reveal the physiological significance of MdeB should be an important 

clue to study a-ketobutyrate catabolism, especially in gram-negative bacteria. 

In this chapter, I characterize the enzyme from E. coli transformant. The 

enzyme could be isolated in Jar ge quantities in the absence of E2 and E3 

components. I have also shown that MdeB is an L-methionine-inducible EJ 

component and forms a complex with E2 and E3 components to catalyze the 

oxidative decarboxylation of a-ketobutyrate in P. putida. 

o 
II 

R-C-COOH 

TPP 

0 
II 

/5-C-R 

Lip 

" SH 

CoASH 

0 
II 

RC-SCoA 

o 
II + 

El 

E2 

/5H 
Lip 

'SH 

C02 

OH 
I 

TPP=C-R 

/5 

Lip I 
"S 

FADH 2 
+ 

X
NAD 

E3 

FAD NADH + H 

o 
R-C-COOH + NAD + CoASH • II + 

R-C-SCoA + NADH + H + CO 2 

Fig. 15. Schematic diagram of the reaction mechanism of a-keto 
acid dehydrogenase complex. 

E 1, a-keto acid dehydrogenase/decarboxylase; E2, dihydrolipoamide 
acetyltransferase; E3, lipoamide dehydrogenase. 
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EXPERIMENT AL PROCEDURES 

Bacterial Growth Conditions 

E. coli MVl184/pYHIOIO was grown in L-broth (LB) supplemented with 

50 mg/l ampicillin at 24°C for 35 h under aeration. Typical cell yields were 

3.5 gil medium. An expression vector of MdeB, pYHIOIO, was constructed 

as described in CHAPTER Ill. P. putida ICR3460 was grown in Met

medium, Glc-medium or Val-medium (a medium (pH7.2) containing 0.2.5% L

valine in place of L-methionine of Met-medium) at 28°C as described in 

CHAPTER III. 

Purification of Enzyme 

PreparaJion of crude extract - The cell extract of E. coli transformants (32 

g) was prepared as described in CHAPTER III, followed by dialysis against 

1,000 volumes of Buffer A (10 mM potassium phosphate buffer, pH7.2, 0.1 

mM TPP and 3 mM MgCI2). The precipitate formed during dialysis was 

removed by centrifugation. 

DEAE-Toyopearl 650M colufnn chrofnaJography - The supernatant 

solution was applied onto a DEAE-Toyopearl 650M column (<t>4.8x10 cm) 

equilibrated with Buffer A containing 0.1 M KCl. The column was washed 

with the same buffer and the enzyme was eluted with Buffer A containing 0.3 

M KCl. The active fraction was pooled and brought to 2 M KCI saturation by 

the addition of an equal volume of Buffer A containing 4 M KCI, for further 

purification. 

Butyl-Toyopearl650M colufnn chromaJography - The enzyme solution was 

applied onto a Butyl-Toyopearl 650M column (<t>4.8x14 cm) equilibrated with 

Buffer A containing 2 M KCl. The column was washed with the same buffer. 

Elution of the enzyme was carried out by a 1.2-L linear gradient of 2.0 M to 

0.5 M KCl. Fractions with high specific activities were pooled and dialyzed 

against Buffer A containing 0.2 M KCI. 
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Sephacryl S-200 colufnn chrofnaJography - Half of the enzyme solution 

(223 mg) was concentrated and then loaded onto a SephacryJ S-200 column 

(<t> 1.5x90 cm) equilibrated with Buffer A containing 0.2 M KCI, and eluted at a 

flow rate of 40 ml/h. Fractions with high specific activities were pooled. 

Q-Sepharose FF colufnn chrofnaJography - The enzyme solution was 

applied onto a Q-Sepharose FF column (<t>3.7x4 cm) equilibrated with Buffer 

A containing 0.25 M KCl. The column was washed with the same buffer and 

eluted with Buffer A containing 0.35 M KCl. The active fractions were 

concentrated and dialyzed against the same buffer. The enzyme solution was 

then stored at -20°C in Buffer B (10 mM potassium phosphate buffer, pH6.7, 

0.1 mM TPP and 3 mM MgCI2) containing 20% glycerol. 

Enzyme and Protein Assays 

El activity was measured by an assay involving the reduction of DCPIP as 

described in CHAPTER Ill. All a-keto acids (sodium salts) for the enzyme 

assays were purchased from Nacalai Tesque. In the assay to determine of a

keto acid dehydrogenase complex activity (overall activity), 50 ~I of enzyme 

solution was added to 1 ml of mixture containing 0.1 M potassium phosphate 

buffer (pH6.8), 0.8 mM TPP, 0.5 mM MgC12 , 1.2 mM NAD, 6 mM DTT, 0.13 

mM CoA and 1.5 mM a-keto acid (65). The activity was measured by 

monitoring NAD reduction spectrophotometrically at 340 nm. Protein was 

determined by the method of Lowry et al. (34) with bovine serum albumin as a 

standard. 

Molecular Mass Determination 

The molecular mass of MdeB purified from E. coli transformant was 

determined by gel filtration through a TSK-G3000sw column (<t>0.75x60 em, 

Tosoh, Japan) equilibrated with 10 mM potassium phosphate buffer (pH7.2) 

containing 0.2 M KCI at a flow rate of 0.5 mllmin. The calibration curve was 

plotted with the following proteins: thyroglobulin (Mr = 670,000). bovine 
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gamma globulin (158,000), chicken ovalbumine (44,000) and equIne 

myoglobin (17,000) (Bio-Rad). 

Western Blot Analysis 

An antiserum against the cloned MdeB from E. coli transformant was given 

by Dr. Watarai. Protein samples were electroblotted from an SDS

polyacrylamide gel in 25 mM CAPS buffer -10% (vol/vol) methanol (pHIl) 

onto a polyvinylidene fluoride membrane (84), using a Problott™ (Applied 

Biosystems, Germany) at constant current of 5 mA/cm2
•• The blots were 

incubated for 2 hr with the anti-MdeB mouse polyclonal antibody (diluted 

1:1000 in 20 mM Tris-HCI, pH7.5, 50 mM NaCI and 1 % bovine serum 

albumin) and screened with a goat anti-mouse IgG (H+L) alkaline phosphatase 

conjugate (diluted 1 :7500 in same buffer) (Promega). The protein bands 

were visualized using 5-bromo-4-chloro-3-indolyl-phosphate and nitroblue 

tetrazolium. 

RESULTS 

Purification of MdeB 

I found in CHAPTER III that MdeB was only expressed as an inclusion 

body, when E. coli MV1184/pYH1010 was grown at 37°C. When grown at a 

low temperature (28°C), the transformant produced both the solubl(~ and 

insoluble MdeB (CHAPTER III, Fig. 13). Therefore, I purified the soluble 

MdeB from this transformant that was grown at a lower temperature (24°C). 

Table VIII summarizes the purification of MdeB. The contaminating high 

pyruvate dehydrogenase El activity from E. coli was separated by Butyl

Toyopearl 650M column chromatography. Butyl-Toyopearl 650M was found 

to be effective since MdeB showed a high hydrophobicity. Most of the E. coli 
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Table VIII. Purification of a-keto butyrate dehydrogenase El 
component from E. coli MVl184/pYHlOlO. 

Step 

Crude extract 
DEAE-Toyopearl650M 
Butyl-Toyopearl 650M 
Sephacryl S-200 b) 

Q-Sepharose FF 

Total 
protein 
(mg) 

4,500 
1,700 

410 
190 
45 

Total 
activity a) 

(mU) 

34,000 

31,000 
25,000 
13,000 
3,900 

Specific Yield 
activity 

(mU/mg) (%) 

7.6 100 

18 90 

61 74 

71 38 

87 11 

a) One unit of the enzyme is defined as the amount of the enzyme that reduce 1 f.!mol of 
DCPIP per min at 30°C. b) Only 223 mg of Butyl-Toyopearl fraction was used for 
Sephacryl S-200. 

soluble proteins were eluted through the hydrophobic matrix under 2 M KCl. 

The purified MdeB was shown to be homogeneous by SDS-PAGE (Fig. 

16a), which gave a single band with a molecular weight of about 93,000. This 

result was in reasonable agreement with the approximate mass of the predicted 

mdeB product (~=98,082) (CHAPTER III). The molecular weight of MdeB 

was determined to be 185,000 by gel filtration with a TSK-G3000sw column 

(Fig. 16b). Thus, MdeB consists of two identical subunits. This observation 

is in good agreement with the reports on E. coli (35) and A. vinelandii (85) 

pyruvate dehydrogenase Els, which are also dimers containing identical 

polypeptide chains of Mr=99,474 and 94,000, respectively. The sequence of 

the five N-terminal amino acids of the purified MdeB was VAMMN, which 

agreed with the predicted N-terminal sequence except for the first methionine 

residue and also with the N-terminal sequence of the MdeB inclusion body 

(CHAPTER III). 

The enzyme was stored in Buffer B containing 200/0 glycerol at _20DC for 

several months without loss of activity. However, there is a tendency for the 

enzyme (2-3 mg/ml) to precipitate when it was stored at 4°C for several days 

in Buffer B with or without the addition of glycerol. Thus the enzyme was 

stored at -20°C until further study. 
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Fig. 16. Detennination of molecular weight of a-ketobutyrate dehydrogenase El. 
The purified enzyme (10 !-!g) (lane 2) was run on an SDS-PAGE (12.5% acrylamide) with 

the following molecular weight marker proteins (lane 1): phosphorylase b (Mr= 94,0(0), 
bovine serum albmin (67,000), ovalbumin (43,000), carbonic anhydrase (30,000), soybean 
trypsin inhibitor (20,100), amd lysozyme (14,100) (a). A molecular weight of the purified 
enzyme was determined by a TSK-G3000sw column CB). The enzyme was eluted a 
25.85 mim Ce ). A calibration curve CO) was made with the following proteins: 
thyroglobulin (670,000), gamma globulin (158,000), ovalbumin (44,000), myoglobin 
(17,000). 

Effect of pH and Temperature on Enzyme Activity and Stability 

The optimum pH value for the activity of MdeB was 6.6. The enzynne was 

found to be stable between pH3.S and 7.2 when the enzyme solutioltl (2.7 

mg/ml) was incubated at O°C for 30 min. When the enzyme was dialyzed 

overnight against citric acid-sodium citrate buffer (pH4.5) containing 0.1 mM 

TPP and 3 mM MgCI2 , a precipitate was observed. The precipitate showed 

enzyme activity and was soluble upon dialysis against Buffer B (pH6.7) without 
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loss of activity. On the other hand MdeB was unstable under a weak alkaline 

condition (residual activity 40%, pHS.O). 

The effect of temperature on the MdeB activity was performed at pH7.2. 

The maximum reaction velocity was obtained at 60°C. The reaction rate 

increased linearly when the temperature was raised from 25 to 60°C. The 

velocity decreased rapidly above 70°C. When the enzyme in Buffer A 

(pH7.2) was heated at various temperatures for 30 min, the enzyme was found 

to be stable up to 43 °C and denatured rapidly above 45 °C. 

Component Requirements 

MdeB activity decreased significantly (until 9%) by dialysis against Buffer 

B without TPP and MgCl2 (dialyzed enzyme). The enzyme activity was 

recovered by 5S% with additions of TPP and MgCl 2 (recovered enzyme). 

The addition of TPP only, stimulated a 3-fold increase in activity than the 

dialyzed enzyme, which corresponded to 46% of recovered enzyme (Table 

IX). The removal of TPP may cause an irreversible structural instability. 

The Km values for TPP of MdeB were 17 ~M and 21 ~M in the presence and 

absence of MgCI2 , respectively. A similar Km value for TPP (0.034 mM) is 

also reported on E. coli pyruvate dehydrogenase El component (S6). These 

results indicate that MdeB is a TPP dependent enzyme as observed from its 30-

residue segment containing a TPP binding motif (66) (CHAPTER III, Fig. 12). 

MgCl2 stimulated the enzyme activity in the presence of TPP. I investigated 

the effect of other divalent metal ions on MdeB activity (Table IX). MnCl
2 

was as good a cofactor as MgCI 2 • CoCl2 stimulated MdeB activity that was 

1.2-fold higher than that of MgCI2 • 

Substrate Specificity and Kinetic Properties 

The activities of MdeB for various a-keto acid substrates are listed in Table 

X. An assay procedure based on the oxidation of DCPIP was used. MdeB 

showed the highest activity with a-ketobutyrate among a-keto acids with three 
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Table IX. Component requirements. 

Metal a) Relative activity 

Mg2+ 100% b) 

C02+ 1170/0 

Mn2+ 910/0 

Zn2+ 790/0 

Ni2+ 77% 

Ca2+ 55% 

Ba2+ 570/0 

Cu2+ 240/0 

none 46% 

none (-TPP) 15% c) 

a) The reaction mixture contains 0.1 mM metal, 
0.2 mM TPP and 1.41 mg enzyme. b) The 
enzyme activity corresponds to 58% c) (9%) of 
that before dialysis (see text). 

to six car bons. The order of activity was a-ketobutyrate, a-keto-n-valerate, 

pyruvate, a-ketoisovalerate. MdeB showed little preference toward the 

branched- and straight-chain keto acids with 6 carbon lengths, and a

ketogl utarate. 

The kinetic parameters for a-ketobutyrate, pyruvate and a-keto-n-valerate 

are summarized in Table XI. From the Lineweaver-Burk plots of MdeB and 

these substrates, it seems that MdeB is activated in the presence of higher 

substrate concentrations (above 1 mM) (data not shown). Thus I used the 

linear part observed (less than 0.5 mM substrate concentration) to determine 

the kinetic constants. Pyruvate and a-keto-n-valerate exhibited similar Km 

values, while that for a-ketobutyrate was lO.5-fold lower. Furthermore, the 

kcal Km values for a-ketobutyrate was 29-fold greater than that for pyruvate. 

- 67 -

Table X. Substrate specificity of a-ketobutyrate 

dehydrogenase El. 

Substrate a) 

Pyruvate 

a-Keto-n-butyrate 

a-Keto-n-valerate 

a-Ketohexanate 

a-Keto-y-methylthiobutyrate 

a-Ketoisvalerate 

a-Keto-3-methyl valerate b) 

a-Ketoi socaproate 

Oxaloacetate 

a-Ketoglutarate 

R-C-COOH 
II 
o 

CH3-

CH3-CH2-

CH3-CH2-CH2-

CH3-CH2-CH2-CH1-

CH3-S-Clli-CH2-

CH3-CH2-
I 

CH3 

CH3-CH2-CH2-
I 

CH3 

CH3-CH2-CH2-
I 

CH3 

HOOC-CH2-

HOOC-Clli-CH2-

Relative activity (%) 

17 

100 

49 

16 

<3 

o 

11 

o 

a) Substrate concentration was 5 mM. b) 1.25 mM. 

Table Xl. Comparison of the kinetic constants for a
ketobutyrate, pyruvate and a-keto-n-valerate of a

ketobutyrate dehydrogenase El. 

Krn kcat kcat/ Krn 
Substrate 

(mM) (S· l ) (s·l/mM) 

a-Ketobutyrate 0.016 l7.lx10-2 10.69 

Pyruvate 0.147 5.36xI0-2 0.364 

a-Keto-n-valerate 0.149 l2.8xlO-2 0.859 
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The high catalytic efficiency for a-ketobutyrate suggests that a-ketobutyrate is 

a physiological substrate of MdeB in the cell. 

Identification of L-Methionine-Inducible MdeB in P. putida 

To confirm that MdeB is a gene product of L-methionine-inducible tnde 

operon in P. putid~ I conducted Western blot analysis using a mouse 

polyclonal antibody against cloned MdeB and crude extracts prepared from P. 

putida cells grown on Met-, Val- or Glc-medium (Fig. 17). When blots for 

SDS-PAGE of the sample proteins were analyzed, a main signal corresponding 

to MdeB (93,000) was detected in each lane, especially in the crude extract 

prepared from cells grown on Met-medium (Fig. 17, lane 3). These: results 

indicate that MdeB is produced inducibly by addition of L-methionine to the 

medium in P. putida. This is consistent with the results of Northern blot 
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34,800 
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Fig, 17, Western blot analysis of a-ketobutyrate dehydrogenase El 
in P. putida ICR3460. 
The protein sampls were resolved 12.5% SDS-PAGE and were 
electroblotted. The molecular masses of the marker proteins (Da) are 
shown on the left. The signal corresponding to the enzyme is indicated 
by an arrow. Lane 1, 1 ~g of purified a-ketobutyrate dehydrogenase 
E 1 from E. coli transformant; Lane 2-4, ] 00 ~g of crude extract from 
P. putida ICR3460 grown on Glc-medium, Met-medium and Val
medium, respectively. 
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Table XII. Pyruvate, a-ketobutyrate and branched-chain keto 
acid dehydrogenase complex activities in P. putida. 

Specific activity (m U/mg) a) 

Substrate 
Glc-medium Met-medium Val-medium 

Pyruvate 95.1 29.4 13.8 

a-Ketobutyrate 7.7 16.1 9.9 

a -Ketoisocaproate 2.2 19.4 17.4 

a) The activity was measured by monitoring NAD reduction spectrophotometrically 
at 340 nm. 

analysis (CHAPTER III). 

I also confirmed the presence of high a-ketobutyrate dehydrogenase 

complex activity in the crude extract of P. putida cells grown in Met-medium 

(Table XII). The result suggests that MdeB forms a complex, a-ketobutyrate 

dehydrogenase complex, with unknown E2 and E3 components. However the 

branched-chain keto acid dehydrogenase complex was also induced with L

methionine and also seems to show high activity for a-ketobutyrate (87), while 

the pyruvate dehydrogenase complex catalyzed very little a-ketobutyrate as a 

substrate (Table XII). 

DISCUSSION 

In this wor k, I revealed the physicochemical and enzymological properties 

of the purified MdeB. MdeB showed some similar properties with pyruvate 

dehydrogenase E 1 of single lar ge subunit in terms of its molecular weight, 

subunits structure and Km value for TPP. However the pH stability of MdeB 
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(pH3.5-7.2) was significantly different since most reported El components 

showed stability between pH6 and 10 (88,89). The unique pH stability of 

MdeB suggests that MdeB functions in altered environment of the cytosol for 

effective a-ketobutyrate degradation. However I am also undeniable the 

possibility that a-ketobutyrate complex containing MdeB may possess an 

different pH stability. The hydrophobicity, pH stability and temperature 

sensitivity (43 °C) of MdeB may be reason to produce the inactive inclusion 

body in E. coli transformant which is affected by cytosol pH in the cell and the 

temperature of the culture conditions. 

The high specificity for straight chain a-keto acids, especially a

ketobutyrate and a-keto-n-valerate, of MdeB reflects the property of the 

homodimeric type E 1 (7), although E. coli pyruvate dehydrogena~e El 

catalyzes a-ketobutyrate only slightly and not a-keto-n-valerate (7). 

Bisswangger proposed that the E. coli pyruvate dehydrogenase complex 

possesses a binding site for pyruvate consisting of a groove close to the methyl 

group rather than a pocket which would completely exclude long and bulky 

side chains in substrate analogues (7). The substrate binding site of MdeB 

may consist of alar ger groove close to the ethyl or propyl group but not butyl 

group. Furthermore, it is likely that the catalytic site of MdeB results in a 

conformation change to facilitate substrate binding affinity and catalytic 

activity specific only to the physiological substrate, a-ketobutyrate, since the 

catalytic efficiency for a-ketobutyrate is relatively high (Table XI). The 

observation is expected that MdeB catalyzes the active degradation of a 

ketobutyrate in P. putida cell. 

P. putida has so far been known to produce three a-keto acid dehydro

genase complexes, pyruvate, a-ketogulutarate, and branched amino acid

inducible branched-chain keto acid dehydrogenase complex (75). I here 

propose that MdeB is present as the fourth L-methionine-inducible a

ketobutyrate dehydrogenase complex in P. putida. Generally, to form a-keto 

acid dehydrogenase complex, E 1 component requires the E I-specific E2 
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component which is coded as operon to downstream of the E 1 gene, and non

specific E3 component which is common to the complexes. As mdeB was not 

clustered with structural genes for E2 and E3 components of the complex 

(CHAPTER III) , it is interesting to reveal the or igin of these components. 

Interestingly, Kok and Westphal reported that a hybrid active pyruvate 

dehydrogenase complex could be reconstituted from A. vinelandii El 

component and E. coli E2E3 subcomplex (90). Hein and Steinbochel also 

reported that the putative second pyruvate dehydrogenase EI component 

(PdhE) of A. eufrophus, which is not clustered with structural genes for E2 

and E3 components, can be expressed as active pyruvate dehydrogenase 

complex together with PdhB and PdhL that are the E2 and E3 components of 

the physiological pyruvate dehydrogenase EI (PdhA) of A. eufrophus (64,65) 

These reports suppose that pyruvate dehydrogenase E I-specific E2 component 

possesses the conserved common recognition site to bind other single large 

subunit El components. Burns et al. isolated an E3 component (LPD-3) from 

P. putida whose function is unknown (91). They suggested that LPD-3 is an 

E3 component with an unknown multi enzyme complex which can replace 

LPD-Glc as the E3 component of pyruvate dehydrogenase complex (91). 

Furthermore the sequence analysis of LPD-3 gene indicated that LPD-3 is not 

part of the operon (92). Therefore I expect that MdeB forms a-ketobutyrate 

complex with E2 of pyruvate dehydrogenase complex (its E 1 component is also 

a single large subunit type) and LPD-Glc or LPD-3 as E3 component. 

It is clearly reasonable from a metabolic aspect that mdeB is present 

downstream of L-methionine y-Iyase gene when induced with L-methionine. I 

propose that the a-ketobutyrate dehydrogenase complex containing MdeB plays 

a physiological role in the oxidative decar boxylation of only a-ketobutyrate 

produced from L-methionine since the mde operon is not induced with 

exogenous a-ketobutyrate (unpublished data). 

The a-ketobutyrate dehydrogenase complex may also be distr ibuted widely in 

other bacteria possessing L-methionine catabolism pathway involving L-
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methionine y-Iyase (3). On the other hand, L-threonine degradative pathway 

producing a-ketobutyrate is well known in enterobacteria (93). The a

ketobutyrate produced by biosynthetic threonine deaminase forms a-aceto-a

hydroxybutyrate from a-ketobutyrate and pyruvate by acetolactate synthase 

which is the second step in isoleucine biosynthesis, and loss of the enzyme 

activity in S. typhilnuriuln leads to a accumulation of a-ketobutyrate (94,95). 

It is important to recognize these two main pathways as a-ketobutyrate 

metabolism functioning in place of pyruvate dehydrogenase complex. 

Propionyl-CoA is a product of the oxidative decarboxylation of a

ketobutyrate by a-ketobutyrate dehydrogenase complex. Several metabolism 

pathways of propionyl-CoA are known (10); conversion of propionyl-CoA to 

succinyl-CoA (96), condensation of glyoxylate with propionyl-CoA to form a

hydroxyglutarate (96), and the oxidation of propionyl-CoA to pyruvate via 

acrylyl-CoA and lactyl-CoA (97). P. putida may possess an inducible main 

pathway to degrade propionyl-CoA since it utilizes L-methionine as a carbon 

source. 
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SUMMARY 

I report here the purification and characterization of a novel a

ketobutyrate dehydrogenase E 1 component (MdeB) which is homologous to the 

pyruvate dehydrogenase E 1 component and is located on the second gene of the 

Inde operon involved in the L-methionine catabolism of Pseudolnonaf\ putida. 

MdeB was expressed in an active form and purified to homogeneity from the 

cell extract of the E:·;cherichia coli. The purified enzyme migrated as a 

93,000 molecular weight protein on SDS-PAGE, and the native protein 

migrated as a dimer of 185,000 molecular weight upon gel filtration 

chromatography. The enzyme activity was stimulated by the addition of TPP 

and Mg2+, and the Km value was 17!vlM in the presence of Mg2+ . Significantly, 

MdeB showed the highest activity with a-ketobutyrate among all physiological 

a-keto acids. The kcat (17.1xl0-2 
S-I) and kca/Km values (10.69 s-'/mM) were 

3.2- and 29-fold greater than that for pyruvate, respectively. Western blot 

analysis showed that the native MdeB is production of induced in P. putida cells 

grown on L-methionine. These results indicate that MdeB is a novel EI 

component with respect to its substrate specificity and physiological role. 

Furthermore, I confirmed the presence of L-methionine-inducible a

ketobutyrate dehydrogenase complex activity in P. putida crude extract. The 

observation suggests that MdeB forms a complex with E2 and E3 components 

to catalyze the oxidative decarboxylation of a-ketobutyrate produced from L

methionine, although IndeB was not clustered with the structural genes of the 

E2 and E3 components. 
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GENERAL CONCLUSION 

In thi s thesi s, I studied two enzymes involved in bacterial L-methionine 

catabolism, L-methionine y-Iyase (MdeA) and the novel a-ketobutyrate 

dehydrogenase El (MdeB), which are encoded in the fnde operon , from 

enzymological and metabolic aspects. 

To study the catalytic mechanism of y-family pyridoxal-P enzymes, I 

selected L-methionine y-Iyase as a model enzyme since the enzyme had been 

studied in detail so far. First, P. putida L-methionine y-lyase was cloned and 

the complete primary structure of the enzyme revealed (CHAPTER I). The 

enzyme is composed of 398 amino acid residues with calculated molecular 

weight of 42,626, corresponding to the subunit of the homotetrameric enzyme. 

I found that the deduced amino acid sequence of L-methionine y-lyase showed 

high homology (26-44%) with that of y-family pyridoxal-P enzymes, such as 

cystathionine y-Iyase, cystathionine y-synthase, O-acetylhomoserine 0-

acetylserine sulfhydrylase and cystathionine (3-lyase. Thus L-methionine y

lyase is also classified as a y-family pyridoxal-P enzyme. 

To define the role of Tyr 114 and Cys116 in L-methionine y-Iyase, three 

mutant forms of this enzyme, Yl14F, Cl16A and C116G were studied 

(CHAPTER II). The wild type and these mutant enzymes were overproduced 

and purified from E. coli transformant. I revealed that the sulfhydryl group 

of Cysl16 does not serve a critical catalytic role since Cl16A and Cl16G 

resulted in only 82 and 890/0 decrease in kca t values for L-methionine, 

respectively. The kca t value for Y 114F mutant form was reduced by 920-fold 

for L-methionine compared to the wild type enzyme without any change in the 

Km value. The mutation of Tyr 114 did not have any effect on a,(3-elimination 

reactions for S-substituent L-cysteines, deamination reaction for vinyl glycine 

and a, (3 -proton exchange reactions for substrates containing L-methionine. 

From these results, I propose that Tyr 114 is required as a general acid catalyst 

to facilitate the y-elimination process. On the other hand, Tyr 114-
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independent a , y-elimination substrates, L-methionine sulfone and 0-

acetylhomoserine, were also found in this study. Probably, these substrates 

require an unknown general acid in the y-elimination process. I think that 

there are two different y-elimination mechanisms (Tyr-dependent and T yr

independent) in the L-methionine y-Iyase reaction mechanism. 

I found a part of an open reading frame (termed mdeB) in the 3' -flanking 

region of the L-methionine y-Iyase gene (termed mdeA) (CHAPTER I), 

suggesting the presence of an operon involved in L-methionine catabolism 

(termed mde operon). The deduced amino acid sequence of MdeB showed a 

high homology with the N-terminal region of the E 1 component of pyruvate 

dehydrogenase complex from E. coli. In addition, I also found that 0.5 kb of 

the 5'-flanking region of the cloned mdeA has no promoter activity in E. coli 

(CHAPTER I). To obtain more information about the mde operon and the L

methionine-inducible mechanism of the operon, I cloned a 15 kb region of the 

P. putida chromosomal DNA containing the entire fnde operon and identified 

two more genes in this operon, which are mdeR (a regulatory gene) and mdeB 

(CHAPTER III). 

The mdeR coding region beginning at 127 bp from the 5'-end of mdeA on 

the opposite strand encoded a 159 amino acid residue protein with a calculated 

molecular weight of 17,836. I revealed that MdeR, which is classified as a 

Lrp-family regulatory protein, acts as an essential positive regulator allowing 

the expression of the mde operon. Although Northern analysis showed that 

that an RNA of the mdeA B operon is transcribed as a result of induction by L

methionine in P. putida, L-methionine had no effect on the mde operon 

promoter activity by MdeR in E. coli. Thus it remains unclear whether L

methionine can interact directly as the true effector to activate MdeR. 

MdeB is composed of 891 amino acid residues with a calculated molecular 

weight of 98,082. A rho-independent terminator was found immediately after 

the stop codon of fndeB and additional downstream open reading frames were 

not found. MdeB showed high amino acid homology (51-650/0) with the E I 
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components of E. coli and A. eutrophus pyruvate dehydrogenase. These El 

components containing MdeB consist of a single lar ge subunit (~= about 

98,000-100,000), which are known as homodimeric types in contrast to 

heteromeric (a and B subunits) types from eukaryotes and gram-positive 

bacteria. An expression plasmid of MdeB was constructed and MdeB was 

overproduced in E. coli. MdeB showed a high substrate specificity in the E. 

coli crude extract towards a-ketobutyrate rather than pyruvate. Accordingly 

I propose that MdeB should play an important role in the metabolism of a

ketobutyrate produced by L-methionine "(-lyase from L-methionine. 

Finally I purified and characterized the novel a-ketobutyrate dehydro

genase E 1 (MdeB) from E. coli transformant (CHAPTER IV). The cloned 

MdeB could be obtained in lar ge quantities in the absence of E2 and E3 

components. I showed that MdeB is a TPP dependent enzyme (Km for 

TPP= 17 ~M) consisting of two identical subunits. The kca/ Km value for a

ketobutyrate of the enzyme was 29-fold higher than that for pyruvate. The 

high catalytic efficiency for a-ketobutyrate supports the proposal that a

ketobutyrate is a true physiological substrate of MdeB in P. putida cell. These 

altered properties of MdeB will be useful in the study of the structure and 

function of the homodimeric type E1 components. I revealed that MdeB is an 

L-methionine-inducible protein and forms a-ketobutyrate dehydrogenase 

complex with unknown E2 and E3 components. Probably, the enzyme 

complex plays a role in the rapid conversion from a-ketobutyrate to 

propionyl-CoA in L-methionine catabolism of P. putida. 
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