
STUDIES ON THE 

STRUCTURE AND MECHANISM 

OF GLUTAMATE MUTASE 

A dissertation submitted in candidature 

for the degree of Doctor of Philosophy 

by 

Daniel Ever ett Holloway. 

Department of Biochemistry 

and Queens' College, 

University of Cambridge. 

June, 1995. 

Pn O '2CCJ IS 



PREFACE 

This dissertation is the result of my own work and includes nothing, except where 

stated, which is the outcome of work done in collaboration. The content has not been 

submitted in whole or part to any other university. Presented are experiments carried out under 

the supervision of Dr E. Neil G. Marsh between January 1992 and December 1994 in the 

Department of Biochemistry, University of Cambridge. 

).£.~ 

Daniel E. Holloway 

I 



ACKNOWLEDGEMENTS 

I would like to take this opportunity to thank Neil Marsh, my supervisor, for his 
invaluable guidance throughout my time in the laboratory and for much-appreciated advice 
concerning the content of this thesis. I am grateful to Jesus Cortes and Martin Mewies for 
removing the hocus-pocus from molecular biology, and to Linda Lambourne and Steve 
Hawkins for numerous acts of generosity and vigilance about the lab. Many thanks go to 
members of the Protein and Nucleic Acid Facility in the Department of Biochemistry for 
practical advice and services rendered. I am also indebted to Annette Faux for assistance in 
bibliograpiical matters and for giving me access to printing facilities. 

I will remember with a chuckle time spent representing the Department on the sports 
field, and for this I thank Darren Watson and Earl Clarke for their time and enthusiasm. 
Cheers to all members of Queens' College Football Club and particularly to Nick Staples for 
valuable discussion regarding the tenets of attractive football. A special thankyou to folks on 
the first floor of the Wellcome Wing for their unwavering blend of good humour, pheromones 
and thinly-veiled bunkum. 

Parents - where would I be without your inimitable brand of guidance? Here's one for 
the coffee table. 

Finally, Angharad. For sharing your countless skills and for offering all your support, 
I thank you. You have the patience of a saint. 

ii 



ABSTRACT 

Glutamate mutase is an adenosylcobalamin (AdoCbl)-dependent enzyme that catalyzes 
the interconversion of L-glutamate and threo-~-methyl-L-aspartate. It is one of a group of 
AdoCbl-de~ndent enzymes catalyzing unusual carbon-skeleton rearrangements. Although 
first described over 30 years ago, the structure and mechanism of this enzyme remain poorly 
understood. 

The genes encoding MutS and MutE, the subunits of glutamate mutase, were cloned 
from a library of Clostridium tetanomorphum genomic DNA, and their nucleotide sequences 
were determined. A gene of unknown function, mutL, was found to lie between mutS and 
mutE, and the three genes are likely to be co-transcribed. The mutS gene encodes a protein of 
137 amino acid residues, with a predicted Mr of 14748. The deduced sequence of MutS has 
similarity with other cobalamin-dependent enzymes, including a cobalamin-binding fragment of 
methionine synthase from Escherichia coli, suggesting MutS is involved in coenzyme binding. 
The mutE gene encodes a protein of 485 residues, with a predicted Mr of 53708. The deduced 
sequence of MutE contains a small region similar to the putative active site of ~
methylaspartase, the next enzyme in the pathway of glutamate fermentation. 

The mutS and mutE genes were over-expressed in Escherichia coli and purified to 
homogeneity, free from inhibitory cobamides. The recombinant enzyme has a higher specific 
activity than those previously reported for preparations from clostridia. The Km for L 
glutamate was = 1 mM, while the apparent Km for AdoCbl varied between = 18 µM with 
equimolar concentrations of MutS and MutE and = 5.8 µM with a 5-fold molar excess of MutS 
over MutE present in the assay. The enzyme has a higher affinity for Coa-(a-benzimidazolyl)
Co ~-adenosylcobamide coenzyme; the apparent Km was = 0.5 µM in the presence of 
equimolar MutS and MutE. The dissociation constant for AdoCbl was measured directly using 
equilibrium gel filtration. In the presence of equimolar MutS and MutE, the apparent Kd was 
5.4 µM, but this decreased to 1.8 µM when MutS was present in 5-fold molar excess. Alone, 
neither MutE nor MutS bound AdoCbl. This confirmed a role for MutS in coenzyme binding. 

Residue cysteine 15 of MutS was shown to be modified by reaction with iodo[2-
14C]acetic acid, resulting in concomitant inactivation of the enzyme. Cysteine 15 was also 
altered to alanine and serine by site-directed mutagenesis. The specific activity of the mutant 
enzymes was about one-third of wild-type; all modifications also slightly impaired coenzyme 
binding, but the principal effect was to decrease kcat· This suggested a further role for MutS in 
the catalytic mechanism. 

The two subunits of glutamate mutase were fused together using recombinant DNA 
techniques. The solubility of the fusion protein was poor but, once refolded, the protein was 
catalytically active. Kinetic analysis showed that activity probably results from cooperation 
between domains located in opposing subunits rather than from intra-subunit interactions. 
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Unlisted abbreviations follow the recommendations of Biochem J. (1986) 233, 1-24. 
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1. 1 OVERVIEW 

1.1.1 Discovery of coenzyme B12 

In the 19th Century, clinicians identified an 'idiopathic' anaemia, often fatal, and 

believed to be caused by 'some disorder of the digestive and assimilative organs' (reviewed by 

Castle, 1975). The condition has become known as 'pernicious anaemia', characterized by 

megaloblastic anaemia and neurological degeneration (Qureshi et al., 1994a). The idea that 

good food makes good blood is a lay belief of long standing, and one that has undergone 

experimental scrutiny for most of this century. In a classic example, Minot and Murphy (1926) 

showed that many symptoms of pernicious anaemia could be alleviated by administration of a 

diet particularly 1ich in liver. 

It took a further two decades to isolate the 'anti-pernicious anaemia factor' from liver. 
I 

Only with the development of adsorption and partition chromatography were the necessary 

separations effected by Karl Folkers and his associates at Merck Laboratories in the United 

States. The group succeeded in obtaining pure crystals and named the compound 'vitamin 

B12' in accordance with the nomenclature of the day (Rickes et al., 1948; West, 1948). 

Shortly afterwards, isolation and crystallization of the vitamin was reported independently by 

Lester Smith's group at Glaxo Laboratories in England (Smith & Parker, 1948). In each case, 

crystals bore a characteristic deep red colour. 

The chemical structure of the vitamin was then studied intensively. The X-ray 

diffraction studies of Dorothy Hodgkin and co-workers at Oxford University proved decisive 

and pennitted the three-dimensional structure of vitamin B12 to be determined (Hodgkin et al. , 

1955). The structure depicted a complex macrocycle whose biochemical function was not 

immediately obvious. A major clue was provided by H. Albert Barker and associates who 

discovered the glutamate mutase reaction performed by the anaerobic bacterium Clostridium 

tetanomorphum (Barker et al., 1958). The reaction required a cofactor which was reminiscent 

of, but chemically distinct from the B12 vitamin previously described. Its structure was 

subsequently solved, again by the use of X-ray crystallography (Lenhert & Hodgkin, 1961), 

affording the first view of coenzyme B12 (adenosylcobalamin; Fig. 1.1). 
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1.1.2 Elements of the coenzyme B12 structure 

Adenosylcobalamin (AdoCbl) belongs to a group of molecules known collectively as 

corrinoids (IUPAC-IUB Commission on Biochemical Nomenclature, 1974). More 

specifically, it is a cobamide (Cba). Common to all cobamides is the corrin ring, a partially

reduced tetrapyrrole which differs from the closely-related porphyrin macrocycle in that the A 

and D rings are directly connected where the porphyrin molecule has a bridging methyne 

carbon. In cobamides, the c01Tin ring is specifically functionalized at its periphery: acetamide 
side chains project 'upwards' from the a -face, while propionamide side chains project 

'downwards' from the P-face. A central cobalt atom is coordinated equatorially by four 

pyrrole nitrogens . 

. Naturally-occuning cobamides show some diversity in the substituents at the Coa- and 

Cop-positions. By definition, the Coa-ligand of AdoCbl is N-3 of 5,6-dimethylbenzimidazole 

(Me2Bza). This is typical of the cobamide coenzymes isolated from all mammals and many 

microorganisms. The base forms part of a pseudo-ribonucleotide 'loop', the other end of 

which is esterified to the ring periphery at C-17. Cobamides containing Me2Bza in this 

position are known collectively as cobalamins (Cbl). Cobalamins are termed 'base-on' when 

the base is coordinated (as in ~ g. 1.1) and 'base off' when it is displaced, e.g. by protonation. 
The Cop-position of AdoCbl is occupied by a 5'-deoxyadenosyl residue attached by a cr-bond 

between the cobalt and the 5'-carbon of the nucleoside. The crystal structure of vitamin B12 
reveals cyanide in the Cop-position. Hence, it is also known as cyanocobalamin (CN-Cbl). 

The cyanide content is mainly an artifact of the isolation procedure, and it is the unusual Cop

alkyl bond which is key to the biochemical function of all cobamide cofactors. To date, all 

corrinoids isolated from corrinoid-dependent enzymes have been cobamides ('complete' 

co1Tinoids). This indicates that incomplete corrinoids isolated from bacteria may be merely 

biosynthetic inte1mediates. 

Cobalamins maintain their standing as some of the largest, most structurally complex, 

nonpolymeric biomolecules described. They display many of the features more usually 

associated with peptides, including conformational isomers, diverse nonbonded interactions, 

and the binding of ions and molecules. 
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1.1.3 Metabolic roles of cobamide cofactors 

Since the determination of the structure of vitamin B 12, four decades of research have 

revealed a widespread distribution of cobamide cofactors in the natural world. It has been 

speculated that cobamides are evolutionarily ancient cofactors which might have arisen before 

DNA (Benner et al., 1989), and that they are possibly even of prebiotic origin (Eschenmoser, 

1988). However, the ability to synthesize corrinoids de nova appears to be limited primarily to 

certain species of bacteria; other microorganisms have active cmTinoid-uptak:e systems to fulfil 

their cofactor requirements (e.g. Escherichia coli; reviewed by Kadner, 1990). Vitamin B12 is 

an essential nutrient for many animals which must be acquired by ingestion; in mammals, 

defects in the ingestion process lead to p'nicious anaemia (Qureshi et al., 1994a). It is 

generally believed that, curiously, plants rieither synthesize nor utilize cobalamin, although 

some studies have disputed this (e.g. Poston, 1977). 

Cobamide-dependent enzymes can be divided into two groups: the adenosylcobamide

dependent enzymes (reviewed by Babior & Krouwer, 1979; Golding & Rao, 1987) and the 

cobamide-dependent methyltransferases (reviewed by Stupperich, 1993). The 

methyltransferases are distributed amongst prokaryotes and eukaryotes, although many are 

restricted to bacteria which possess a distinct C1 metabolism, where they participate in both 

catabolic and anabolic pathways. Tetrahydrofolate (THF) or a similar pterin derivative is a key 

intermediate in these reactions, where it functions as a methyl acceptor; methylated THF serves 

as a methyl donor. The active cobamides isolated from these enzymes contain either a methyl 

group or water bonded in the Ca~-position, and act as intermediate methyl carriers. 

The prokaryotic methionine biosynthesis and the eukaryotic methionine salvage 

pathways employ a cobalamin-dependent methionine synthase (EC 2.1.1.13). The enzyme is 

present in mammals, although the enzyme from E. coli is by far the most extensively studied 

(reviewed by Banerjee & Matthews, 1990). Also of current interest are several 0 -

demethylations, including the metabolism of methoxybenzoates by Sporomusa ovata 

(Stupperich & Konle, 1993). Corrinoid proteins from S. ovata contain Caa-[a-(p-cresolyl)]

and Caa-(a-phenolyl)-cobamides, which contain an aromatic residue in place of Me2Bza 
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(Stupperich et al., 1989). The aromatic moiety is unable to coordinate to the cobalt, and 

therefore the free cofactor is permanently in a 'base-off' state. This is one example of the 

diversity in Coa-ligand found in microorganisms (Stupperich et al., 1990a). 

At the present time, eleven adenosylcobamide-ciependent enzymes have been 

documented. For all members of this group, the natural cofactor contains 5'-deoxyadenosine 

bonded in the Co f) -position. In cases where the Co a -ligand is not Me2B z a, 

adenosylcobalamin will nevertheless substitute, hence these are usually referred to as 

'adenosylcobalamin-dependent enzymes '. Ten of these catalyze rearrangement reactions 

involving the interchange of hydrogen on one carbon with an electron-withdrawing group (X) 

on an adjacent carbon, so that a 1,2-migration is effected (Fig. 1.2). 

Figure 1.2 Generalized adenosylcobalamin-dependent reari-angement 

In most cases, X is a simple electronegative group (either -OH or -NH2) , but in a subset 

including glutamate mutase, X is a bulky carbon-containing fragment. The rearrangement of a 

substrate molecule by an adenosylcobalamin-dependent enzyme is now recognized as a 

common feature of several bacterial fern1entation pathways. In general, the rearrangement 

gives a product that is readily converted to common metabolic inte1mediates. Mammals contain 

one such enzyme, methylmalonyl-CoA mutase, which generates succinyl-CoA in the pathway 

by which odd-chain and branch-chain fatty acids are converted to Krebs Cycle intermediates 

(Rosenberg & Fenton, 1989). For those rearrangements involving a carbon-containing 

fragment, no noncobalamin-dependent enzyme catalyzing the same or an analogous reaction 

has been discovered. 

The other adenosylcobalamin-dependent enzyme is the AdoCbl-dependent 

ribonucleotide reductase (EC 1.17.4.2) found in many prokaryotes, typified by the enzyme 
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isolated from the bacterium Lactobacillus leichmannii (Stubbe, 1990). This enzyme plays a 

central role in DNA biosynthesis, catalyzing the reduction of the 3'-carbon of ribose to give 2-

deoxyribose, i.e. the conversion of NTPs to dNTPs. Different organisms have different 

cofactor requirements for this reaction, and few eukaryotes have been identified as members of 

the AdoCbl-dependent class (Blakley, 1982). 

Cobalamin-dependent enzymes are thus known to play key roles in several major 

branches of metabolism. 

1.1.4 AdoCbl as an initiator of radical chemistry 

The current view is that the unusual chemistry of AdoCbl has been exploited by nature 

for the generation of free radicals in biological systems. From enzyme studies and 

complementary model studies, sufficient support has been gained to place the AdoCbl

dependent reactions amongst a steadily growing set of biological reactions for which protein

bound organic radicals are key intermediates (for reviews see Stubbe, 1988; Retey, 1990; 

Marsh, 1995a). Moreover, AdoCbl-dependent enzymes are examples of enzymes that employ 

the unpaired electrons of organic-based free radicals as true catalysts. In these cases, the 

reaction is initiated by the abstraction of hydrogen from an unactivated carbon. Chemical 

reactions of the acid-base type rely on the heterolytic cleavage of relatively polar bonds, whilst 

those of the redox type involve the nett transfer of electrons. However, the only feasible 

means of activating the non-polar C-H bonds in molecules such as saturated hydrocarbons and 

the substrates of AdoC_bl-dependent reactions appears to be by a free radical abstraction of the 

hydrogen atom (Frey, 1990)_ The resulting unpaired electron on the carbon atom is now 

highly reactive. Nature has chosen a variety of novel radical-generating systems involving 

transition metals to initiate its free radical chemistry. 

In the case of AdoCbl, the homolytic cleavage of a weak organocobalt bond provides a 

source of the highly reactive 5'-deoxyadenosyl (AdoCH2 •) radical. The choice of cobalt is a 

crucial one, since it readily assumes the required variety of oxidation states. The AdoCH2• 

radical is able to initiate the free radical mechanisms which are necessary to effect a range of 
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unusual, and 'chemically difficult' reactions. The rates of the corresponding uncatalyzed 

reactions are close to zero, hence the rate enhancement provided by these enzymes is virtually 

infinite. The effective manner in which AdoCbl provides a source of AdoCH2 • has even led it 

to be described as 'the most elegant and highly perfected radical initiator in the biosphere' 

(Frey, 1993). Under the influence of enzyme, its operation is entirely reversible and relatively 

independent of oxygen, an avid radical scavenger. It is soluble in aqueous solution, and the 

Co-C bond is kinetically stable within the cell. 

Recent discoveries have shown that AdoCbl is not in fact the only source of AdoCH2 • 

in nature, at least in organisms living under anaerobic conditions. For the enzymes lysine 2,3-

amiriomutase from Clostridium subterminale (EC 5.4.3.2; Frey, 1993), pyruvate formate-lyase 

from Escherichia coli (EC 2.3 .1.54; Knappe et al., 1993), and the (class III) anaerobic 

ribonucleotide reductase from Escherichia coli (Reichard, 1993a), S-adenosylmethionine 

(AdoMet) has been implicated as the source of AdoCH2 •. During all three enzyme reactions, 

5'-deoxyadenosine and methionine are formed by cleavage of AdoMet. In comparison with 

AdoCbl-dependent enzymes, all are acutely sensitive to oxygen, and each requires a rather 

cruder activation process which is not readily reversible. With a good deal of foresight, it was 

suggested some time ago that, in this capacity, AdoMet may be likened to a 'poor man's 

aden6sylcobalamin' (pers. comm. by H.A. Barker cited by Baker & Stadtman, 1982). 

The AdoMet-dependent radical systems may be remnants of a time when only primitive 

AdoCH2 • radical cofactors were present on Earth. The advent of photosynthesis would have 

severely limited the breadth of their use since they are all extremely sensitive to oxygen. 

AdoCbl is a vastly supe1ior cofactor in this respect, as demonstrated by its distribution amongst 

anaerobic and aerobic organisms. At the other extreme, (class I) iron-tyrosyl radical 

ribonucleotide reductases have a radical-generating system whose assembly is absolutely 

dependent upon oxygen (Petersson et al., 1980). An entire subunit of this enzyme is devoted 

to maintenance of a stable radical which resides on a deeply-buried tyrosine residue (Norlund et 

al., 1990; Norlund & Eklund, 1993). The oxygen-dependence of radical initiation establishes 

this mechanism as relatively young in evolutionary terms, and demonstrates that radical 

chemistry is important enough for nature to have developed new solutions to the radical 
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• 
generation problem over the course of time. 

1.1.5 The AdoCbl-dependent reactions 

With the exception of ribonucleotide reductase, all AdoCbl-dependent enzymes catalyze 

rearrangements that involve an apparent intramolecular 1,2-migration (Figs 1.2, 1.3). These 

migrations can be conveniently divided into three groups. 

Firstly, there are those that catalyze the migration of hydroxyl or primary amine groups 

in vicinal diols or amino alcohols to yield aldehydes after subsequent dehydration or 

deamination. There are three known examples, diol dehydrase (EC 4.2.1.28), glycerol 

dehydrase (EC 4.2.1.30) (both reviewed by Toraya & Fukui, 1982; Toraya, 1994), and 

ethanolamine ammonia-lyase (EC 4.3.1.7 ; reviewed by Babior, 1982; Babior, 1988). 

Secondly, there are the aminomutases which catalyze the 1,2-migration of a primary 

amine group within a dibasic amino acid. There are also three known examples, D-a -lysine [L

~-lysine] 5,6-aminomutase (EC 5.4.3.3/EC 5.4.3.4), D-ornithine 4,5-aminomutase (EC 

5.4.3.5) and L-leucine 2,3-aminomutase (EC 5.4.3.6). All are reviewed by Baker & Stadtman 

(1982). Ethanolamine ammonia-lyase could perhaps be placed in this group since it catalyzes 

the migration of a primary amine group, but it seems to have much in common with the 

dehydrase reactions. 

Thirdly, there are those which catalyze a carbon-skeleton arrangement. The four 

known examples are glutamate mutase (EC 5.4.99.1; reviewed by Switzer, 1982), 

methylmalonyl-CoA mutase (EC 5.4.99.2; reviewed by Retey, 1982a; see also Hull et al., 

1988), a-methyleneglutarate mutase (EC 5.4.99.4; Kung & Stadtman, 1971; reviewed by 

Chemaly, 1994), and the more recently discovered but largely uncharacterized isobutyryl-CoA 

mutase (EC 5.4.99.13; Brendelberger et al., 1988). 

AdoCbl-dependent ribonucleotide reductase (EC 1.17.4.2; reviewed by Blakley, 1982; 

Stubbe, 1990) formally catalyzes a reduction rather than a rearrangement of the substrate, but is 

discussed since the cofactor appears to fulfil a similar role. 
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Some aspects of the adenosylcobalamin-dependent reactions are summarized in Table 

1.1. 

Table 1.1 Adenosylcobalamin-dependent reactic;ms 

Enzyme Migrating group Cofactors required in addition to AdoCbl 

Glutamate mutase --CH(NHz)COOH none 

a -Methyleneglutarate mutase --C(=CH2)COOH none 

Methylmalonyl-CoA mutase --C(=O)SCoA none 

Isobutyryl-CoA mutase --C(=O)SCoA unknown 

D-Omithine 4,5-aminomutase -NH2 PLP 

L-~-Lysine [D-a-lysine] 5,6-aminomutase -NH2 PLP, ATP, Mg2+, K+, E2 protein 

L-Leucine 2,3-aminomutase -NH2 unknown 

Ethanolamine ammonia-lyase -NH2 K+ (clostridial enzyme only) 

Diol dehydrase -OH K+ 

Glycerol dehydrase -OH K+ 

Ribonucleotide reductase not applicable dithiol, e.g. reduced thioredoxin 

The table highlights the differences in the nature of the migrating groups and the cofactor 

requirements of these enzymes. However, it has become clear that several mechanistic features 

are common to all the reactions. Enzyme studies have provided convincing evidence that the 

rearrangement reactions (i.e. excluding ribonucleotide reductase) conform to the minimal 

scheme shown in Fig. 1.4 (reviewed by Babior & Krouwer, 1979; Golding & Rao, 1987), 

which consists of the following sequence of events: 

(i) Enzyme-induced homolytic cleavage of the AdoCbl Co-C bond to 

generate cob(II)alamin and a 5'-deoxyadenosyl radical (AdoCH2 •) . 

(ii) Abstraction of a hydrogen atom from the substrate by AdoCH2 • to 

generate a substrate radical and 5'-deoxyadenosine (AdoCH3) . 

(iii) Rearrangement of the substrate radical to the corresponding product 
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radical by way of a 1,2-migration of group X. 

(iv) Abstraction of a hydrogen atom back from AdoCH3 by the product radical 

to generate the product molecule, and thereby complete the rearrangement. 

Substrate 
X H 

I I 
C1-C2 

Hydrogen 
abstraction 

X 

I . 
C1-C2 

Substrate 
radical 

AdoCH2-cob(III)alamin 

AdoCH; + cob(II)alamin 

AdoCH 3 + cob(II)alamin 

1,2-migration 

Product 
H X 

I I 
C1- C2 

Hydrogen 
abstraction 

Product 
radical 

Figure 1.4 Minimal scheme for the mechanism of AdoCbl-dependent rearrangements 
Adapted from Halpern, 1985. 

Numerous studies with isotopically-labelled substrate molecules have identified those 

atoms or groups that migrate (for a review, see Retey, 1982b), with AdoCbl functioning as an 

intermediate hydrogen carrier. However, with ethanolamine ammonia-lyase and diol 

dehydrase, experiments have indicated that there may exist a second 'pool' of exchangeable 

hydrogens in addition to AdoCbl (discussed by Cleland, 1982; O'Brien et al., 1985). In these 

cases, Fig. 1.4 may reflect an over-simplification of the catalytic cycle. 

Ribonucleotide reductases catalyze the reduction of ribonucleotides. Despite their 

ubiquity, ribonucleotide reductases are not conserved with respect to cofactor requirement or 

quaternary structure (Harder, 1993; Reichard, 1993b). Instead, the different ribonucleotide 
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reductases can be classified by the nature of the cofactor, a radical domain. Of the five classes 

which have been described, two have been better characterized than the rest. These are Class I: 

the oxygen-dependent, iron(lll)-tyrosyl radical enzymes (represented by the enzyme isolated 

from Escherichia coli when cultured aerobically; a prototype for eukaryotic systems) and Class 

II: the relatively oxygen-tolerant, AdoCbl-dependent enzymes (represented by the enzyme 

isolated from Lactobacillus leichmannii; a prototype for eubacteria). For these two classes in 

viva, reducing equivalents are transferred from NADPH to oxidized thioredoxin by a 

thioredoxin reductase, and then on to thiol groups in the ribonucleotide reductase (Blakley, 

1982; Fig. 1.5). The protein thiols are oxidized concomitant with substrate reduction. 

PPVO~ase 

H AdoCbl 

PPVO~ase 

H HO OH HO H 

Figure 1.5 Overall reaction catalyzed by AdoCbl-dependent ribonucleotide reductase 
TR, thioredoxin. 

On the basis of extensive mechanistic studies using isotopically-labelled nucleotide 

substrates and mechanism-based inhibitors, it has been proposed that the mechanisms of the E. 

coli and L. leichmannii reductases are fundamentally similar (Stubbe, 1990; Booker et al., 

1993). In the postulated mechanism, AdoCbl functions as a radical initiator in generating a 

protein radical which then abstracts a hydrogen atom from C-3' of the substrate. A key feature 

of all classes of ribonucleotide reductase is likely to be the generation of such a protein radical 

(Reichard, 1993 b). 
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Although it is possible to describe the biological roles of cobamide cofactors and to 

present a general scheme for enzyme-catalyzed AdoCbl-dependent rearrangements, the details 

of the interactions between protein, cofactor and substrate are still largely unknown. There are 

several key questions which remain to be resolved for the AdoCbl-dependent enzymes, a class 

for which no high resolution structure is currently available. These include, (i) the manner by 

which the protein induces the reversible homolysis of the Co-C bond, (ii) the possibility of 

alternative hydrogen transfer routes, and (iii) the way by which the enzyme orchestrates the 

rearrangement of the substrate radical. 

1. 2 GENERAL CHEMICAL FEATURES OF COBAMIDES 

Reactions involving the central cobalt ion cannot properly be understood without 

reference to the environment provided by the organic part of the cobalmin structure and, 

ultimately, by the protein. Relevant properties are summarized here. 

The crystal structures of over 30 corrinoids have now been determined. In general, 

their structures are crowded, highly asymmetrical, and of mixed rigidity and flexibility. Data 

show that unlike the porphyrin ligand, the corrin ring is not planar, but puckered (Glusker, 

1982; Pett et al., 1987). This is due to the presence of the direct connection between C-1 and 

C-19, and also because of the need to minimize repulsions between the various substituents of 

the macrocycle. A variable degree of 'butterfly' folding (2-22°) is observed in the corrin ring 

along the Co···C-10 axis, demonstrating some flexibilty in the structure. 

On the a-face, ·the ribose of the adenosyl moiety slots perpendicularly into the C··D 

channel, while the adenine is roughly parallel to the corrin and partly over ring C. One unusual 

feature of this particular Co~-ligand is the large Co-Ca.-Cp bond angle of ea. 125°. This 

represents a large deviation from the ideal sp3 value (109°) and is presumed to arise from 

nonbonded interactions between the 5'-deoxadenosyl moiety and the equatorial corrin 

macrocycle (Glusker, 1982). In cobalamins, the Coa-axial base is also under steric strain due 

to interactions with the corrin (Pratt, 1972). 

The cobalt corrinoids exhibit oxidation states from the stable Co(III) down to the 
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unstable and strongly nucleophilic Co(I); in the presence of strong oxidants, a very unstable 

Co(IV) is also attainable (reviewed by Lexa & Saveant, 1983). Co(III) corrinoids range from 

orange to purple, whilst Co(II) is yellow and Co(I) is grey-green. In the presence of air, Co(I) 

corrinoids are instantaneously oxidised to Co(II) and more slowly to Co(III). The distinctive 

changes in colour and ultraviolet/visible (uv-vis) spectra provide an easy way to monitor these 

reactions. Cob(III)alamin (d6) is diamagnetic and six-coordinate (Lenhert & Hodgkin, 1961; 

Alcock et al., 1985). Cob(II)alamin (c£7) is paramagnetic (low-spin with one unpaired electron) 

and five-coordinate, lacking one axial ligand (Krautler et al., 1989). The EXAFS spectrum of 

the very unstable cob(I)alamin (d8) depicted a slightly distorted square planar coordination 

(Wirt et al., 1991), and it is generally accepted that this will be diamagnetic. 

All known reactions catalyzed by B12-dependent enzymes involve the making and 

breaking of the Co~-alkyl bond. EXAFS spectra suggest that the electron density on the cobalt 

in Co~-alkylcob(III)alamins approximates to cob(II)alamin (Wirt et al., 1991), and that the 

Co~-alkyl bond can be considered as a fairly nonpolar (i.e. covalent) bond. However, it is 

subject to polarization and can be made and broken by reactions involving transition states 

which correspond to (Col+ R+), (Coll+ R·), or (CoIII + R-) (Pratt, 1972). 

Photolysis of the Co-C bond is rapid and homolytic, but is probably of no relevance to 

the catalytic function of alkylcobamides in biological systems. For alkylcobamides in aqueous 

solution, homolysis is also the major mode of thermally-induced Co-C bond cleavage. With 

AdoCbl, there is some competition from heterolysis (10 % at pH 7) because of the presence of 

a ~-heteroatom substituent in the Co~-ligand. This permits a facile (and acid-catalyzed) 

elimination of a CoIII species (Hay & Finke, 1986). The overwhelming evidence indicates that 

AdoCbl-dependent enzymes reversibly induce homolytic fission of the Co~-alkyl bond to give 

cob(II)alamin and the 5'-deoxyadenosyl radical (Halpern, 1985). In contrast, MeCbl

dependent methionine synthase is believed to direct a heterolytic fission to yield cob(I)alamin 

and a methyl cation (Banerjee et al., 1990). 
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In order to probe the structure and function of cobamide cofactors, a valiety of simpler 

'model' compounds have been synthesized (surveyed by Randaccio et al., 1989). These allow 
components of the structure such as the Coa- and Co~-ligands to be systematically varied. 

Some commonly used examples are shown in. Fig. 1.6. The cobaloximes developed by 

Schrauzer (1968) have been particularly popular because of the ease of synthesis. 

Comparisons of the redox properties, reactivity of Co(II) complexes and bond dissociation 

energies of the various models suggest that cobalamins fall somewhere between the relatively 

'electron-deficient' cobaloximes and the relatively 'electron-rich' Schiff base (e.g. ACACEN, 

SALEN, SALOPH) complexes (Halpern, 1983). The (DO)(DOH)PN models (Bigotto et al., 

1970) are mixed Schiff base-oxime systems which may offer the closest approximation of the 

corrin system; their equatorial ligand has the same -1 charge as the B12 corlin. These models 

offer a comparatively unhindered approach of the axial ligands since they do not possess any of 

the flexible side chains of corlin. 

Vitamin B12 and numerous analogues have been brought into existence by synthesis in 

the laboratory. The total chemical synthesis of vitamin B12 (reviewed by Woodward, 1979) 

was a major achievement, matched by the elucidation of the entire biosynthetic pathway at the 

chemical and genetic level (reviewed by Blanche et al., 1995). Of synthetic use are certain 

methanogens, acetogens and propionibacteria which can functionally substitute their naturally 

occurring cobamide with a different cobamide when provided with an appropriate N

heterocyclic base in their medium (for examples, see Toohey et al., 1961; Stupperich et al., 

1986). This type of fermentation is referred to as 'directed' or 'guided' corlinoid biosynthesis. 
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Figure 1.6 Some models of cobalamin 

A. R-Co(DHh-B, a 'cobaloxime' complex. DH = bis(dimethylglyoxime) monoanion. 

/; 

B. [R-Co{(DO)(DOH)PN}-B]+. (DO)(DOH)PN = N2,N2'-propanediylbis(2,3-butanedione-2-imine-3-oxime) 
monoanion. 

C. R-Co(ACACEN)-B. ACACEN = bis(acetylacetone)ethylenediimine dianion. 
D. R-Co(SALEN)-B. SALEN= bis(salicylaldehydo)ethylenediimine dianion. 
E . R-Co(SALOPH)-B . SALOPH = bis(salicaldehydo)phenylenediimine dianion. 
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1. 3 PROTEIN-COBAMIDE INTERACTIONS 

Having presented AdoCbl as an elegant initiator of radical catalysis, it must be stressed 

that the cofactor does not operate without considerable assistance from its protein counterpart, 

i.e. the apoenzyme. The evidence indicates that the protein is able to (i) bind cobalamin tightly 

by a process of molecular recognition, (ii) induce cleavage of the Co-C bond, and (iii) stabilize 

and protect radical intermediates to facilitate the substrate rearrangement. Knowledge of the 

molecular mechanisms governing these functions is essential to furthering our understanding of 

AdoCbl-dependent catalysis. 

1. 3. 1 Molecular recognition of cob amides 

Cobamides are molecules of mixed hydrophobicity and hydrophilicity. The corrin 

macrocycle itself is rather hydrophobic, but all naturally-occurring cobamides are very 

hydrophilic due to the presence of the amide side chains. All the side chains are very flexible, 

with the exception of side chain g which appears to be restricted by interaction between its 

amide oxygen and the C-20 methyl group (Glusker, 1982). The amide side chains can 

participate in hydrogen bonding interactions, whereas the very exposed nucleotide side chain is 

positioned to participate in a variety of nonbonded interactions with the corrin structure and 

with other molecules. 

To study the corrinoid specificity of a given protein, a variety of cobalamin analogues 

can be synthesized chemically or microbiologically. Most workers have chosen to consider the 

cobalamins as a sum of their components, i.e. the macrocyclic ring (corrin nucleus + amide 

side chains), the nucleotide loop (Caa-axial base+ ribose moiety+ phosphodiester), and the 

Ca~-axial ligand (e.g . 5'-deoxyadenosine = adenine+ ribose moiety). The ability to 

selectively bind cobalamins is a property common to cobalamin-dependent enzymes and 

various cobalamin transport proteins. In humans, vitamin B12 and its derivatives bind tightly 

to three major cobalamin transport proteins: intrinsic factor (IF) found in gastric juice, 

transcobalamin II (TC) found in serum, and a number of haptocorrins (HC) (also known as 

cobalophilins) found in saliva, gastric juice, and other body fluids (Nex!Zl & Olesen, 1982). 
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Each has a high, pH-independent affinity for CNCbl, with a dissociation constant of the order 

of 10-10 M. The corrinoid specificity of mammalian transport proteins has been studied 

extensively (for example, see Hippe et al., 1971; Kolhouse & Allen, 1977; Stupperich & 

Nex0, 1991). The specificity of the E. coli outer membrane cobalamin receptor and a cytosolic 

cobalamin-binding protein of Euglena gracilis z .have also been probed (Kenley et al., 1978; 

Watanabe et al. , 1993). However, the interaction of cobalamin with any of its transport 

proteins is still not well understood. It is generally accepted that alteration of the Co~-ligand 

has little effect on binding to these proteins, which may suggest that cobamides are bound with 

the Co~-ligand facing away from the protein. It would also seem that transport proteins differ 

somewhat in their requirement for certain structural elements of the corrin and nucleotide loop. 

It has been suggested that, upon binding to the transport protein, the Coa-ligand is 

dissociated and replaced with a protein ligand such as the imidazole side chain of a histidine 

residue. This hypothesis comes in part from studies of the uv-vis and CD spectra of 

cobalamins bound to mammalian IF's and HC's (Lien et al., 1973; Nex0 et al., 1979) . 

However, 31P-NMR data from CNCbl complexed with chicken HC contradicted this 

conclusion and merely suggested that sterically induced changes in phosphodiester 

conformation accompany binding (Brown et al., 1988). Experiments with porcine IF which 

examined the contribution of the ribazole and cobinamide components to cobalamin binding 

suggested that the nucleotide loop (including ribazole) binds first. This may be a prerequisite 

for a change iri protein conformation which allows the corrin ring to be bound tightly, i.e. the 

nucleotide loop functions as the main recognition moiety (Andrews et al., 1991). However, 

there is no hard structural data and there is no reason to assume that these transport proteins 

should bind cobamides-in the same manner as cobamide-dependent enzymes. 

Interactions between AdoCbl and AdoCbl-dependent enzymes are, of necessity, rather 

more complex. One can conceive of a sequence of interactions leading to (i) initial binding of 

the coenzyme, (ii) promotion of Co-C bond homolysis, and (iii) positioning of the coenzyme 

so that substrate rearrangement is effected. AdoCbl binds to many AdoCbl-dependent enzymes 

(with the notable exception of glutamate mutase) almost irreversibly. Nevertheless, apparent 

Ka (or Km) values in the range 10-8 to 10-6 M are commonly measured when approaching 
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equilibrium from the unbound state. A slow 'off-rate' is indicated, which may be brought 

about by changes in protein conformation. The binding of AdoCbl analogues to enzyme has 

most often been estimated from their apparent Km or Ki values as part of kinetic analyses. 

Thorough analyses have also examined perturbations in enzyme-induced Co-C homolysis, 

substrate turnover rate (kcat), and the rate of coenzyme inactivation (kinact). Structural 

modification of the coenzyme has been shown to affect various combinations of these 

parameters. 

The main enzymes that have been probed for AdoCbl-binding determinants are diol 

dehydrase (reviewed by Toraya & Fukui, 1982; Toraya, 1994), methrlmalonyl-CoA mutase 

(Retey, 1982; Eberhard et al., 1988), glutamate mutase (Section 1.7; Switzer, 1982) and 

ribonucleotide reductase (Blakley, 1982). Generally speaking, the enzymes will tolerate only 

minor alteration of the Caf3-ligand without complete loss of catalytic activity. The corrin 

nucleus and certain side chains are implicated in both the recognition and catalytic processes 

(Toraya et al., 1979; Retey, 1982) - both hydrophobic contacts and hydrogen-bond donation 

are likely to play a part here. Minor alterations in the Caa-axial base generally have a greater 

effect on Km than on kcat (Switzer, 1982; Toraya & Fukui, 1982; Eberhard et al., 1988), 

suggestive of a role in coenzyme recognition. Strongly base-on corrinoids tend to bind tightest 

to diol dehydrase, for which the phophodiester moiety is essential (Ishida & Toraya, 1993; 

Toraya, 1994). For this enzyme, the nucleotide loop size was more important than the 

funtional groups of the D-ribose ring, suggesting that the loop may serve simply as a spacer to 

maintain the juxtaposition of the Caa-axial base and the other corrin substituents (Toraya & 

Ishida, 1991). 

It is evident from these types of study that cobalamin transport proteins and AdoCbl

dependent enzymes make specific contacts with many of the substituents of cobalamin. 



1.3.2 Evidence for enzyme-induced Co-C bond cleavage 

For enzymes representing the three types of AdoCbl-dependent rearrangement, it has 

been demonstrated by the use of isotopically-labelled substrates and cofactors that hydrogen is 

transferred from substrate to AdoCbl and back to product (e.g. for methylmalonyl-CoA 

mutase, see Retey & Arigoni, 1966; for diol dehydrase, see Frey et al., 1967). With those that 

have been tested, it has also been shown that the migrating hydrogen is 'scrambled' (i. e. 

becomes equivalent) with the two methylene hydrogens at the 5' position of AdoCbl whilst 

undergoing the migration (e.g. for diol dehydrase, see Frey et al., 1967; for methylmalonyl

CoA mutase, see Miller & Richards, 1969). The only reasonable way for this to occur is via 

formation of an intermediate methyl group at the 5'-carbon. No such transfer is detected with 

ribonucleotide reductase under single turnover or multiple turnover conditions (Ashley et al., 

1986), although the enzyme catalyzes 'washout' of 3H from the 5'-position of AdoCbl (Abeles 

& Beck, 1967; Hogenkamp et al., 1968). All these observations imply that the Co-C bond is 

cleaved during catalysis. 

The manner of Co-C bond cleavage is most strongly suggested by the use of EPR 

spectroscopy, a technique for detecting species with unpaired electrons. Homolysis of the Co

e bond is predicted to initially generate a metal-centred cob(Il)alamin radical and a carbon

centred AdoCH2 • radical; as the reaction progresses, the latter species may become distributed 

between 5'-deoxyadenosine, substrate, product, and perhaps the protein. For many AdoCbl

dependent enzymes, EPR signals dependent on the presence of substrate or suitable analogue 

have been detected (e .g. for diol dehydrase, see Valinsky et al., 1974; for ethanolamine 

ammonia-lyase, see Babior et al., 1974). In all cases, substrate-dependent signals arise at a 

catalytically-competent rnte, which indicates that species with unpaired electrons are catalytic 

intermediates in the reactions. Spectra from diol dehydrase and ethanolamine ammonia-lyase 

were composed of a broad, low-field peak corresponding to enzyme-bound cob(II)alamin and 

a narrower, higher field signal identifiable as a substrate-derived radical. The signals could be 

satisfactorily computer-modelled by assuming that there was weak coupling between corr on 

the corrin and the radical intermediate species (Buettner & Coffman, 1977; Boas et al., 1978). 

This demonstrated the possibility of interaction between species often treated as discrete 



entities. The corr .. ·radical separation was calculated to be at least 5 A., and possibly as large as 

10 A., which is not in the immediate coordination sphere of con (the figure of 10 A. should be 

taken as a mean distance since the radical is not necessarily highly localized). Ethanolamine 

ammonia-lyase also exhibits a magnetic field dependence similar to the magnetic field

dependent recombination of the { AdoCH2 • · ··cob(Il)alamin} radical pair produced by 

photolysis, which further supports the existence of a radical pair intermediate in this enzyme 

(Harkins & Grissom, 1994). 

In contrast, substrate-dependent signals from ribonucleotide reductase and the carbon

skeleton rearrangements (for ribonucleotide reductase, see Orme-Johnson et al., 1974; for a

methyleneglutarate mutase, see Michel et al., 1992; for methylmalonyl-CoA mutase, see 

Padmakumar & Banerjee, 1995) disclose a broad signal attributable to enzyme-bound 

cob(Il)alamin, but no discrete organic radical species. The absence of such a signal need not 

be evidence against the intermediacy of radical species. For methylmalonyl-CoA mutase, an 

EPR-active intermediate observed under catalytic conditions was approximately midway in its 

resonance position between a free radical and cob(II)alamin. The signal was postulated to 

represent the average of two radicals, i.e. a biradical intermediate in which the two dissimilar 

spins are strongly interacting. Whereas one of the two spins was clearly centred on 

cob(II)alamin, the identity of the other has not been conclusively established. 

1. 3. 3 · Enhancement of the Co-C bond cleavage rate 

The bond dissociation energy (BOE) for homolysis of the AdoCbl Co-C bond has been 

estimated to be ea. 30 kcal mol-1 (Halpern et al., 1984; Finke & Hay, 1984). Although weak 

compared with typical covalent bonds in organic molecules, 11 12 for homolysis at room 

temperature in the dark is a matter of years. The Co-C bond is clearly kinetically very stable, 

yet turnover rate (kcat) values as high as 370 s-1 (i.e. 1112 ~ 2.5 ms) have been reported for diol 

dehydrase (Toraya et al., 1976). If Co-C bond cleavage occurs once every turnover, this 

represents acceleration of bond cleavage by the massive factor of 1012; in other cases, the rate 

enhancement is still at least 1010. A major role of the protein must be to displace equilibrium 

[1] accordingly to the right (Pratt, 1985). 
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AdoCH2• + Co11 [1] 

It is likely that the enzyme must use the AdoCbl·protein intrinsic binding energy to 

weaken the Co-C bond or otherwise trigger the Co-C bond homolysis step (Hay & Finke, 

1987). Two general mechanisms have been postulated to account for the enzyme-accelerated 

Co-C bond homolysis. The first can be summarized as the 'mechanochemical theory', and is 

currently the most cited explanation. It is postulated that, upon binding AdoCbl, the protein is 

able to put the cofactor under some form of conformational strain. When substrate binds, a 

conformational change occurs in the protein that allows the strain on the cofactor to be relieved 

by homolysis of the Co-C bond (Fig. 1.7). 
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Figure 1. 7 Outline of the mechanochemical theory 

E, E' and E" represent different conformational states of the protein, SH is the enzyme substrate, the square 

brackets represent the active site, and the wave represents a weakened Co-C bond. 

Several reasonable alternatives exist for the nature of the conformational change which induces 

Co-C bond cleavage, including (a) an increase in the steric interaction between the corrin ring 

and the 5 ' -deoxyadenosyl moiety and (b) a direct lengthening of the Co-C bond or angular 

distortion of the Co-Ca-C~ bond. The primary focus of most hypotheses has been the 5 ' -

deoxyadenosyl ligand and its cis steric interaction with the equatorial corrin ring. The protein 

could directly push the Co~-axial ligand 'downwards ' or, alternatively, induce an 'upward ' 

distortion of the corrin periphery to facilitate the 'lift-off' of the group (the 'butterfly bending' 

or 'upward confo1mational distortion' theory). In this vein, the role of Me2Bza as the Coa-

axial base has been considered primarily in terms of its cis steric interaction with the corrin; 

deformations induced in the corrin could again lead to increased repulsive forces between the 
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corrin and the 5' -deoxyadenosyl moiety, i.e. overall a trans steric effect. This upward 

conformational distortion theory has largely been fuelled by crystallographic observations on 

B12 model complexes (i.e. ground state measurements), where the steric bulk of one or both 

axial ligands induces butterfly-type deformations of the equatorial ligands, together with 

changes in the axial bond lengths (extensively reviewed by Toscano & Marzilli , 1984; 

Bresciani-Pahor et al., 1985; Randaccio et al. , 1989). It has been proposed that the corrin 

ligand in AdoCbl is similarly flexible, and that this may be the reason that nature has chosen it 

over the porphyrin ligand (Geno & Halpern, 1987). However, the geometrical variation 

observed so far in cobalamins with respect to upward folding is rather small in comparison 

with many model compounds (Pett et al., 1987; K.rautler et al., 1994; Kratky et al., 1995). 

There are clear relationships between certain structural properties and solution 

properties in several B12 model series. In many cases, the effects can be traced back from 

kinetic (rates of Co-C bond fission) through thermodynamic to ground state (structural and 

physical properties) effects (Pratt, 1993). The many structural determinations of model 

compounds (especially cobaloximes) have shown the remarkable ability of the Co-C bond to 

stretch in response to steric demands. Significant steric compression can be caused by 

substitution on Ca. and C~, and the Co-C bond lengthens in accordance with increasing bulk of 

the alkyl group. Co-C bond lengthening in cobaloximes is accompanied by opening of the Co

Ca.-C~ bond angle further away from the typical 109" sp3 carbon centre, and even away from 

the 125" value of crystalline AdoCbl. There is also increased ring flexure and cobalt 

displacement towards the Coa-ligand. Furthermore, these structural features correlate with a 

reduction in the Co-C BDE. Excellent structural evidence has also been obtained for the mutual 

dependence of Cof3-alkyl and Coa-axial base bond lengths in organocobaloximes (Summers et 

al., 1983) and other cobalamin models (Summers et al. , 1984; Geno & Halpern, 1987). Bulky 

Coa-axial bases cause both the axial Co-N and Co-C bonds to lengthen in such species. A 

similar effect has also been observed in organocobalamins (Krautler, 1987). 

The uv-vis spectrum of cobalamin is sensitive to distortion about Ca. and serves as a 

'molecular strain gauge' (Pratt, 1985). One might therefore expect to be able to observe 

enzyme-induced strain on AdoCbl by this method, but the uv-vis spectrum of enzyme-bound 
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AdoCbl (in the absence of substrate) is virtually identical to that of the protein-free coenzyme 

(Tamao & Blakley, 1973; Babior et al., 1974; Toraya et al., 1979). Neopentylcobalamin (B

Co-CH2CMe3; NpCbl) is currently the prototype of a protein-free sterically hindered 

alkylcobalamin. NpCbl homolyzes ea. 106 times faster than AdoCbl at 25 °C (roughly half of 

the 1012 enzymic acceleration previously noted), with about one quarter of this difference due 

to the enthalpy of activation and three-quarters due to a more favourable entropy of activation 

(Waddington & Finke, 1993). Should the three-dimensional structure of NpCbl be repo11ed, 

theories involving conformational distortion could be better evaluated. 

It has been suggested that unfavourable interactions between the 5'-deoxyadenosyl 

moiety and the upwardly projecting a, c and g acetamide side chains could be responsible for 

the activation of thermal AdoCbl Co-C bond cleavage (Brown & Brooks, 1991). If steric 

interactions in the ground state restrict the rotational freedom of the acetamide side chains, relief 

of this interference by separation of the AdoCH2 • and cob(Il)alamin moieties in the transition 

state could provide an entropic driving force for the reaction. Studies on the dependence of 

thermolysis parameters on steric interactions between the corrin side chains and selected Co~

ligands have confirmed that this is a reasonable hypothesis (Brown et al., 1994). 

It has also been suggested that the enzyme may deform AdoCbl in the ground state to 

resemble the [Ado• •cob(II)alamin] intermediate/product, although the crystal structure of the 

five-coordinate cob(II)alamin is st1ikingly similar to that of AdoCbl in many respects (Krautler 

et al., 1989). In particular, the upward folding in cob(II)alamin (16.3°) compares closely with 

that of AdoCbl (13.3°), as does the position and orientation of the nucleotide base. A shorter 

C-N axial bond in cob(Il)alamin is accompanied by a downward movement of the cobalt 

centre, whilst differences in the ligand structure are limited chiefly to ring D and its 

substituents, including the nucleotide loop. The data give little support to the upward 

conformational distortion or trans steric theories of coenzyme activation, but Co-N axial bond 

shortening would appear to favour cob(II)alamin formation . The recent X-ray structure of 

Coa-(a-imidazolyl)-Co~-cyanocobamide (in which imidazole replaces the bulkier Me2Bza as 

the Coa-axial ligand) shows a decrease in the folding angle of the corrin ring from 18.0" to 

11.3" (Krautler et al., 1994). This is compatible with the upward conformational distortion 
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theory in that an increase in effective bulk of the Caa-axial ligand has been demonstrated to 

have an effect on the folding of the corrin ring (rather than a model compound). 

In theory, the protein need not necessarily deform the coenzyme in the ground state: 

cleavage could be accelerated by differential binding of AdoCbl and its homolysis products 

(Krautler et al., 1989). Stabilization of the [Ado• •cob(II)alamin] intermediate will probably 

require strict positioning of the coenzyme through numerous protein·cofactor interactions. 

This may explain the observation that certain structural elements of the Ca~-ligand (adenine,~-

D-ribofuranose ring) and corrin periphery (amide side chains) are strictly required for 

coenzyme activity in AdoCbl-dependent enzymes (e.g. Toraya et al., 1979; Retey, 1982; 

Switzer, 1982; Ichikawa & Toraya, 1988). Measurements of the Co-C bond stretching 

frequency in a large number of cobaloximes likewise suggest that differences in the BDE's of 

model compounds may be more reflective of differences in the product state (and hence the 

transition state) than differences in the ground state (Nie et al., 1990). 

The second theory of enzyme-induced Co-C bond labilization involves manipulation of 

Co-C bond strength through electronic (rather than steric) trans effects. Certain steric changes 

in the Caa-ligand of cobaloximes and Co(SALOPH)-R complexes weaken the Ca~-alkyl bond 

and correlate with a lengthening of the Co-N axial bond, rather than distortion of the equat01ial 

ligand system (Summers et al., 1983, 1984). The conformational change of the coenzyme in 

the holoenzyme could therefore possibly involve a lengthening of the Co-N(Me2Bza) bond, 

i. e. the trans ligand could be prevented from forming an ideal bond with the metal, rendering it 

a poor electron donor. Such a change decreases the overlap of the N-donor orbital with the Co 

orbitals of the appropriate symmetry. 

Halpern and co-workers have also shown that in cobaloximes containing N-donor 

Caa-ligands, the Co-C BDE increases systematically with the basicity of the Caa-ligand 

(reviewed by Halpern, 1983). A linear relationship is observed between BDE and pKa of 

Caa-pyridine ligands substituted with electron-withdrawing groups at the 4-position. This 

position points away from the corrin, so members of this series have a similar effective bulk. 

Halpern's interpretation was that, since homolysis of the Co-C bond involves a decrease in the 
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formal oxidation state of cobalt from +3 to +2, more basic trans ligands (better electron donors) 

strengthen the Cap-alkyl bond by stabilizing the CoIII oxidation state. One might think that the 

logical extension of this effect is that a five-coordinate species would be least stable of all. 

However, removal of the Caa-axial ligand actually stabilizes the Co-C bond (Hay & Finke, 

1987), which has been shown to be due to an entropic stabilization of the base-off species - a 

steric, rather than an electronic effect (Brown & Brooks, 1991). 

The effects of Caa-axial ligand basicity on the Co-C bond are not observed in the Co-C 

bond length depicted by crystal structures (Randaccio et al., 1989), nor in the Co-C bond 

stretching frequency measured by near-infrared Fourier transform Raman spectroscopy (Nie et 

al., 1990). Since BDE's depend on the energetics of both the ground and the product states, 

this trans electronic effect on the C-Co bond may instead be associated with the transition state 

and product. This is consistent with Halpem's suggestion that more basic Caa-ligands 

stabilize the Co-C bond by favouring the +3 over the +2 oxidation state. 

Replacement of the Caa-ligand with the imidazole side-chain of a catalytic histidine 

residue in the protein is one possible means of modulating the electronic properties of the cobalt 

centre. Histidine-cobalt ligation has been suggested by EPR experiments with ribonucleotide 

reductase reconstituted with the largely base-off Caa-[a-(aden-9-yl)]-CaP-adenosylcobamide 

(Blakley et al., 1979), and with the major corrinoid-protein from Sporomusa ovata containing 

the base-less Caa-[a-(p-cresolyl)]-CaP-methylcobamide (Stupperich et al., 1990b; Stupperich 

et al., 1992). ltis possible that a trans electronic effect induced by the enzyme could be used to 

control the strength of coordination of the Caa-axial base to the cobalt centre, and thereby 

manipulate the Co-C bond (Krautler, 1987). A weak Caa-axial coordination will destabilize 

the trans Co-C bond, enbancing bond cleavage. 



1. 4 HYDROGEN TRANSFER 

With several of the AdoCbl-dependent enzymes, studies employing isotopically

labelled substrates have shown that the rate-limiting step in the reaction involves hydrogen 

transfer (e.g. for methylmalonyl-CoA mutase, see Miller & Richards, 1969). For the 1,2-

migrations, support for the formation of AdoCH3 by abstraction of the substrate's migrating 

hydrogen also comes from a number of mechanistically relevant reactions in which the 

enzymes have been incubated with AdoCbl in the presence of appropriate substrate analogues. 
For example, in the presence of ethylene glycol, ethanolamine ammonia-lyase catalyzed a 

partial reaction in which the Co-C bond was cleaved. 5'-Deoxyadenosine could be isolated 

from the mixture, and analysis showed that the 'migrating' hydrogen had been transfen-ed from 

the substrate analogue to the 5'-carbon (Babior, 1970). 

Investigation of the reduction of [3 '-3H]NTPs by ribonucleotide reductase indicated 

that the enzyme catalyzes cleavage of the substrate's 3' carbon-hydrogen bond, but that direct 

participation of AdoCbl as an intermediate hydrogen carrier in this process occurs in less than 1 

in 1000 turnovers (Ashley et al., 1986). To account for this, a modified mechanism was 

proposed where AdoCbl plays a different role. In this hypothesis, the AdoCH2 • radical 

generated by Co-C bond homolysis abstracts a hydrogen atom from an amino acid residue on 

the protein, and it is this new radical species which abstracts the 3'-hydrogen atom from the 

NTP substrate. Release of 3H from the 5'-carbon of AdoCbl to water can be explained if the 

protein radical can undergo hydrogen exchange with the bulk solvent. By analogy with the 

aerobic E. coli reductase and by the use of site-directed mutagenesis, it has been shown that the 

likely centre of the proJein radical is the thiol side chain of Cys408 (Booker et al., 1993, 

Booker et al., 1994; Fig. 1.8). Thus AdoCbl is proposed to function as the initiator of a 
radical chain in the ribonucleotide reductase reaction. 
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Figure 1.8 Proposed reaction mechanism for class I and class II ribonucleotide 
reductases 

Adapted from Stubbe (1990) and Sjoberg (1994). R is PPi (E. coli reductase) or PPPi (L. leichmannii 
reductase); the thiyl radical resides on Cys439 (E. coli reductase) or Cys408 (L. leichmannii reductase); the 
redox-active thiols are Cys225 & Cys 462 (E. coli reductasej or Cys119 & Cys419 (L. leichmannii 
reductase). 

For the diol dehydrase and ethanolamine ammonia-lyase reactions, which are 
essentially irreversible, it was possible to isolate the substrate-to-cofactor c'.tl"'~l the 
cofactor-to-product transfer steps from each other (Essenberg et al., 1971; Weisblat & Babior, 
1971). The calculated deuterium isotope effects for the substrate-to-cofactor transfer were 8 
and 2.9 for diol dehydrase and ethanolamine ammonia-lyase respectively, which are well 
within the range expected for a primary isotope effect. However, apparent tritium isotope 
effects for the cofactor-to-product transfer were extraordinarily large, 125 for diol dehydrase 
and 160 for ethanolamine ammonia-lyase. To account for the apparent magnitude of these 
effects, Cleland (1982) postulated the presence of a radical chain mechanism, initiated by 
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homolysis of the AdoCbl Co-C bond, and generating a novel radical which can carry out the 

abstraction of hydrogen from the substrate. He went on to show how the apparent isotope 

effects could be reduced to the expected value by assuming nine transfers via the novel radical 

for every one via AdoCH2 • . As described above, a radical chain hypothesis was also 

incorporated by Stubbe (1983, 1988) into the .mechanism of ribonucleotide reductase. 

However, in contrast with diol dehydrase and ethanolamine ammonia-lyase, the protein radical 

site in ribonucleotide reductase is the obligatory route. 

In the case of ethanolamine ammonia-lyase, the presence of a second pool of hydrogens 

is supported by studies employing substrate 3H-labelled at the migrating hydrogen (O'Brien et 

al., 1985). The sensitivity of most AdoCbl-dependent enzymes to thiol-directed reagents 

(surveyed by Stadtman, 1971) has prompted the suggestion that the protein-based carrier might 

be a thiyl radical (O'Brien et al., 1985; Stubbe, 1988). Consistent with the participation of an 

electronegative group, hydrogens in the second acceptor pool exchanged with water after the 

enzyme was denatured. As previously mentioned, Fig. 1.4 may therefore reflect an over

simplification of the hydrogen migration steps where participation of a second acceptor site can 

be demonstrated. 

1. 5 REARRANGEMENT OF THE SUBSTRATE RADICAL 

1.5.1 Alternative mechanisms 

Few aspects of AdoCbl-dependent rearrangements have been debated as hotly as the 

rearrangement of the substrate radical itself. There appear to be three central questions, 

illustrated in Fig. 1.9: 

(i) Does the cofactor participate further in facilitating the rearrangement, 

perhaps by transalkylation of the cobalt leading to an-complexed transition 

state, or by a weaker interaction involving the corr species? Alternatively, is the 

cofactor merely a 'voyeur' whilst the protein controls the rearrangement step 

and its stereochemistry? 
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(ii) Is a pathway involving only free radical intermediates possible? 

Alternatively, could there be electron transfer between the initial substrate 

radical and cofactor/protein, yielding carbanion or c~bonium ion intermediates 

whose rean·angement is more facile? 

(iii) Does the rearrangement proceed in. a concerted (stepwise) manner via 

bridged intermediates or does it proceed via a dissociation-recombination 

pathway? 
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Figure 1.9 Alternative mechanisms for AdoCbl-dependent 1,2-migrations 

1.30 

0 



The rearrangement of each substrate is a case in itself, and mechanistic hypotheses have been 

extensively tested through the synthesis of molecules designed (a) to map the stereochemical 

course of the reaction, (b) to mimic putative reaction intermediates, (c) as mechanism-based 

enzyme inhibitors, or (d) to undergo rearrangement in the absence of the enzyme. 

At the enzymic level, .there is no experimental evidence for the covalent attachment of 

cobalt to the substrate in any AdoCbl-dependent rearrangement. Numerous attempts to isolate 

a 'substratylcobalamin' from an active site have failed. Synthetic organocobalamin adducts 

intended to mimic reaction intermediates do not serve as substrates for ethanolamine ammonia

lyase (Krouwer & Babior, 1977). Perhaps most convincingly, 2,3-butanediol and 1-

aminoisopropanol are true substrates for diol dehydrase and ethanolamine ammonia-lyase 

respectively; the initial radicals produced from these substrates are so bulky that the likelihood 

of either of them combining with cob(Il)alamin is minute (Toraya et al., 1976; Graves et al., 

1980). Dowd has pioneered the approach of using organocobalt adducts as probes of the 

rearrangement step. Decomposition of some of these adducts under physiological conditions 

(at ambient temperature, in the dark, in aqueous solution and at neutral pH) has led to a 

proportion of products that result from a 1,2-migration (for an a-methyleneglutarate model, see 

Dowd et al., 1975; for a methylmalonyl-CoA mutase model, see Dowd & Shapiro, 1976). 

However, these putative intermediates may serve simply as precursors of free radicals that are 

generated by Co-C bond homolysis, i.e. the actual mechanism of the rearrangement remains 

unspecified. Hence, transalkylation mechanisms are out of favour. Direct evidence for the 

intermediacy of cob(l)alamin in any AdoCbl-dependent reaction is also at present lacking, 

which casts doubt over any electron transfer from substrate to cobalamin. 

Extensive stereochemical studies with diol dehydrase provide evidence for a pathway 

involving planar, sp2-hybridized intermediates (reviewed by Finke, 1984). Chemical and 

theoretical considerations suggest that diol dehydrase may use basic and acid diol-binding sites 

to facilitate the hydroxyl group migration via a bridged (protonated) oxycation radical 

(reviewed by Finke, 1990; Fig 1.10). 
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Figure 1.10 Possible oxycation radical intermediates in the diol dehydrase reaction 

In the case of ethanolamine ammonia-lyase, electron spin-echo envelope modulation 

(ESEEM) studies indicate that the first step in the rearrangement of the substrate radical is the 

elimination of ammonia from C-2 (Tan et al., 1986). This generates an oxycation radical 

which rearranges; ammonia then adds back at C-1, forming the 1,1-aminoalcohol which 

spontaneously deaminates (Babior, 1988; Frey & Reed, 1993; Fig 1.11). The ESEEM studies 

suggested that the substrate-derived radical was stabilized by delocalization of the unpaired 

electron onto a nitrogen, most likely situated in one of the peptide bonds of the enzyme 

backbone. 

NH3 

Figure 1.11 Possible radical cation intermediates in the ethanolamine ammonia-lyase 

reaction 

The plausibility of these radical cation rearrangements receives support from Golding' s models 

and calculations (Golding & Radom, 1976; Dixon et al., 1985), and from documented free 

radical reactions of aliphatic alcohols (e.g. Gilbert et al., 1972). 

Unlike ethanolamine ammonia-lyase, the aminomutase enzymes are dependent upon 

pyridoxal 5'-phosphate (PLP). For the D-a-lysine 5,6-aminomutase reaction, there is good 

evidence for the formation of an aldimine between PLP and the migrating (ffi) amine group. 
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The enzyme catalyzes a slow, PLP-dependent exchange of protons between water and C-6 of 

D-a-lysine or C-5 of 2,5-diaminohexanoate (Morley & Stadtman, 1972). Exchange is slower 

than the overall reaction and is likely to be merely a side reaction, but it nevertheless indicates 

the formation of the aldimine. The catalytic function of PLP in nearly all known enzyme 

reactions is to stabilize carbanionic intermediates through its ability to delocalize electron pairs 

within imine intermediates (Metzler et al., 1954). However, if substrate carbanions were 

formed by an electron transfer step in aminomutases, the intermediate carbanions required for 

the 1,2-migration include species that would not be stabilized by PLP (Frey & Reed, 1993). In 

principle, PLP can also stabilize free radicals by delocalization of the unpaired electron, so a 

new mechanistic role for this coenzyme has been proposed. In this hypothesis, the dibasic 

amino acid substrate is initially bound at the active site as its ro-aldimine with PLP. The 

AdoCH2• radical then performs the hydrogen atom abstraction and PLP facilitates a 1,2-imino 

rearrangement, probably through the intermediate formation of an azocyclopropylcarbinyl 

radical (Fig. 1.12). 

PLP 

( 
N 

Figure 1.12 Possible radical intermediates in the aminomutase reactions 

PLP, pyridoxal phosphate. 

This is an analogue of the well-known cyclopropylcarbinyl rearrangements (Griller & Ingold, 

1980) and has received support from a model study which demonstrated that a benzaldimino 

group (a model for the PLP aldimine) will undergo a 1,2-migration under radical-generating 

conditions (Han & Frey, 1990). 

The carbon-skeleton rearrangements have received much attention since, at the time of 

their discovery, there were no clear precedents in the field of organic chemistry. The reactions 
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are reversible with equilibrium favouring the less branched dicarboxylic acid in each case 

(Barker et al., 1964; Kellermeyer et al., 1964; Kung & Stadtman, 1971). There is no enzymic 

evidence for the formation of intermediate carbanions or carbonium ions in any, and the 

currently favoured schemes are those which operate by free radical mechanisms. In the 

reactions catalyzed by a -methyleneglutarate muta$e and the acyl-CoA mutases, the migrating 

carbon is sp2-hybridized and one can formulate a reactive cyclopropylcarbinyl or 

cyclopropyloxy radical respectively (Fig. 1.13). 

. 
X R X R 

R X 

COOH COOH COOH 

Figure 1.13 Possible radical intermediates in the a-methyleneglutarate and 

methylmalonyl-CoA mutase reactions 

For a -methyleneglutarate, R = COOH and X = CH2; for methylmalonyl-CoA, R = SCoA and X = 0. 

The a-methyleneglutarate rearrangement would appear to be the most facile since the 

cyclopropylcarbinyl radical (a simple model) spontaneously rearranges to the but-3-enyl radical 

with a rate constant >108 s-1 (Effio et al., 1980); substituted examples are similarly fast (Gliller 

& Ingold, 1980). In contrast, free radical rearrangements of methylmalonyl-CoA and 

glutamate models have only been achieved by providing conditions where the lifetime of the 

radical is sufficiently prolonged (Wollowitz & Halpern, 1984; W ollowitz & Halpern, 1988; 

Murakami, 1992; Section 1.7). These model reactions are considerably slower than the 

corresponding enzyme-catalyzed reactions, hence the enzyme active site is expected to stabilize 

the radical intermediates and to provide the means for rate enhancement. 

The glutamate mutase reaction stands out from the other carbon-skeleton 

rearrangements since the migrating carbon is saturated. The rearrangement cannot proceed by 

way of a cyclopropylcarbinyl intermediate, nor can a direct radical rearrangement take place 
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without breach of chemical precedent. It remains the least well understood of the AdoCbl

dependent rearrangements, and is considered separately in Section 1.7. 

1. 5. 2 Stabilization of radical intermediates 

The AdoCbl-dependent enzymes are pro~ ed to transform the bound substrate into a 

highly reactive (i.e. unstable) intermediate. By a process that has been likened to 'negative' 

catalysis (Retey, 1990), the enzyme must prevent this reactive intermediate from undergoing 

reactions that would normally occur spontaneously in solution, especially if it is necessary to 

prolong the radical ' s lifetime. For example, stabilization pathways involving hydrogen 

abstraction from the solvent or from random amino acid side chains must be strictly avoided. 

In this way, reaction selectivity can be achieved; undesired side reactions are suppressed in 

order to favour the target reaction. 

With many AdoCbl-dependent enzymes, it has been demonstrated that there is no 

exchange of proposed intermediates with the bulk solvent (Babior & Krouwer, 1979). This 

implies that the reactants are tightly bound by these enzymes, but the detail of substrate binding 

is a matter which awaits the high resolution structure of an appropriate active site. The crystal 

structures of several enzymes which contain stable free radicals located on amino acid side 

chains have, in the meantime, suggested ways in which free radicals can be harboured within 

an enzyme molecule. There appear to be two main devices used by these enzymes to stabilize 

radicals, (i) the use of hydrophobic and aromatic residues as insulators, and (ii) delocalization 

of the spin density. 

In galactose oxidase (EC 1.1.3.9) , a copper-dependent enzyme from the fungus 

Dactylium dendroides; .the radical centre, Tyr272, is linked by a novel thioester bond to the 

side chain ofCys228 (Ito etal., 1991; Ito etal., 1994). The radical is exchange coupled to the 

Cu(II) centre so that both the metal and radical are EPR-silent in the native enzyme. The radical 

site is rich in aromatic residues, one of which (Trp290) is stacked against the Tyr(CE)-Cys(Sy) 

bridge and effectively shields the radical from solvent (Baron et al., 1994). · The Tyr-Cys bond 

has partial double bond character, and such an extended aromatic system could help to 

delocalize the radical. 
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In the case of the R2 protomer of E. coli aerobic ribonucleotide reductase, there is also 

a high proportion of hydrophobic and aromatic residues in the vicinity of the radical, Tyrl22 

(Norlund & Eklund, 1993). There is a possibility that the radical is stabilized by the difarric 

centre to which it is magnetically coupled (Sahlin et al., 1987), though mutational analysis 

showed that the positioning of aromatic residues was particularly important for radical stability 

(Ormo et al., 1995). Alteration of neighbouring Phe residues to Tyr or Trp did not 

significantly alter the local aromatic character but decreased the radical half-life by 4-5 orders of 

magnitude. These residues may form an insulator that shields the reduction sensitive 11-oxygen 

of the phenoxyl radical from solvent and vulnerable side chains. Similarly, the crystal stlucture 

of prostaglandin H2 synthase (EC 1.14.99.1) from sheep revealed an 'annulus ' of six aromatic 

residues surrounding the presumed radical site, Tyr385 (Picot et al., 1994). 

Cytochrome c peroxidase harbours an intermediate, but stable, radical cation centred on 

Trp191 (Sivaraja et al., 1989). The indole ring of Trp191 is in van der Waal's contact with the 

Fe(IV)=O moiety of the haem group, i.e. close enough for substantial magnetic spin-spin 

interaction (Fishel et al., 1991). Stabilization of the indole radical may be aided by interaction 

of the indole NH with the carboxylate of the neighbouring residue, Asp235, whilst aromatic 

Trp and Tyr residues may channel charge in and out of the radical site (Pelletier & Kraut, 

1992). 

In the active site of dial dehydrase, parts of the AdoCbl structure seem to play a part in 

maintaining a conformation that prevents the intermediate complexes from inactivation 

concomitant with catalysis (Toraya, 1994). In the presence of substrate, the value of kcarlkinact 

was 1.4 x 106 for AdoCbl, 5.5 x 104 for 2'-dAdoCbl, and 3.3 x 103 for a coenzyme analogue 

in which the D-ribose and Me2Bza moieties of the nucleotide loop were replaced by a 

trimethylene group and imidazole respectively. In an extreme case, the enzyme 

stoichiometrically cleaved the Co-C bond of AdoCbi methyl phosphate, but was unable to turn 

over substrate (kcatlkinact = O; Ishida & Toraya, 1993). This was therefore a form of 'suicide 

inactivation'. It has been pointed out that an AdoCbl-dependent enzyme may have to function 

alternately as an 'ultimate radical cage' and as an 'ultimate radical trap' in directing catalysis 

(Garr & Finke, 1993). 
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1. 6 STRUCTURAL ASPECTS OF ADOCBL-DEPENDENT ENZYMES 

In comparison with the available wealth of mechanistic information on AdoCbl

dependent reactions, structural details of the enzymes responsible are relatively scant. Classical 

enzymology and protein chemistry have given some insight into the molecular organization of 

the different enzyme complexes, and from these studies it would appear that there is great 

diversity in quaternary structure amongst these enzymes. It is only recently that the amino acid 

sequences of any AdoCbl-dependent enzymes have been reported, with several appearing 

dming the course of the experiments described in this thesis. The composition of AdoCbl

dependent enzymes is summarized at the end of this Section in Table 1.2. Unfortunately, no 

high resolution structures are available at the time of writing. 

1.6.1 Diol dehydrase and glycerol dehydrase 

Diol dehydrase and glycerol dehydrase are specifically-inducible enzymes found in 

selected genera of Enterobacteriaceae (e.g. Klebsiella and Citrobaeter) and Propionibacteriaceae 

(Toraya, 1994). The diol dehydrase of Klebsiella oxytoea ATCC 8724 is probably membrane

associated (McGee & Richards, 1981) and is composed of two disimilar protein components, 

designated F and S (Toraya et al., 1974). Component Fis a single polypeptide of 24 kDa 

which corresponds to subunit ~ encoded by the ppdB gene (Tobimatsu et al., 1995). In 

contrast, component S is a large complex of ea. 200 kDa (Poznanskaja et al., 1979) which 

contains subunits a (60 kDa) and y (19 kDa) encoded by the ppdA and ppdC genes 

respectively. These three subunits are the only subunits necessary for the formation of a 

functional complex when expressed in E. eoli (Tobimatsu et al., 1995), although other proteins 

may form part of component S when isolated from K. oxytoea (McGee & Richards, 1981). 

Neither component has catalytic activity alone and both components are required for the tight 

binding of cobalamins (Toraya et al., 1974). The likely stoichiometry of AdoCbl binding is 1 

mol AdoCbl per mol FS complex (Essenberg et al., 1971). 

Glycerol dehydrase can also be separated into two disimilar protein components, 

designated A and B (Johnson et al., 1975). Component A has a molecular mass of ea. 22 kDa 

but can be further dissociated into two subunits of 11 kDa (Schneider & Pawelkiewicz, 1966). 
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Component Bis somewhat larger at 189 ± 22 kDa and can be dissociated into two subunits of 

95 ± 25 kDa (Stroinski et al., 1974). The functional complex may have an A1B1 composition 

(Johnson et al., 1975) and binds 1 mol HO-Cbl per mol complex (Schneider et al., 1970). As 

with diol dehydrase, both components are required for catalytic activity and cobalamin binding 

(Johnson et al. , 1975). 

In addition to similarities between the catalyzed reactions, there are potential structural 

similarities between the diol and glycerol dehydrase complexes, supported the fact that only 

after the association of dissimilar protein components is a (single) cobalamin-binding site 

formed. None of the diol dehydrase subunits displayed any detectable homology to other 

sequenced enzymes, but successful heterologous expression in E. coli bodes well for a detailed 

structural analysis (Tobimatsu et al. , 1995). The sequence of a glycerol dehydrase gene 

(dhaB) is yet to be reported, although the regulon to which it belongs has been cloned from 

Klebsiella pneumoniae (Sprenger et al., 1989; Tong et al., 1991) and Citrobacter freundii 

(Daniel & Gottschalk, 1992). Comparison with the diol dehydrase sequence may well reveal 

significant structural homologies. 

1.6.2 Ethanolamine ammonia-lyase 

Ethanolamine ammonia-lyase is an enzyme found in several bacterial species, and 

catalyies the deamination of various vicinal amino alcohols to oxo compounds and ammonia. 

Through studies of the enzyme, chiefly from an unclassified clostridium, much has been 

learned about the mechanisms of AdoCbl-dependent rearrangements. The genes encoding the 

enzyme in Salmonella typhimurium have been cloned and sequenced (Faust et al., 1990). The 

sequence of the enzyme from Rhodococcus sp. NI86/21 has also recently appeared in the 

database (De Motet al., 1993). There are two subunits, a (50 kDa), encoded by eutB, and ~ 

(31 kDa), encoded by eutC. Recombinant subunits expressed in E. coliform a large assembly 

of ea. 480 kDa, most likely representing an a 6~ 6 structure (Faust & Babior, 1992). The 

complex from Clostridium sp. has a similar composition (Wallis et al., 1979) and appears as 

two stacked pentameric or hexameric rings when viewed under the electron microscope 

(Babior, 1982). 



Despite its multime1ic structure, the complex contains only two active sites and binds 2 

rnol AdoCbl per mol enzyme (Babior & Li, 1969; Faust & Babior, 1992). The location of any 

binding site is as yet undetermined, and there are no long stretches of sequence homology with 

other cobalamin-dependent enzymes. 

1.6.3 Aminomutases 

As a group, the aminomutases are the least intensively studied of the AdoCbl-dependent 

enzymes; none have been cloned. L-(3-Lysine [D-a-lysine] 5,6-aminomutase is a single protein 

complex that catalyzes two reactions. The complex has been given one EC number for each 

activity since it was once thought that two separate enzyme complexes were responsible. D

Omithine 4,5-aminomutase catalyzes the analagous rearrangement of D-ornithine. The 

enzymes are apparently limited to clostridia (strict anaerobes) which can ferment the respective 

substrates (Stadtman, 1972), and only those from Clostridium sticklandii have been studied in 

any detail (Baker & Stadtrnan, 1982). 

The catalytically active component of the L-(3-lysine [D-a-lysine] 5,6-aminomutase 

complex is designated E1. Based on several criteria, the E1 component is believed to have two 

separate active sites, one for each activity (Baker & Stadtman, 1982). During catalysis E1 is 

rapidly inactivated unless it has been pre-incubated with a second protein component, E2, and 

ATP (Baker et al., 1973). The nature of this activation process is unknown. Both activities 

are also dependent on AdoCbl, PLP, a divalent cation (Mg2+), and a monovalent cation (K+ or 

NH4+) (Baker & Stadtman, 1982). Both activities are stimulated by prior incubation with a 

thiol such as dithiothreitol (DTT), whilst the D-a-lysine activity but not the L-(3-lysine activity 

is stimulated by prior incubation with pyruvate (Stadtman & Renz, 1968). Such an array of 

cofactors and effectors contrasts with the fairly minimal requirements of other AdoCbl

dependent enzymes (Table 1.2). 

The E1 component is composed of three non-identical subunits of 51, 30 and 12.8 kDa. 

These form a complex of ea. 170 kDa, most likely of a 2J32y2 structure (Baker & Stadtman, 

1982). The location of the cobamide binding site is not known. In crude extracts, the E1 and 

Ei components exist as a 1:1 molar complex, maintained by a molar excess of E2. Whilst E2 is 
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Despite its multimeric structure, the complex contains only two active sites and binds 2 

mol AdoCbl per mol enzyme (Babior & Li, 1969; Faust & Babior, 1992). The location of any 

binding site is as yet undetermined, and there are no long stretches of sequence homology with 

other cobalamin-dependent enzymes. 

1.6.3 Aminomutases 

As a group, the aminomutases are the least intensively studied of the AdoCbl-dependent 

enzymes; none have been cloned. L-~-Lysine [D-a -lysine] 5,6-aminomutase is a single protein 

complex that catalyzes two reactions. The complex has been given one EC number for each 

activity since it was once thought that two separate enzyme complexes were responsible. D

Omithine 4,5-aminomutase catalyzes the analagous rearrangement of D-omithine. The 

enzymes are apparently limited to clostridia (strict anaerobes) which can ferment the respective 

substrates (Stadtman, 1972), and only those from Clostridium sticklandii have been studied in 

any detail (Baker & Stadtrnan, 1982). 

The catalytically active component of the L-~-lysine [D-a -lysine] 5,6-aminomutase 

complex is designated E1. Based on several criteria, the E1 component is believed to have two 

separate active sites, one for each activity (Baker & Stadtman, 1982). During catalysis E1 is 

rapidly inactivated unless it has been pre-incubated with a second protein component, E2, and 

ATP (Baker et al., 1973). The nature of this activation process is unknown. Both activities 

are also dependent on AdoCbl, PLP, a divalent cation (Mg2+), and a monovalent cation (K+ or 

NH4+) (Baker & Stadtman, 1982). Both activities are stimulated by prior incubation with a 

thiol such as dithiothreitol (DTT), whilst the D-a-lysine activity but not the L-~-lysine activity 

is stimulated by prior incubation with pyruvate (Stadtman & Renz, 1968). Such an array of 

cofactors and effectors contrasts with the fairly minimal requirements of other AdoCbl

dependent enzymes (Table 1.2). 

The E1 component is composed of three non-identical subunits of 51, 30 and 12.8 kDa. 

These form a complex of ea. 170 kDa, most likely of a 2~2y2 structure (Baker & Stadtman, 

1982). The location of the cobamide binding site is not known. In crude extracts, the E1 and 

E2 components exist as a 1: 1 molar complex, maintained by a molar excess of E2. Whilst E2 is 
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effective only in the presence of ATP (Baker et al., 1973), there is good evidence that ATP also 

functions as an allosteric activator of D-a -lysine (but not L-P-lysine) activity (Morley & 

Stadtman, 1970). 

D-Ornithine 4,5-aminomutase is less well characterized than L-P-lysine [D-a-lysine] 

5,6-aminomutase. The molecular mass of the C. sticklandii enzyme is 180-200 kDa and the 

complex can be dissociated into subunits of ea. 90 kDa and 12.8 kDa (Baker, 1973; Somack & 

Costilow, 1973). The larger subunit contains tightly-bound cobamide. As judged by 

molecular mass and amino acid composition, the smaller subunit may be identical to that of the 

L-P-lysine [D-a -lysine] 5,6-aminomutase, if not very similar (Baker, 1973; Baker & Stadtman, 

1982). In common with L-P-lysine [D-a -lysine] 5,6-aminomutase, the enzyme requires prior 

incubation with thiols, AdoCbl and PLP to achieve maximal activity. However, enzyme 

activity is not stimulated by addition of monovalent cations, divalent cations, ATP, pyruvate, 

or the E2 protein (Baker, 1973; Baker & Stadtman, 1982). The substrate specificity is clearly 

distinct from the lysine aminomutases since L-a -ornithine, DL-a-lysine and L-P-lysine are 

inhibitors of the enzyme (Somack & Costilow, 1973). 

The other member of this group is L-leucine 2,3-aminomutase, which catalyzes the 

migration of an amine group from an a-carbon rather than from an ro-carbon. In this way, a

lysine and P-lysine are interconverted (Poston, 1976). It has been claimed that the enzyme has 

a wide distribution amongst living organisms. AdoCbl-dependent activity has been detected in 

clostridia and the livers of various mammals (Poston, 1976), yeast (Poston & Hemmings, 

1979) and apparently in higher plants (Poston, 1977; Poston, 1978). However, these original 

reports could not be confirmed in recent studies of human and rat tissues employing 

sophisticated bioanalytical methods, which casts doubt over the range of organisms containing 

this enzyme (Stabler et al., 1988). Unfortunately, the clostridial enzyme is rather unstable and 

has not been purified to the point where composition can be determined. 

1.40 



1. 6. 4 Enzymes catalyzing carbon-skeleton rearrangements 

The carbon-skeleton rearrangements are extraordinary chemical reactions, yet the 

enzymes responsible have a simpler quaternary structure than other characterized AdoCbl

dependent enzymes. In addition, AdoCbl is the sole cofactor for each. 

a-Methyleneglutarate mutase is a key inducible enzyme involved in the fermentation of 

nicotinic acid by Clostridium barkeri (Kung et al., 1970). The gene encoding the enzyme 

(mgm) has recently been cloned from C. barkeri and its sequence determined (Beatrix et al., 

1994). Interestingly, the amino acid sequence has homology with other Cbl-dependent 

enzymes (discussed in Chapter 3). The only subunit is 66.8 kDa in mass and forms a 

homotetrameric complex (Michel et al., 1989). Reduction of the enzyme with a sulphydryl 

compound such as DTT is required to achieve maximal activity (Kung & Stadtman, 1971). As 

isolated from C. barkeri, there are 4 mol Cbl per mol tetrameric enzyme, i. e. one cofactor 

molecule per subunit (Michel et al., 1992). An early report claimed that the protein is readily 

separated from cobamide during enzyme purification or by treatment with charcoal (Kung & 

Stadtman, 1971). However, a more recent publication describes a much tighter binding where 

the cofactor is not separated from the protein during purification, or by precipitation with 

trichloroacetic acid, or by charcoal treatment for that matter (Michel et al., 1992). The latter 

workers found that it was necessary to denature the holoenzyme with 8 M urea and 2 mM DTT 

and then gel filter the mixture to obtain apoenzyme. Nevertheless, reconstitution of the 

holoenzyme can be achieved by simply adding AdoCbl to apoenzyme (Michel et al., 1992; 

Beatrix et al., 1994). 

MethylmalonyL-CoA mutase plays a key role in the intermediary metabolism of many 

organisms. The genes encoding the enzyme have been cloned from several bacterial sources, 

Propionibacterium shermanii (Marsh et al., 1989), Streptomyces cinnamonensis (Birch et al., 

1993) and Porphyromonas gingivalis (Jackson & Reynolds, 1994). A homologue capable of 

binding AdoCbl but with as yet undetected activity (Roy, 1992a) has also been cloned from 

Escherichia coli (Roy & Leadlay, 1992; Roy, 1992b). Genes have also been cloned from two 

mammalian sources, human (Jansen et al., 1989) and mouse (Wilkemeyer et al., 1990). The 
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mammalian enzymes are homodimeric (Cannata et al., 1965), and the mature (a-) subunits of 

human and mouse enzymes (products of the MUT and Mut loci) have molecular masses of 

78.5 and 79.3 kDa respectively. In contrast, the bacterial enzymes, exemplified by the P. 

shermanii enzyme, appear to be heterodimeric (Zagalak et al., 1974; Francalanci et al., 1986). 

In P. shermanii, the a-subunit (encoded by mutB) has a molecular mass of 80.1 kDa, and the 

P-subunit (encoded by mutA) is smaller at 69.5 kDa. There is an extremely high degree of 

sequence homology between the a-subunits from bacterial and mammalian sources. For 

example, there is ea. 60 % sequence identity between the a-subunit from P. shermanii and that 

from human or mouse (Wilkemeyer et al., 1990). There is considerably lower, but 

nevertheless detectable sequence homology between the a- and P-subunits within the P. 

shermanii enzyme (Marsh et al., 1989), and between the bacterial P-subunits and the 

mammalian enzymes (tabulated by Birch et al., 1993). Homology between a-subunits from all 

sources and other Cbl-dependent enzymes has also become evident (discussed in Chapter 3). 

The differences in quaternary structure are reflected in the stoichiometry of AdoCbl binding. 

The enzyme from sheep liver binds 2 mol AdoCbl per a 2 dimer (Cannata et al., 1965), 

whereas the ap dimer from P. shermanii probably binds only one (E.N.G. Marsh, pers. 

comm.). 

In humans, inherited deficiency of methylmalonyl-CoA mutase activity causes a 

disorder of organic acid metabolism termed 'mut methylmalonic acidemia' (mut MMA; 

McKusick #251000) (McKusick, 1992). A variety of naturally-occurring mutations at the 

MVT locus have provided insights into the genetics and function of the enzyme (Crane & 

Ledley, 1994). Characterization of these mutant proteins has gained significance in the light of 

the homology with other·Cbl-dependent enzymes (discussed in Chapter 3). 

The enzyme from P. shermanii has been crystallized in an inactive corrinoid-containing 

form (Marsh et al., 1988) and in holoenzyme form (McKie et al., 1990) suitable for high

resolution X-ray crystallography. A high resolution structure is eagerly awaited. 
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1. 6. 5 Ribonucleotide reductase 

The class II (AdoCbl-dependent) reductase from L. leichmannii is a monomer of 81.9 

kDa, recently cloned and sequenced by Booker & Stubbe (1993). A comparison of the L. 

leichmanni sequence with those of other Cbl-dependent enzymes failed to reveal any common 

Cbl-binding domain (Booker & Stubbe, 1993). 

By comparison, class I ribonucleotide reductases are tetramers composed of two 

homodimeric proteins, Rl (a2) and R2 (~2) (Stubbe, 1990). The Rl protomer (85.7 kDa) 

contains one binding site for NDP substrates, two binding sites for dNTP allosteric effectors, 

and redox-active cysteine residues that are oxidized concommitant with substrate reduction. 

The R2 protomer (43.4 kDa) is the radical domain, containing a buried µ -oxo bridged binuclear 

iron(III) centre-tyrosyl radical (Norlund et al., 1990; Norlund & Eklund, 1993). The L. 

leichmannii and E. coli enzymes have a low degree of overall sequence homology, but some 

short fragments of homology between Rl and the L. leichmannii enzyme have helped identify 

an equivalent network of catalytically-active cysteine residues in the latter (Booker & Stubbe, 

1993; Booker et al., 1994). The size of the L. leichmannii enzyme is comparable to that of a 

single Rl protomer, but no R2 protein is involved. As mentioned previously, AdoCbl is 

believed to play a role equivalent to that of the R2 protein by generating the catalytic protein 

radical. 



1.6.6 Summary of AdoCbl-dependent enzymes 

Composition of adenosylcobalamin-dependent enzymes 

Migrating group Other cofactors Source Quaternary structure 
(protomer masses in kDa) 

Glutamate mutase - CH(NH2)COOH none Clostridium Probably £2cr2 
tetanomorphum, (£=50, cr=15) 
Clostridium 
cochlearium 

ci-Methyiene- -C(=CHi)COOH none Clostridium U4 (a.=67) 
ptarate mutase barkeri 

ethyimalonyl- -C(=O)SCoA none Propionibacterium a.1P1 (a.=80, P=70) 
CoAmutase shermanii 

Human a.2 (a.=79) 

llobutyryl-CoA -C(=O)SCoA unknown Streptomyces unknown 
autase cinnamonensis 

l).()mithine 4,5- -NH2 PLP Clostridium 180-200 kDa complex 
aminomutase sticklandii (a.=90, P=13) 

f.-P-lysine -NH2 PLP, ATP, Clostridium 'E1' complex, 
(I)-a-lysine] 5,6- Mg2+, K+, sticklandii possibly a.2P2Y2 
IIDinomutase Bi protein (a.=51, P=30,y=13) 

L-leucine 2,3- - NH2 unknown Clostridium unknown 
IIDinomutase sticklandii 

Ethanolamine -NH2 K+ Clostridium sp. a.6p6 (a.=51, P=36) llllmonia-lyase 
none Salmonella a.6P6 (a.=50, P=31) 

typhimurium 

Di>ldehydrase -OH K+ Klebsiella oxytoca 'FS' complex 
S contains (a.=60, y=19), 
Fis (P=24) 

Glyceroictehydrase -OH K+ Klebsiella 'AB' complex 
pneumoniae A is a.2 (a.=95) , 

B is Y2 (y=ll) 

not applicable dithiol, Lacto bacillus a.1 (a.=82) 
e.g. reduced . leichmannii 
thioredoxin 



1.6.6 Summary of AdoCbl-dependent enzymes 

Table 1.2 Composition of adenosylcobalamin-dependent enzymes 

Enzyme Migrating group Other cofactors Source Quaternary structure 
(protomer masses in k:Da) 

Glutamate mutase -CH(NH2)COOH none Clostridium Probably £2cr2 
tetanomorphum, (£:s50, cr:sl5) 
Clostridium 
cochlearium 

a -Methylene- -C(=CHi)COOH none Clostridium CX4 (a=67) 
glutarate mutase barkeri 

Methylmalonyl- -C(=O)SCoA none Propionibacterium a1P1 (a=80, P=70) 
CoA mutase shermanii 

Human CX2 (CX=79) 

Isobutyryl-CoA -C(=O)SCoA unknown Streptomyces unknown 
mutase cinnamonensis 

D-Omithine 4,5- -NH2 PLP Clostridium 180-200 kDa complex 
aminomu tase sticklandii <a,,.90, p,,.13) 

1-p-lysine -NH2 PLP, ATP, Clostridium 'E1' complex, 
[D-a-lysine] 5,6- Mg2+, K+, sticklandii possibly a 2p2y2 aminomutase Bi protein (a:s5l, p:s30, y:sl3) 

L-leucine 2,3- -NH2 unknown Clostridium unknown 
aminomutase sticklandii 

Ethanolamine -NH2 K+ Clostridium sp. a6p6 (a:s5l, p,,.36) 
ammonia-lyase 

none Salmonella a6P6 (a=50, P=31) 
typhimurium 

Diol dehydrase -OH K+ Klebsiella oxytoca 'FS' complex 
S contains (a.=60, y=19), 
Fis (P=24) 

Glycerol dehydrase -OH K+ Klebsiella 'AB' complex 
pneumoniae A is a 2 (a,,.95), 

Bis y2 (y:sll) 

Ribonucleotide not applicable dithiol, Lactobacillus CX1 (a=82) 
reductase e.g. reduced leichmannii 

thioredoxin 
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1. 7 THE GLUTAMATE MUTASE REACTION 

1. 7 .1 The ~-methylaspartate pathway of glutamate fermentation 

Clostridium tetanomorphum is a rod-shaped, obligate anaerobic bacterium which can be 

cultured from soil samples (Hippe et al., 1992). In 1937, H.A. Barker reported that an 

unnamed clostridium (later identified as C. tetanomorphum) used glutamate as a main source of 

energy and converted it to acetate, butyrate, carbon dioxide, ammonia and hydrogen gas. 

When specifically-14C-labelled glutamates became available, the fate of the individual carbon 

atoms was determined and a labelling pattern emerged which indicated that this bacterium 

employed a novel fermentation pathway (Wachsman & Barker, 1955). Further metabolic 

studies led to the postulation of a plausible fermentation pathway (reviewed by Barker, 1961), 

whereafter isolation and characterization of the corresponding enzymes confirmed the 

feasibility of the pathway (Barker et al., 1959; Barker et al., 1964; Blair & Barker, 1966; 

Barker, 1967) (Fig. 1.14). Oxidative decarboxylation of pyruvate yields acetyl-CoA with the 

liberation of C02 and H2 gases. It is believed that the acetyl group is then transferred to 

inorganic phosphate, and that ATP is generated from ADP and the intermediate acetyl 

phosphate as occurs in other saccharolytic clostridia (Doelle, 1975). 

Several other clostridia (C. cochlearium, C. saccharobutyricum, C. tetani, C. 

sticklandii and Clostridium SB4) have been shown to possess the ~-methylaspartate 

fermentation pathway (Buckel & Barker, 1974), which implies the presence of glutamate 

mutase. Enzyme activity was also detected in Rhodospirillum rubrum and Rhodopseudomonas 

spheroides when these organisms were grown photosynthetically on glutamate and succinate 

(Ohm01i et al., 1971), and in Protaminobacter ruber, a methanol-utilizing bacterium (Ueda et 

al., 1982). Glutamate mutase activities in Acetobacter suboxydans (Maragoudakis et al., 1966) 

and Escherichia coli Crookes strain (Phillips et al., 1972) have also been reported. Glutamate 

mutase is likely to have a different function in the latter two organisms, since they are both 

aerobic. A reversal of the clostridial pathway is believed to operate in A . suboxydans , 

synthesizing glutamate from acetate and pyruvate. In the E. coli strain, the enzyme may be 

important for isoleucine formation when glutamate is the principal nitrogen source and acetate 



is the principal carbon source. 

Only the glutamate mutases from C. tetanomorphum and C. cochlearium have been 

studied in detail. The two have proved to be very similar. Early work (prior to 1980) by H.A. 

Barker and associates focused solely on the C. tetanomorphum enzyme. Recently (post-1991), 

the enzyme from C. cochlearium has been studied by Wolfgang Buckel and co-workers. 
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Compounds in boxes are final products. Adapted from Buckel & Barker (1974). 



1. 7.2 Chemical properties and functions of the enzyme components 

Early studies identified that glutamate mutase consists of two readily-separable protein 

components. Fractionation of a crude cell extract on calcium phosphate gel yielded two 

fractions , a gel supernatant fraction (designated 'S') and a gel eluate fraction (designated 'E'), 

which appeared to be more active when combined than when separate (H. Weissbach, 

unpublished experiment cited by Suzuki & Barker, 1966). These designations are still in use. 

Component E could be purified to 75 % purity from C. tetanomorphum grown on glutamate 

(Suzuki & Barker, 1966), whereas component S was purified close to homogeneity (Switzer & 

Barker, 1967). 

Neither component is capable of catalysis on its own, and no diffusible intermediates 

have been detected in the reaction, indicating that the two components form a complex (Switzer 

& Barker, 1967). Some of the properties and functions of each component as measured by 

Suzuki & Barker (1966) and Switzer & Barker (1967) are listed in Table 1.3. 

Table 1.3 Properties of the glutamate mutase components as described in 1966 & 1967 

Property ComponentE Component S 

Native Mr 128,000 17,000 
Subunit Mr Undetermined 17,000 
Coenzyme binding Yes No 
Glutamate, ~-methylaspartate binding Yes Undetermined 
lodoacetate sensitivity No Yes 
Activation by incubation with thiols ± Yes 

Assignment of substrate binding to component E was based upon the observation that 

glutamate or ~-methylaspartate is able to protect against inactivation by cationic buffers such as 

Tris . Assignment of coenzyme binding to component E was highly speculative, and is 

discussed in more detail in Chapter 5 where it is reexamined. Component S must be reduced 

with thiols to achieve maximal activity. This and the sensitivity of component S to thiol 

reagents is also discussed in Chapter 5, where it is subject to experimental investigation. 

Studies published during the course of the work described in this thesis have 
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established several properties of the C. eoehlearium enzyme, some of which are described in 

the experimental chapters since they are used for direct comparison with the C. tetanomorphum 

enzyme. SDS-PAGE of component E purified from C. eoehlearium revealed a subunit 

molecular mass of ea. 50 kDa (Leutbecher et al. , 1992a). Preparations of component E from 

C. tetanomorphum frequently contain tightly-bound corrinoids (Suzuki & Barker, 1966). 

Likewise, a pink preparation of component E from C. eoehlearium contained a corrinoid which 

was oxygen-stable and could not be removed by treatment with 8 M urea or 1 M cyanide 

(Leutbecher et al., 1992a). This preparation displayed uv-vis and EPR spectra which indicated 

the presence of a cob(II)amide, probably Coa-[a-(aden-9-yl)] -cob(II)amide. After cyanolysis, 

the cobamide content was determined to be 0.43 ± 0.05 mol per mol 50 kDa E subunit, yet the 

preparation was inactive without the addition of exogenous AdoCbl. The publication of an 

improved purification which yielded corrinoid-free component E (Leutbecher et al., 1992b) 

confirmed a previous suggestion that pink preparations were a mixture of (a) cobamide-free 

active enzyme, and (b) inactive enzyme containing bound cob(II)amide generated by accidental 

loss of the deoxyadenosyl radical. 

1. 7.3 Kinetic properties of the glutamate mutase system 

For most purposes glutamate mutase activity can be measured using a convenient 

spectrophotometric assay (Barker et al., 1964; Barker, 1985). The initial velocities under 

aerobic and anaerobic conditions are similar, but in the presence of air the reaction slows down 

over time (Barker et al., 1964; Leutbecher et al., 1992a). The equilibrium constant for the 

reaction at 30 °C and pH 8.2 is ea. 10.7 in favour of glutamate fo rmation. From this, the free 

energy change for conversion of ~-methylaspartate to glutamate was calculated to be -1.43 

kcal/mol (Barker et al., 1964). 

The specificity of glutamate mutase for amino acid substrates is unusually high, and a 

range of derivatives of glutamate and aspartate do not serve as substrates. The only known 

substrates are L-glutamate and threo-~-methyl-L-aspartate, for which the Km values are 1-2 

mM and 0.5 mM respectively (Barker et al., 1964; Leutbecher et al., 1992a). In contrast, the 

enzyme will function with a variety of substituted cobamide coenzymes, providing there is a 
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5'-deoxyadenosyl moiety in the Co~-position and a N-heterocyclic base in the Coa-position 

(surveyed by Switzer, 1982). The maximal velocity seen with saturating levels of the various 
coenzymes varies by less than a factor of two, but the apparent Km value varies over a 60-fold 

range. Selected Km values are given in Table 1.4. 

Table 1.4 Coenzyme specificity of glutamate mutase 
Data for selected analogues taken from Toohey et al. (1961). 

Abbreviated name Cao.-ligand Apparent Km (µM) 

(Bza)AdoCba benzimidazole 0.23 

(Ade)AdoCba adenine 1.24 
'pseudocoenzyme 

B12 ' 

AdoCbl 5,6-dimethyl-
'coenzyme B12' benzimidazole 12.8 

Comments 

Binds enzyme with highest affinity 

Native to C. tetanomorpum. 
Adopts the base-off conformation at 

neutral pH (Ladd et al., 1961) 

Binds enzyme with lowest affinity, but is 
now commercially available 

The reliability of the Km values quoted for the various coenzyme analogues is questionable 
since many measurements were made with impure enzyme preparations; K~oenzyme has been 

shown to be strongly dependent upon the component S:component E ratio in the assay (Switzer 
& Barker, 1967), and this ratio is undetermined in these impure preparations. Moreover, 
experiments with radioactively-labelled coenzyme have demonstated that exchange of enzyme
bound coenzyme with free coenzyme is extremely slow or nonexistent during catalysis 
(Switzer et al., 1969). The Michaelis-Menten analysis may therefore not be an appropriate 
choice since it assumes freely-reversible binding. Nevertheless, the specificity studies show 

that glutamate mutase accepts considerable variation in the structure of the heterocyclic base in 
the Coa-position, with only variations in apparent affinity being observed. 

Attempts to demonstrate formation of a component E·component S complex by gel 

filtration on Sephadex G-100, with or without prior incubation with substrates or cofactors, 
were unsuccessful (Switzer & Barker, 1967). The two components were completely resolved 

under these conditions, indicating a readily reversible association. Kinetic experiments with 
the purified components showed that activity with a fixed level of either component is a 
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hyperbolic function of the concentration of the other, but the saturation curves do not fit the 

Michaelis-Menten equation well since they flatten o-uk ~ sharply in the approach to saturation 

(Switzer & Barker, 1967). When component E was present at sub-micromolar concentration, 

half-maximal rate was achieved with approximately equimolar component S; saturation was 

attained with a ea. 5-fold excess of component S. This indicates that the two components do 

display an appreciable affinity for each other. 

The only insight into the function of component S comes from kinetic experiments with 

the purified components. An increase in the S:E weight ratio from 0.043 to 2.1 decreased the 
apparent K~za)AdoCba from 1.3 to 0.03 µM (Switzer & Barker, 1967). In fact, apparent 

K~za)AdoCba continues to decrease at S:E ratios that no longer increase the overall mutase 

activity. These results indicate a role for component Sin the cofactor-binding process, but a 

gel filtration experiment suggested that the cofactor binding site resides in component E 

(Chapter 5). 

1. 7.4 Stereochemistry of the glutamate mutase rearrangement 

Glutamate mutase catalyzes the reversible interconversion of (S)-glutamate and 

(2S,3S)-3-methylaspartate (L-glutamate and threo-~-methyl-L-aspartate). The nett reaction is 

an isomerisation whereby a straight-chain amino acid and a branched-chain amino acid are 

interconverted. Using [4-14C]glutamate, the ~-carbon of ~-methylaspartate was shown to 

arise exclusively from C-4 of glutamate (Munch-Petersen & Barker, 1958), implying that 

glutamate mutase cleaves the C-2-C-3 bond of glutamate and orchestrates the migration of the 

C-1-C-2 glycyl moiety to form a new bond between the original C-2 and C-4 (Fig. 1.14). 

Glycine, propionate, acrylate and a-ketoglutarate were all ruled out as free intermediates during 

the rearrangement, indicating that the reactants remain tightly bound to the enzyme throughout 

(Munch-Petersen & Barker, 1958). It follows that the rearrangement involves removal of 

hydrogen from C-4 and addition of a third hydrogen to C-3 to form the methyl group. The 

reaction proceeds in D20 without incorporation of deuterium into glutamate or ~

methylaspa1tate (Iodice & Barker, 1963; Barker et al., 1964), demonstrating that the migrating 

hydrogen does not exchange with solvent. The rearrangement could therefore be accomplished 



by an intramolecular migration of hydrogen between C-4 and C-3. 

Switzer et al. (1969) demonstrated that the coenzyme functions as an intermediate 

hydrogen carrier in the reaction. Tritium was shown to be transferred from [3H-methyl] -~

methylaspartate to a site in the ribosyl portion of the coenzyme 5' -deoxyadenosyl group. Label 

could essentially be completely transferred from [5' -3H]-5' -deoxyadenosyl-cobalamin to 

glutamate and ~-methylaspartate under favourable conditions, showing that it is the 5' -

hydrogens (both of them) which participate in hydrogen transfer. The same study also 

suggested that the enzyme-bound coenzyme can participate in many catalytic events without 

exchanging with free coenzyme. Analysis of the reaction products when a mixture of 

unlabelled and multiply-labelled ~-methylaspartate was used as substrate indicated that the 

migrating hydrogen becomes one of three equivalent hydrogens during the rearrangement 

(Eager et al., 1972). Isotopic labelling of the migrating hydrogen identified an overall kinetic 

isotope effect, kHl ko, of 7.5 ± 1.0, which suggested that cleavage of this C-H bond is a 

significant component of the rate-determining step (Eager et al., 1972). 

The stereochemistry of the reaction has been mapped in enough detail (Switzer, 1982; 

Hartrampf & Buckel, 1984) to give further insight into the reaction mechanism (Fig. 1.15). 
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HOOc1 

(S)-glutamate 
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H 
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(2S,3S)-3-methylaspartate 

Figure 1.15 Stereochemical course of the glutamate mutase reaction 

In this representation, numbering of the atoms refers to the original straight-chain carbons of (S)-glutamate. 

The enzyme abstracts the 4-Si hydrogen from glutamate, (Sprecher et al., 1966a). In support 

of this, the compound (2S,4S)-4-fluoroglutamate is a potent competitive inhibitor of glutamate 

mutase (Ki = 70µM), whereas (2S,4R)-4-fluoroglutamate is not (Leutbecher et al., 1992a). In 

the (2S,4S)-isomer, it is the 4-Si-hydrogen which is replaced by fluorine. After hydrogen 
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abstraction, the rearrangement occurs with inversion of configuration at C-4 (glutamate 
numbering)/C-3 (P-methylaspartate numbering) (Sprecher et al., 1966a). In other words, the 

glycyl fragment approaches C-4 from the side opposite to that of the leaving hydrogen (Hsi); in 
the reverse direction, the hydrogen removed from the methyl group approaches C-4 from the 
side opposite to that of the leaving glycyl fragment. Although the a-methyleneglutarate mutase 

reaction proceeds with inversion of configuration at the corresponding carbon (Hartrampf & 
Buckel, 1986), the methylmalonyl-CoA mutase reaction does not (Sprecher et al., 1966b), 
showing that inversion is not a necessary feature for these carbon-skeleton rearrangements. 

The rearrangement of (3R)- and (3S)-[3- 2H1,3-3H]glutamates by glutamate mutase 
yielded racemic methyl groups (Hartrampf & Buckel, 1984). This is consistent with the 
apparent rule that every methyl group generated in an AdoCbl-dependent rearrangement 
becomes racemic (Retey, 1990). A methylene radical intermediate is proposed as the most 
likely explanation for this. The radical intermediate may rotate freely to allow approach of the 
third hydrogen from either side (Fig. 1.16). 

Figure 1.16 · Possible intermediate in the formation of the C-3 methyl group 

Evidence for Co-C homolysis in the glutamate mutase reaction has been provided by 
EPR studies on the C. cochlearium enzyme (Leutbecher et al., 1992b; Zelder et al., 1994b). A 
mixture of pure E and S components incubated with 0.25 mM AdoCbl was nearly EPR-silent. 
When the substrate (S)-glutamate or the competitive inhibitors (2S,4S)-4-fluoroglutamate and 
2-methyleneglutarate were added, a signal developed which was tentatively ascribed to low
spin con. With (S)-glutamate, the formation of the signal required less than 15 ms, indicating 
that the observed species could be an intermediate in the reaction. The signal intensity did not 
change over the following 15 min (Leutbecher et al., 1992b). 
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EPR signals of better resolution were obtained with recombinant C. cochlearium 

enzyme produced in E. coli (Zelder et al., 1994b). In the presence of (S)-glutamate, spectra 

showed the participation of a low-spin Coll species, but no free radical species could be 

detected. The spin concentration of the paramagnetic species was proportional to the 
concentration of component E (£2) in the reconstituted enzyme. High resolution spectra were 

also obtained when the competitive inhibitors (2S ,4S)-4-fluoroglutamate and 2-

methyleneglutarate were used in place of (S)-glutamate. These were similar in general 

character to the signal with (S)-glutamate, but displayed distinct differences in line splitting and 

increased spin concentration. The differences suggested an involvement of the Coll-containing 

paramagnetic species in catalysis, the concentration of which reflects a steady state between its 

formation and decomposition. With the inhibitors, only the formation may be observed 

because the conversion of inhibitor to product does not occur. However, it was not possible to 

satisfactorily model the spectra by simulation. 

1 . 7. 5 Mechanism of the rearrangement 

In the case of the glutamate mutase rearrangement, the migrating carbon is saturated. 

Hence the reaction cannot proceed by way of a cyclopropylcarbinyl-type intermediate as 
postulated for the acyl-CoA and a -methyleneglutarate rearrangements (Fig. 1.13). To 

overcome this, it is possible that glutamate mutase activates the substrate to make it susceptible 

to rearrangement. Schiff base activation is one method commonly employed by biological 

systems to introduce an sp2 centre into a saturated substrate. Furthermore, the compounds 2-

methyleneglutarate (resembling glutamate), as well as itaconate and (S)-3-methylitaconate 

(resembling (2S,3S)-3-rnethylaspartate), are inhibitors of glutamate mutase (Leutbecher et al., 

1992a), suggesting that the reaction may involve a transition state with an sp2 centre at C-2. 

This is consistent with chemical modelling showing rearrangement only with the ketimine of a 

methylaspartate derivative (Dowd et al., 1988; Choi & Dowd, 1989). When methylaspartate

or methylaspartate diethyl ester-cob(IIl)alamin adducts were heated or photolysed in water, 

only unrearranged products were obtained (Dowd et al., 1988; Fig. 1.17). 
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paramagnetic species in catalysis, the concentration of which reflects a steady state between its 

formation and decomposition. With the inhibitors, only the formation may be observed 

because the conversion of inhibitor to product does not occur. However, it was not possible to 

satisfactorily model the spectra by simulation. 

1. 7 .5 Mechanism of the rearrangement 

In the case of the glutamate mutase rearrangement, the migrating carbon is saturated. 

Hence the reaction cannot proceed by way of a cyclopropylcarbinyl-type intermediate as 

postulated for the acyl-CoA and a-methyleneglutarate rearrangements (Fig. 1.13). To 

overcome this, it is possible that glutamate mutase activates the substrate to make it susceptible 

to rearrangement. Schiff base activation is one method commonly employed by biological 

systems to introduce an sp2 centre into a saturated substrate. Furthermore, the compounds 2-

methyleneglutarate (resembling glutamate), as well as itaconate and (S)-3-methylitaconate 

(resembling (2S,3S)-3-methylaspartate), are inhibitors of glutamate mutase (Leutbecher et al., 

1992a), suggesting that the reaction may involve a transition state with an sp2 centre at C-2. 

This is consistent with chemical modelling showing rearrangement only with the ketimine of a 

methylaspartate derivative (Dowd et al., 1988; Choi & Dowd, 1989). When methylaspartate

or methylaspartate diethyl ester-cob(III)alamin adducts were heated or photolysed in water, 

only unrearranged products were obtained (Dowd et al., 1988; Fig. 1.17). 
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Figure 1.17 ~-Methylaspartate-cob(Ill)alamin adduct of Dowd et al. (1988) 

Thermolysis or photolysis in water yielded ~-methylaspartate and ~-methyleneaspartate (shown above), but 

no glutamate. 

However, methylaspartate Schiff base derivatives rearranged when treated with cob(l)alamin in 

ethanol at room temperature in the dark for 5 min (56 % yield; Choi & Dowd, 1989; Fig. 

1.18). With this model, the glycyl Schiff base fragment was confirmed as the migrating 

group. The proton-induced shift of the double bond resulted in incorporation of deuterium 

from the surrounding medium (Et0D), which indicated that the reaction was terminated as a 

carbanion. The authors argued that this could have occurred by generation of an initial radical 

intermediate, followed by electron transfer from cobalamin, then protonation. 

cob(l)alamin 
2 

room temp, EtOD 

Figure 1.18 B 12-dependent rearrangement of a Schiff base ~-methylaspartate model 

(Choi & Dowd, 1989) 

In this representation, numbering refers to the carbons equivalent to the straight-chain carbons of glutamate. 

Unfortunately for these hypotheses, an electrophilic centre which might form a ketimine with 

glutamate is yet to be detected in the enzyme . For example, neither a pyridoxal cofactor 

(Suzuki & Barker, 1966) nor an N-terminal pyruvoyl residue (E.N.G. Marsh, unpublished 
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data; Leutbecher et al., 1992a) have been found. 

Glutamate mutase-like and methylmalonyl CoA-mutase-like rearrangements have been 

effected without Schiff base activation of the substrate using an artificial enzyme consisting of a 

hydrophobic derivative of cobalamin embedded in a single-walled bilayer membrane (reviewed 

by Murakami, 1992). The naturally-occurring apoproteins of glutamate mutase and other B12-

dependent enzymes are considered to play crucial roles that lead to desolvation and close 

association of the reacting species (Pratt, 1985), and the artificial enzyme was designed to 

provide a hydrophobic microenvironment in order to simulate these functions. A hydrophobic 

corrinoid (heptapropyl cobyrinate) was selected which resembled cobalamin with regard to 

redox behaviour of the central cobalt, electronic properties of the corrin ring, and certain 

specific steric effects. The apoprotein model was incapable of generating substrate radicals in 

the dark; as a compromise, substrate radicals were generated by photolysis. 

Carbon-skeleton rearrangements of alkyl ligands bound to the hydrophobic B12 were 

markedly more successful in single-compartment vesicles than in methanol or benzene 

(Murakami et al., 1987; Murakami et al., 1991a). Upon photolysis in single-compartment 

vesicles composed of N+CsAla2C16, a diethyl ~-methyl-DL-aspartate-cob(I1I)7C3ester adduct 

rearranged to give free diethyl ~-methylaspartate (66 %) and free diethyl glutamate (14 %) 

(Murakami et al., 1987). When coupled to a substrate-activation system composed of 

atmospheric oxygen and vanadium(III) ions, an effective holoenzyme mimic capable of 

multiple turnovers was generated (Murakami et al., 1988; Fig. 1.19). 

Using a deuterated substrate it was shown that most (70-83 % ) of the diethyl glutamate 

was formed by migration of the glycyl group (Murakami et al., 1992), in accordance with the 

mechanism of the clostridial enzyme (Sprecher et al., 1966a). Results with other carbon

skeleton rearrangements conducted in single-compartment vesicles indicated that during the 

rearrangement a hydrogen atom is taken from the hydrophobic B12 or the lipid molecule, and 

not from bulk water (Murakami et al., 1991a). The vesicular domain, therefore, may also 

mimic the active site of the clostridial enzyme insofar as it is well shielded from the bulk 

aqueous phase and is not associated with water molecules. 

After considering uv-vis and EPR spectra collected after photolysis, it was suggested 
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that the nuclear cobalt of the hydrophobic vitamin B12 promotes the rearrangement reaction in 

the single-compartment vesicle via formation of a tight pair with a substrate radical which is 

produced by homolytic cleavage of the Co-C bond upon photolysis of the alkylated complex 

(Murakami et al., 1991b). Using fluorescently-tagged hydrophobic B12 it was shown that 

both the hydrophobic B12 and an axial ligand bound to the complex are significantly desolvated 

in the vesicle, and that molecular motion of each is markedly suppressed (Murakami et al., 

1991b). 
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Figure 1.19 Schematic representation of artificial glutamate mutase catalytic cycle 
Adapted from Murakami et al. (1991b). 
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This led to the conclusion that the hydrophobic cage effect provided by the vesicle acts to 

suppress the molecular motion of the alkylated hydrophobic B12 so that the intermediate radical 

pair remains closely associated in the cage for a sufficient length of time to induce the 1,2-

migration. It is possible that the enzyme active site provides a similar environment. 

1. 7.6 Aims of this work 

Studies on the chemistry of corrinoids and model compounds now offer a large 

database of equilibrium constants, rate constants and redox potentials to serve as a framework 

for discussing possible reaction mechanisms in enzyme systems. Several AdoCbl-dependent 

enzyme reactions have also been probed in great detail by ingenious isotope-labelling 

experiments and spectroscopic techniques, but high resolution structural details are lacking. 

Glutamate mutase is an attractive system with which to address the unresolved 

questions of AdoCbl-dependent enzyme catalysis. The enzyme has a relatively simple 

quaternary structure and no additional cofactor requirements, whilst glutamate is a simple, 

stable substrate. However, quantitative measurements with the enzyme purified from C. 

tetanomorphum have always been significantly hampered by the quality of the component E 

preparations available. It has previously not been possible to obtain component E free from 

protein and inhibitory cobamide contaminants. To this end, this thesis describes the cloning 

and sequencing of glutamate mutase from C. tetanomorphum and purification of milligram 

quantities of cobamide-free enzyme after expression in E. coli. A kinetic analysis is described 

which may serve as a reference for future studies concerned with solving the mechanistic 

riddles posed by this enzyme. The amino acid sequence has helped identify a previously

unknown cobalamin-binding motif conserved between several AdoCbl-dependent enzymes and 

methionine synthase, a member of the Cbl-dependent methyltransferases. Further experiments 

were prompted by the chemical modification studies of Barker and colleagues in the 1960's, 

and by the implications of the sequence homologies for the domain organization of glutamate 

mutase. The crystal structure of the cobalamin-binding portion of methionine synthase was 

published shortly after the completion of the experiments described in this thesis (Drennan et 

al. , 1994a,b ), and aided considerably in their interpretation. 
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2. 1 MA TE RIALS 

Further details can be found in Appendices I-N. 

2. 1. 1 Chemicals and reagents 

Water was deionised then further purified by passage through either a Milli-Q Water 

Purification System (Millipore) or an Elgastat UHP system (Elga). 

Most chemicals were of AnalaR grade or equivalent highest purity grade. Acrylamide 

('Electran' grade), N,N'-methylenebisacrylamide ('Electran' grade), dithiothreitol (DTT), 

sodium dodecylsulphate (SDS), bromophenol blue, Coomassie Brilliant Blue R-250 and 

tetracycline·HCl were obtained from BDH. Ethidium bromide, dimethylsulphoxide (DMSO), 

ampicillin (sodium salt), chloramphenicol, streptomycin sulphate, iodoacetic acid, 5,5'-dithio

bis(2-nitrobenzoic acid) (DTNB) and L-cysteine were obtained from Sigma. Isopropylthio-~

D-galactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-~-D-galactoside (X-Gal) were obtained 

from Calbiochem. Phenylmethylsulphonyl fluoride (PMSF) was obtained from Aldrich and 

ethylenediaminotetra-acetic acid (EDTA) from Fisons. Agarose ('Molecular Biology' grade) 

was obtained from Promega and Low Melting Point Agarose ('UltraPure' grade, Gibco BRL) 

from Life Technologies. Coenzyme B12 (5'-deoxyadenosylcobalamin) and polyethylene 

glycol 20000 (PEG 20000) were obtained from Fluka. HPLC grade acetonitrile and 

trifluoroacetic acid (TFA) were obtained from Rathburn. 

Deoxyadenosine [a-32p] triphosphate (6000 Ci/mmol), deoxyadenosine 5'-([a-35S]-

thio)-triphosphate (600 Ci/mmol) and iodo [2-14C] acetic acid (56 mCi/mmol) were purchased 

from Amersham. Liquid scintillation cocktail (Wallac 'OptiPhase HiSafe 2') was obtained 

from Fisons. 
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2.1.2 Nucleic acids 

The nucleotides rATP, dATP, dCTP, dGTP, and dTTP were obtained from 

Boehringer, as was the random hexanucleotide mixture, pd(N)6. The ampicillin resistance 

repair oligonucleotide was supplied as part of the Altered Sites® in vitro Mutagenesis System 

(Promega). 

All other oligonucleotides were synthesized on a Pharmacia LKB Gene Assembler Plus 

by either Mr M. Weldon or Dr C. Hill (Protein and Nucleic Acid Facility, Department of 

Biochemistry, University of Cambridge) and were supplied unphosphorylated in solid form, 

fully deprotected and desalted. No further purification was carried out before use. 

Phagemid vectors pUCl 18 and pUCl 19 (Vieira & Messing, 1987), lambda (A) vector 

EMBL3 (Frischauf et al., 1983) and M13 vector M13mp18 (Yanisch-Perron et al., 1985) were 

the kind gifts of Dr J.B. Cortes (Department of Biochemistry, University of Cambridge). 

Plasmids pT7-7 (Tabor & Richardson, 1985; S. Tabor, unpublished work), pT7-18 

(Tabor & Richardson, 1985; P. Caffrey, unpublished work) and pLysS (Studier, 1991) were 

the kind gifts of Dr P. Caffrey (Department of Biochemistry, University of Cambridge). 

Phagemid vector pALTER-1 was supplied as part of the Altered Sites® in vitro Mutagenesis 

System (Promega). 

2.1.3 Proteins and enzymes 

Bovine pancreatic DNAase I, bovine pancreatic RNAase A, bovine serum albumin and 

proteinase K were obtained from Sigma. Restriction endonucleases BamHI, Dral, EcoRI, 

Hindlll, Kpnl, Ndel, Pstl, Pvul, Sacl, Sall, Sau3AI, Smal and Xbal were obtained from 

Promega, Boehringer and Pharmacia. Calf intestine alkaline phosphatase and endoproteinase 

Glu-C were obtained from Boehringer. T4 DNA ligase, T4 polynucleotide kinase and E.coli 

DNA polymerase I Klenow fragment were obtained from Pharmacia. T4 DNA polymerase and 

Pfu DNA polymerase were obtained from Stratagene. Taq DNA polymerase was obtained 

from Promega. ~-Methylaspartase purified from Clostridium tetanomorphum was the kind gift 

of Dr E.N.G. Marsh (Department of Biochemistry, University of Camb1idge). 

2.2 



2. 1. 4 DNA purification and sequencing kits 

The following kits were used: 

Altered Sites® in vitro Mutagenesis System (Promega) 

GENECLEAN 11® (BIO 101 Inc., USA), supplied by Stratech 

17™ Sequencing (Pharmacia) 

Wizard™ M13 DNA Purification System (Promega) 

Wizard™ PCR Preps DNA Purification System (Promega). 

2. 1 . 5 Chromatography and ultrafiltration apparatus 

Q-Sepharose Fast Flow anion exchange medium, Sepharose CL-6B, Sephadex G-25 

Medium, Sephadex G-50 Superfine, Sephacryl S-100-HR, and Sephacryl S-200-HR gel 
filtration media were obtained from Pharmacia. Matrex GCL-25 and Bio-Gel P-6 (fine) gel 
filtration media were obtained from Amicon and Bio-Rad respectively. Q-Sepharose Fast Flow 

and Sephacryl S-200-HR media were packed in columns obtained from Pharmacia. All others 

were packed in columns obtained from Omnifit. 

Stirred ultrafiltration cells, ultrafiltration membranes (types PMIO, YMIO, PM30 and 
YM30) and 'Centricon-10' centrifugal concentrators were obtained from Amicon. 

2.1.6 Microbiological strains and culture media 

E.coli strain TGl recO, derived from E. coli TGl (Gibson, 1984) by introduction of 
the recO mutation (Morrison et al., 1989), was the kind gift of Dr P. Oliver (Department of 
Genetics, University of Cambridge). E. coli strain NM539 (Frischauf et al., 1983) was the 

kind gift of Mr C. Fuller (Department of Biochemistry, University of Cambridge) . E.coli 
strain BL2l(DE3) (Studier & Moffatt, 1986) was the kind gift of Dr P. Caffrey (Department of 

Biochemistry, University of Cambridge). E. coli strains JMI09 (Yanish-Perron et al., 1985) 

and BMH 71-18 mutS (Kramer et al., 1984), and bacteriophage R408 (Russel et al., 1986) 

were supplied as part of the Altered Sites® in vitro Mutagenesis System. 

Yeast extract was obtained from Beta Lab, bactotryptone (Oxoid) from Unipath, casein 
hydrolysate from BDH, and bactoagar (Difeo) from Appleton Woods. 
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2.2 DNA PROPAGATION AND PREPARATION 

2.2.1 Cloning vectors and hosts 

Phagemids pUC 118 and pUCl 19 were used as general purpose cloning vectors; E. coli 

TG 1 recO was used as host. These phagemids and their derivatives were retained in the host 

by ampicillin selection ( 100 µg/ml in the medium). Screening bacterial colonies for 

recombinants required that IPTG and X-Gal also be included in solid growth media at 200 

µg/ml and 20 µg/ml respectively. Cloning into the vector's polylinker site usually abolishes 

the lacZ activity of the host cell and recombinants can be identified as white colonies against a 

background of blue colonies harbouring unmodified vector. 

Lambda vector EMBL3, a replacement vector of capacity 7-20 kbp, was used for 

cloning suitably sized fragments of the C. tetanomorphum genome. Recombinants were 

selected using E. coli NM539, a host strain which is lysogenic for bacteriophage P2. When 

infecting such a strain, EMBL3 does not form plaques because the host is immune to 

superinfection. However, cloning into the EMBL3 polylinker abolishes this property and such 

recombinants readily form plaques in a lawn of host cells. 

Single-stranded filamentous phage vector M13mp18 was used for the production of 

single-stranded DNA sequencing template. E. coli TG 1 recO was used as host and plaques 

were screened for recombinants using a blue/white colour test similar to that described for 

pUC118 and pUC119. 

Plasmid expression vectors pT7-7 and pT7-18, derivatives of pT7-l (Tabor & 

Richardson, 1985) differing only in the restriction sites located in the polylinker region, were 

used for the expression .of recombinant proteins in E. coli BL2l(DE3). These plasmids and 

their derivatives were retained in the host by ampicillin selection (100 µg/ml in the medium). 

Phagemid vector pALTER-1 was used as cloning vector in mutagenesis procedures. 

This phagemid and its derivatives were retained in the host by tetracycline selection (15 µg/ml 

in the medium). Bacterial colonies were screened for recombinants using a blue/white colour 

test similar to that described for pUC118 and pUC119. In addition, pALTER-1 carries a 

defective J3-lactamase gene. Oligonucleotide-mediated restoration of this defect was used in 



mutagenesis procedures to generate constructs which also conferred resistance to ampicillin (50 
µg/ml in the medium). Bacteriophage R408 was used as the 'helper phage' for the production 

of single-stranded DNA copies from phagemids derived from pALTER-1. It supplies gene 

products which act upon the M13 origin of replication carried by the phagemid. 

E. coli strains TGl recO, BL21(DE3), JM109 and BMH71-18 mutS were normally 

cultured on 2 x TY medium. Retention of the F plasmid in E. coli strains TGl recO and 

JM109 was selected by streaking these bacteria over M9+thi medium. E. coli strain NM539 

and lambda phages were propagated in NZY broth. For long-term storage, E. coli strains were 

frozen at -70 °C in stock cultures containing 20 % (v/v) glycerol. 

2.2.2 Transformation of E. coli strains 

Plasmids were introduced into strains of E. coli by the 'TFB-Based Chemical 
Transformation Protocol' of Hanahan et al. (1991). In this procedure, a culture in the 

exponential growth phase is harvested and made competent by exposure to a mixture of salts 
(KCl, MnC12, CaC12, Co(NH3)6Cl3), DMSO and DTT. After heat-shock-stimulated uptake of 

plasmid, transformed cells were selected by culturing on/in growth medium containing the 

appropriate antibiotic. 

2.2.3 Small-scale 'miniprep' of plasmid DNA 

Small scale 'minipreps' were used for rapid characterization of plasmids. Plasmids 

were purified from 3 ml saturated bacterial cultures by the alkaline lysis method (Birnboim and 

Doly, 1979) with the modifications of Kieser (1984). When high DNA purity was required, 

RNA was removed by digestion with pancreatic RNAase, whilst residual protein was removed 

by extraction with phenol/chloroform, as described by Sambrook et al. (1989). 

2.2.4 Large-scale preparation of plasmid DNA 

Larger quantities of high purity plasmid DNA were required for some subcloning and 

DNA sequencing reactions. Plasmids were purified from saturated 200 ml bacterial cultures by 

an alkaline lysis procedure followed by isopycnic centrifugation in CsCl-ethidium bromide, as 



described by Sambrook et al. (1989). The published procedure was shortened considerably by 
using a Beckman NVT-90 rotor. The programme sequence was: 90000 rpm for 90 min, 
87000 rpm for 30 min, 83000 rpm for 15 min, 81000 rpm for 15 min and 80000 rpm for 30 
min (all at 20 °C). Covalently closed circular plasmid DNA formed the lowest buoyant band 
and was removed from the ultracentrifuge tube through a hypodermic needle. 

Ethidium bromide was removed from the plasmid solution by extracting 4 or 5 times 
with ITC solution. DNA was then precipitated by mixing with 1.25 vol H20, 0.25 vol 3 M 
sodium acetate (pH 5.2) and 2.5 vol isopropanol. After 2 min, the precipitate was collected by 
centrifugation at 12000 x g for 10 min and washed with 70 % (v/v) ethanol. The pellet was 
then dried under vacuum, redissolved in 200 µl TE buffer and stored at -20 "C. 

2.2.5 Large-scale preparation of bacteriophage lambda DNA 
Large scale DNA preparations from bacteriophage lambda DNA clones provided 

material for analysis and subcloning. For each clone, phage particles from a confluent plate 
lysate were used to infect a 500 ml culture of E. coli NM539 as described by Sambrook et al. 
(1989). A multiplicity of infection of ea. 0.01 pfu/cell was used. Bacteriophage DNA was 
purified from the culture as described by Sambrook et al. (1989). In this procedure, 
bacteriophage particles were precipitated from culture lysate and purified by CsCl density 
gradient centrifugation. Purified phage particles were disrupted by a detergent/protease 
treatment and a knot of DNA was recovered from the aqueous phase by precipitation with 
ethanol. 

2.2.6 SmaU-scale preparation of bacteriophage M13 DNA 

Single-stranded sequencing template was generated in 3 ml cultures infected with M 13 
phages toothpicked from the surface of the medium by the method of Bankier et al. (1987). 
Phage particles were precipitated from culture supematants by addition of PEG 8000 to 2.5 % 
(w/v) and NaCl to 0.3 M. After incubating at room temperature for 20 min, phages were 
pelleted by centrifugation at 12000 x g for 5 min. The particles were redissolved in 200 µl TE 

buffer and coat proteins were removed by extraction once with neutral phenol and once with 



chloroform. Each extraction was carried out for a period of 15 min on a tube shaker. Single
stranded DNA was precipitated from the aqueous phase with ethanol and stored in TE buffer. 

2.3 DNA ANALYSIS 

2.3.1 Gel electrophoresis 

Electrophoresis through agarose gels was used for analysis of DNA fragments from ea. 
300 bp upwards (Sambrook et al., 1989). Depending on the size of the DNA fragments to be 
resolved, the concentration of agarose in gels was varied between 0.5 % and 1.5 % (w/v). 
Gels were cast on a horizontal bed to a thickness of 0.5 cm and included ethidium bromide (0.5 
µg/ml) . Electrophoresis was buffered by 1 x TAE buffer in all cases and proceeded at 3-5 

V/cm as measured between the electrodes. Nucleic acids were visualised by illuminating the 
gel with short-wave ultra-violet (UV) light. Gels were photographed either with a Gel 
Documentation System (UV Products Ltd., U.K.) or with a Polaroid camera using 667 
Polaroid film (Polaroid, U.K.). 

Polyacrylamide gels were used for analysis of DNA fragments of less than ea. 1 kbp in 
length (Sambrook et al., 1989). Gels were cast between glass plates 12 cm in length and 
contained polyacrylamide at 5 % (w/v). Electrophoresis was buffered by 1 x TBE buffer in all 

cases and proceeded in a vertical apparatus at 10-15 V/cm as measured between the electrodes. 
After electrophoresis, the gel was submerged in 1 x TBE buffer containing ethidium bromide 
(0.5 µg/ml) for 30 min. Nucleic acids were then visualised and photographed as described for 

agarose gels. 

2.3.2 Blotting and hybridization techniques 

Blotting and DNA hybridization techniques were used for detection and analysis of 
DNA sequences of interest (Southern, 1975; Grunstein & Rogness, 1975; Benton & Davis, 
1977). Nucleic acids from agarose gels, bacterial colonies and bacteriophage plaques were 
transferred to nylon membrane by methods described by Sambrook et al. (1989). Hybond-N 
membrane (Amersham) was used throughout. The contents of agarose gels were transferred 
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chloroform. Each extraction was carried out for a period of 15 min on a tube shaker. Single

stranded DNA was precipitated from the aqueous phase with ethanol and stored in TE buffer. 

2. 3 DNA ANALYSIS 

2.3.1 Gel electrophoresis 

Electrophoresis through agarose gels was used for analysis of DNA fragments from ea. 

300 bp upwards (Sambrook et al., 1989). Depending on the size of the DNA fragments to be 

resolved, the concentration of agarose in gels was varied between 0.5 % and 1.5 % (w/v). 

Gels were cast on a horizontal bed to a thickness of 0.5 cm and included ethidium bromide (0.5 

µg/ml). Electrophoresis was buffered by 1 x TAE buffer in all cases and proceeded at 3-5 

V /cm as measured between the electrodes. Nucleic acids were visualised by illuminating the 

gel with short-wave ultra-violet (UV) light. Gels were photographed either with a Gel 

Documentation System (UV Products Ltd., U.K.) or with a Polaroid camera using 667 

Polaroid film (Polaroid, U.K.). 

Polyacrylamide gels were used for analysis of DNA fragments of less than ea. 1 kbp in 

length (Sambrook et al., 1989). Gels were cast between glass plates 12 cm in length and 

contained polyacrylamide at 5 % (w/v). Electrophoresis was buffered by 1 x TBE buffer in all 

cases and proceeded in a vertical apparatus at 10-15 V/cm as measured between the electrodes. 

After electrophoresis, the gel was submerged in 1 x TBE buffer containing ethidium bromide 

(0.5 µg/ml) for 30 min. Nucleic acids were then visualised and photographed as described for 

agarose gels. 

2.3.2 Blotting and hybridization techniques 

Blotting and DNA hybridization techniques were used for detection and analysis of 

DNA sequences of interest (Southern, 1975; Grunstein & Hogness, 1975; Benton & Davis, 

1977). Nucleic acids from agarose gels, bacterial colonies and bacteriophage plaques were 

transferred to nylon membrane by methods described by Sambrook et al. (1989). Hybond-N 

membrane (Amersham) was used throughout. The contents of agarose gels were transferred 
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using a Vacugene XL vacuum blotting apparatus (Pharmacia) to draw solutions through the gel 
and membrane; bacteriophage plaques and bacterial colonies were transferred by contact for 30 
s. In each case, membranes were then treated with the following solutions in sequence: 
depurination solution (0.25 N HCl) for 5 min; denaturing solution (0.5 N NaOH, 1.5 M NaCl) 
for 5 min; neutralizing solution (0.5 M Tris·HCl, pH 7.4, 1.5 M NaCl) for 5 min. At this 
stage, transfer of DNAs from agarose gels was continued for 90 min in 10 x SSC. All 
membranes were then given a brief wash in 2 x SSC and air-dried. The blotted DNAs were 
covalently bonded to the membrane by illumination with short wave UV light for 4 min. 

DNAs immobilized on nylon membranes were hybridized to radiolabelled probes as 
described by Sambrook et al. (1989). Membranes were treated in a sealed bag for 90 min at 68 
~C with prehybridization solution. The prehybridization solution was then removed and 
replaced with the smallest volume of hybridization solution (containing 32P-labelled probe at 
1Q6 cpm/ml) required to uniformly cover the membrane. After hybridization for 12-16 hours at 
68 °C, unbound radiolabel was removed by washing in 2 x SSC (68 °C) until the radioactivity 
of the membrane was reduced to below 50 cps. For strongly-hybridizing membranes, a wash 
in 0.2 x SSC (68 °C) was required. The membrane was then air-dried and autoradiographed. 
Weak signals were enhanced by pre-flashing the X-ray film and performing the exposure at -70 
oc. 

2.3.3 Sequencing 

Most templates were sequenced by the dideoxynucleotide chain termination method 
(Sanger et al., 1977) using the modified form of T7 DNA polymerase and reagents supplied in 
the T7™ Sequencing kit. Products were radio labelled by including 5'-([35S] a -thio )
triphosphate in the extension reactions. 

Single-stranded templates (1.5 µg per reaction set) were sequenced precisely according 
to the kit manufacturer's instructions. Double-stranded templates (5 µg per reaction set) were 
prepared for sequencing by alkaline denaturation followed by filtration through Sepharose CL-
6B, as described for the 'spin-dialysis method' of Murphy & Ward (1989). They were then 
sequenced as if they were single-stranded templates. 
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Analysis of chain-terminated products was carried out as described by Sambrook et al. 

(1 989). Firstly, products were electrophoresed through wedge-shaped sequencing gels. 

These were cast between glass plates (50 x 20 cm) and contained 4.5 % (w/v) polyacrylamide 

and 5 M urea. Electrophoresis was buffered by 1.2 x TBE buffer and proceeded in a vertical 

apparatus at a constant power of 45 W. Gels were fixed by submerging in 10 % (v/v) 

methanol/10 % (v/v) acetic acid for 30 min immediately after electrophoresis. Gels were then 

dried on to Whatman 3MM filter paper and, depending on the signal intensity, were 

autoradiographed for between 12 hours and 1 week. 

Selected fragments were sequenced by automated methods. For each of these 

fragments, a 2 µg sample of single-stranded template was sequenced on a Pharmacia ALF 

Sequencer by Mr J. Lester (Department of Biochemistry, University of Cambridge). 

2. 4 DNA MODIFICATION 

2.4.1 Restriction and ligation 

DNA was restricted with restriction endonucleases in the buffer supplied by the 

manufacturer, according to the manufacturers' guidelines. 

Restricted vector DNA was treated with calf intestine alkaline phosphatase to remove 

5'-terminal phosphate groups prior to ligation reactions (Sambrook et al., 1989). This served 

to increase the proportion of recombinant constructs produced in ligation reactions by 

preventing re-ligation of vector ends. 

DNA fragments were ligated using T4 DNA ligase in the buffer supplied by the 

manufacturer, according to the manufacturers' guidelines. 

When necessary, restriction and ligation reactions were analyzed usmg gel 

electrophoresis. 

2.4.2 Polymerase chain reaction (PCR) 

PCR reactions were carried out in a Techne PHC-3 thermocycler. Each reaction (100 

µl) was carried out in the manufacturer's buffer and contained Taq polymerase (2.5 units) , 
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oligonucleotide primers (1 µMeach), dNTPs (0.25 mM each), MgCh (2 mM) and template 
DNA Methods were developed along the guidelines of Innis & Gelfand (1990). 

2.4.3 Repair of DNA fragment ends 

In a process I will refer to as 'end-repair', protruding termini were converted to blunt 
ends in order to increase the ligation efficiency when using DNA fragments produced by 
sonication or by PCR. Such fragments were treated simultaneously with E. coli DNA 
polymerase I Klenow fragment and T4 DNA polymerase in the presence of dNTPs as 
described by Sambrook et al. (1989). 

2.4.4 Generation of radiolabelled DNA probes 

Uniformly-labelled DNA probes were generated from double-stranded templates using 
random hexanucleotides as primers (Sambrook et al., 1989). Labelling reactions (20 µl) 
contained 1 x RP buffer, 2 mM DTT, 500 ng template DNA annealled with 100 ng pd(N)6, 0.5 
mM dCTP, 0.5 mM dGTP, 0.5 mM dTTP, 40 µCi [a-32P] dATP (6000 Ci/mmol) and 9 units 
E. coli DNA polymerase I Klenow fragment. The reaction was incubated at 37 °C for 3-4 
hours, after which time the reaction was stopped by addition of 80 µ1 RP stop solution. An 
estimate of radiolabel incorporation was provided by the proportion of total radioactivity which 
remained bound to a DE-81 cellulose filter after washing with 0.5 M sodium phosphate buffer, 
pH 7 .0 (Sambrook et al., 1989). Removal of unincorporated label was not carried out before 
using the probe. Before use, the probe mixture was denatured by heating to 100 °C for 3 min, 
then rapidly cooled on ice. 

2.4.5 Fragmentation of DNA by sonication 

Isolated DNA fragments were fragmented in preparation for sequencing using a system 
calibrated by Dr J.B. Cortes (Department of Biochemistry, University of Cambridge). A given 
linear fragment was ligated end-to-end in a volume of 25 µ1, purified free of ligase by 
extraction with phenol/chloroform, and re-precipitated with ethanol. The ligated mixture was 
then dissolved in 40 µl H20 and sonicated using the cup horn attachment of a W-225 sonicator 
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(Heat Systems-Ultrasonics Inc., U.S.A.) . Four bursts of 40 s were used to generate 

randomly-overlapping fragments. The solution was maintained on ice in a 1.5 ml 

polypropylene tube throughout the sonication. 

2. 5 PROTEIN ANALYSIS 

2.5.1 Gel electrophoresis 

Proteins were analyzed by the discontinuous Tris/glycine sodium dodecylsulphate 

polyacrylamide gel electrophoresis (SOS-PAGE) system of Laemmli (1970). Gels were cast 

between glass plates 12cm in length; depending on the desired fractionation range, 

polyacrylamide concentration was either 10, 15 or 20 % (w/v). Molecular weight marker 

solutions 'SDS-6H' and 'SDS-7' (Sigma) were used throughout. Samples were boiled in 

SDS-PAGE sample buffer for 3 min before electrophoresis. Electrophoresis proceeded at a 

constant current of 25 mA between reservoirs containing SOS-PAGE running buffer. After 

electrophoresis, gels were stained for 1-2 hours with 0.25 % (w/v) Coomassie Brilliant Blue 

R-250 in a solution of 5 parts methanol : 5 parts water : 1 part acetic acid. Gels were then 

destained in the same solution minus the Coomassie Brilliant Blue R-250. 

2. 5. 2 Measurement of protein concentration 

Protein concentration was routinely estimated using the reagent of Bradford (1976). 
The assay contained 10-50 µg protein, 200 µl Bradford reagent (Bio-Rad) and water to 1ml. 

The mixture was incubated at room temperature for 10 min and the A595 was then measured. 

Protein concentration was estimated with reference to a standard curve constructed using 

electrophoretically pure MutE protein. 

2.5.3 N-terminal sequencing 

HPLC-purified peptides were sequenced by Mr M. Weldon (Protein and Nucleic Acid 

Facility, Department of Biochemistry, University of Cambridge) using an A.B.I. 477 

sequencer. 



2. 5. 4 Amino acid analysis 

Proteins were dialysed into 10 mM potassium phosphate buffer, pH 6.9, and submitted 
to Mrs J. Jacoby (Protein and Nucleic Acid Facility, Department of Biochemistry, University 
of Cambridge), who carried out the analysis. In this analysis, samples were hydrolysed in 6 N 
HCl for 24 hours at 110 °C, and their amino acid composition was determined using a 
Pharmacia Alpha Plus II analyzer. 

2. 5. 5 Electrospray mass spectrometry 

Protein samples were prepared for mass spectrometry by Dr E.N.G. Marsh and Mr H
P. Chen (Department of Biochemistry, University of Cambridge). The proteins were first 
reduced with DTT, then desalted by reverse phase HPLC on a 150 x 4.6 mm Spherisorb 
S5XC3 column (Phase Separations). The column material consists of 5 µm silica particles 

with 300 A pores, functionalized with bonded propyl groups. An ascending linear gradient of 
CH3CN/0.1 % TFA was used to elute the protein. Electrospray mass spectrometry was 
performed on the desalted material by Dr P. Skelton (Department of Chemistry, University of 
Cambridge) using a Kratos Profile system. 

2. 6 PROTEIN MODIFICATION 

2.6.l Iodoacetate solutions 

Chemical modification studies employing iodoacetate were used to probe the structure 
of MutS. Each iodoacetate solution was made up by dissolving weighed solid in 10 mM 
potassium phosphate buffer, pH 6.9, and was shielded from light at all times. Concentration 
of the reactive species in this solution was determined by titration against L-cysteine. Titration 
reactions (0.4 ml) were buffered by 0.1 M Tris·Cl, pH 8.5, and contained iodoacetate (0, 
0.25, 0.5 or 0.75 mM) and L-cysteine (1 mM). After incubation at room temperature for 2 
hours, unmodified L-cysteine was assayed with DTNB (Ellman, 1959): Each assay (4 ml) 
contained 0.2 ml of titration reaction and 250 µM DTNB. The assay mixture was incubated at 
room temperature for 15 ruin, at which point A412 of the solution was measured. The active 
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concentration of iodoacetate was then calculated from a linear plot of the data. 

2. 6. 2 Site-directed mutagenesis 

Site-directed mutagenesis was used to probe the function of MutS. The Altered Sites® 

in vitro Mutagenesis System was used to generate mutants. 

The mutagenesis procedure precisely followed that described in the manufacturer's 

instructions and its features are outlined here. Single-stranded mutagenesis template was 

generated by the addition of R408 helper phages to 5 ml liquid cultures of E. coli JM 109 cells 

containing pALTER-1 derivatives. Template was then purified from 2 ml of culture using the 

Wizard™ M13 DNA Purification System. For each mutant, the mutagenic oligonucleotide was 

phosphorylated using T4 polynucleotide kinase and anneal ed with the template. The 

annealing reaction also contained a P-lactamase repair oligonucleotide to correct the plasmid's 

defective gene (i.e. to effect Amp8 ~ Ampr). The annealed mixture then served to prime the 

synthesis of the complementary DNA strand by T4 DNA polymerase and ligase. The mixture 

was used to transform the DNA mismatch repair-deficient strain E.coli BMH 71-18 mutS and 

recombinant bacteria were selectively grown in a 3 ml culture containing ampicillin. Plasmid 

DNA was purified from this culture by mini-prep and used to transform E. coli JM109. 

Mutated plasmids were then purified from these recombinant bacteria by mini-prep. 

2. 7 ADENOSYLCOBAMIDE COENZYMES 

2.7.1 General practice 

Coenzymes were shielded from light at all times, except during spectrophotometric 

enzyme assay. The concentration of coenzyme in neutral solution was determined by uv-vis 

spectroscopy. The extinction coefficients listed by Barker et al. (1960) were used: for AdoCbl, 

£260 = 34700, £375 = 10900 and es22 = 8000 M-1 cm-1; for (Bza)AdoCba, £ 261 = 34700, e31s 

= 10200 and es 19 = 7650 M- 1 cm-1. Whenever possible, the longer wavelength was used. 

Coenzyme solutions were stored frozen at -20 °C. 
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2.7.2 Preparation of (Bza)AdoCba 

AdoCbl was purchased from Fluka in crystalline form. Partially purified (Bza)AdoCba 
coenzyme was kindly supplied by Dr E.N.G. Marsh. It had been synthesized by a culture of 
Propionibacterium shermanii cultured in medium supplemented with benzimidazole. The 
extraction procedure had closely followed that described by Barker et al. (1960a) for the 
preparation of (Ade)AdoCba from Clostridium tetanomorphum. 

Purification of (Bza)AdoCba was achieved by reverse phase HPLC on a 150 x 4.6 mm 
Spherisorb S5XC3 column (Phase Separations). The column material consists of 5 µm silica 
particles with 300 A pores, functionalized with bonded propyl groups. The column was 
connected to a Beckman System Gold, consisting of # 125 Programmable Solvent Module, 
#166 Programmable Detector Module with deuterium lamp, and software version 7.12. Pump 
A contained H20 /0.1 % (v/v) TFA and pump B contained CH3CN/0.1 % (v/v) TFA. The 
column was pumped at 1 ml/min and the eluate was monitored at 260 nm. All coenzyme 
solutions were shielded from light. For preparative purposes, 100 µl P. shermanii extract was 
injected on to the column in 0.1 % (v/v) TFA (t = 0 min). Between t = 1 min and t = 2 min, 
the concentration of CH3CN was increased linearly from Oto 5 %; between t = 2 min and t = 
10 min, the concentration of CH3CN was increased linearly from 5 to 20 %; between t = 10 
min and t = 12 min, the concentration of CH3CN was decreased linearly from 20 to O %; data 
was collected between t = 0 and t = 15 min. The major peak was collected by hand into a 
blackened tube between t"" 10.7 and t"" 11.3 min. The solution was then made 50 mM in 
potassium phosphate buffer, pH 6.9 by addition of a 1 M solution. A typical run yielded ea. 
0.8 ml purified coenzyme at 70-90 µM. Purity was judged to be high (i) by uv-vis 
spectroscopy with reference to the published spectrum (Barker et al., 1960b ), and (ii) by 
HPLC analysis of the purified fraction using a repeat of the above method. 

2.8 GLUTAMATE MUTASE ASSAY 

Glutamate mutase activity was measured using the aerobic spectrophotometric assay 
developed by Barker et al. (1964) and Barker (1985). In this assay, the ~-methylaspartate 
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formed from glutamate is converted by an excess of B-methylaspartase to mesaconate. The 

accumulation of mesaconate can conveniently be followed by monitoring the increase in 

absorbance at 240 nm. Assays were 0.5 ml in volume and contained 50 mM Tris·Cl, pH 8.3, 

100 mM KCl, 10 mM MgCh and 1 unit B-methylaspartase. The concentrations of MutE, 

MutS, adenosylcobamide and substrate (sodium L-glutamate) varied depending on the nature of 

the experiment. For routine assay of~ 0.03 units MutE activity, 0.1 units MutS were present 

in the assay and vice versa. The assay mixture minus coenzyme was heated to 25 °C and the 

reaction was then initiated by addition of coenzyme. The A240 was followed and plotted 

versus time using a Hewlett Packard 8452A Diode Array Spectrophotometer. Reaction 

velocity was calculated from the region of greatest slope. 

2.9 COMPUTER PROGRAMS 

2.9.1 Nucleotide and protein sequence analysis 

The DNA sequences of overlapping clones were assembled into contiguous segments 

('contigs') using the computer programs of Staden (1986). 

Similarity searches were performed with query sequences against standard sequence 

databases using the BLAST version 1.4 programs provided by the E-mail server at the National 

Center for Biotechnology Information, National Library of Medicine, MD, USA The BLAST 

(Basic Local Alignment Search Tool; Altschul et al., 1990) algorithm is a heuristic for finding 

ungapped, locally optimal sequence alignments. BLASTN was used to search the following 

nucleotide sequence databases and their cumulative updates: GenBank(R) Release 86.0, 

December 15, 1994; EMBL Data Library, Release 41.0, December 1994; Brookhaven Protein 

Data Bank, April 1994. BLASTP was used to search the following peptide sequence databases 

and their cumulative updates: SWISSPROT Release 30.0, October 1994; PIR Release 43.0, 

December 31, 1994; GENPEPT - CDS translations from GenBank(R) Release 86.0, December 

15, 1994; Brookhaven Protein Data Bank, April 1994. Searches took place in the week of 6-

10 February 1995 and used the default parameters. 

Local sequence homologies were detected using the BestFit implementation of the 
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method of Needleman & Wunsch (1970), supplied as part of the Genetics Computer Group 

Sequence Analysis Software Package version 7.3.1-UNIX (Devereux et al., 1984; Genetics 

Computer Group, 1991). Comparisons used a gap creation penalty of 3.0 and a gap extension 

penalty of 0.1; all other parameters were set to the default values. The multiple sequence 

alignment was produced using the PileUp program supplied as part of the same software 

package. Pile Up performs a series of progressive, pairwise alignments between sequences and 

clusters of sequences to generate the final alignment. The program uses a simplification of the 

progressive alignment method of Feng & Doolittle (1987), similar to the method described by 

Higgins & Sharp (1989). The alignment was generated using a gap creation penalty of 2.0 and 

a gap extension penalty of 0.1; all other parameters were set to the default values. 

Protein secondary structure predictions were generated using the procedure provided by 

the PredictProtein E-mail server (Rost et al., 1994) at the Protein Design Group, European 

Molecular Biology Laboratory, Heidelberg, Germany. This service first scans the 

SWISSPROT protein sequence database (Release 30.0, October 1994) for similar sequences 

and performs a multiple sequence alignment by a weighted dynamic programming method, 

MaxHom (Sander & Schneider, 1991). The multiple alignment is then used as input for 

secondary structure prediction by the profile neural network method, PHDsec (Rost & Sander, 

1993, 1994). Default parameter values were used throughout. 

2.9.2 Equations and curve-fitting 

The following equations were used: 

Equation 1, the formula derived by Clarke and Carbon (1976) relating the probability 

(P) of including any DNA sequence in a random library of N independent recombinants to the 

fractional proportion of the genome in a single recombinant (f). 

N = ln(l-P) 
ln(l - f) 
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Equation 2, which describes a two-substrate reaction exhibiting Michaelis-Menten 
kinetics. 

V[A][B] 
[2] 

v=-- - - ---------
KiAKmB + KmB[A] + KmA + [A][B] 

Equation 3, which describes a single-substrate reaction exhibiting Michaelis-Menten 
kinetics. 

V[A](V I KmA) v = 
V + [A](V I KmA) [3] 

In Equations 2 and 3, vis the reaction velocity, Vis the maximum reaction velocity, [A] and 
[B] are the concentrations of substrates A and B, KmA and KmB are Michaelis constants for A 
and B, and KiA is the true dissociation constant for A 

Equation 4, the Hill equation, 

[4] 

where his the Hill coefficient (a measure of cooperativity) and K is the concentration of ligand 
at half-maximum rate. 

Equation 5, a simple steady-state ligand-binding isothe1m, 

[PL] = n[PT ][L] 
[L] +Kct [5] 

where [L] is the concentration of free ligand, [PL] is the concentration of protein-ligand 
complex, [PT] is the total concentration of protein, n is the number of ligand-binding sites per 
molecule of protein, and Kct is the dissociation constant, assuming all binding sites are 
identical. 
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Equations 6 and 7, which describe first-order exponential decrease and increase 

respectively, 

[6] 

[7] 

where at is the activity at time t, ao is the initial activity, aoo is the maximum activity, and k is 

the pseudo-first order rate constant. 

Data were fitted to Equations 2, 3, 5, 6 and 7 using the general-purpose nonlinear 

regression computer program of Duggleby (1984). The KaleidaGraph™ program (Abelbeck 

Software) was used to fit kinetic data to Equation 4 and to generate plots of kinetic data. 
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3. 1 INTRODUCTION 

3.1.1 Rationale for gene cloning 

The activity of a protein is directly attributable to its structure, and it is therefore an 

important goal of mechanistic enzymology to understand the relationship between structure and 

enzyme function. Determination of the primary structure is the first step in acquiring detailed 

knowledge of an enzyme' s structure. The sequence can provide a structural basis for 

interpretation of the results of mechanistic experiments and is invaluable for more complex 

structure determination techniques such as X-ray crystallography and NMR spectroscopy. 

Comparisons of protein sequences can give insight into the relatedness of different proteins and 

may suggest evolutionary pathways between them. Furthermore, when comparing proteins of 

similar function, sequence similarities may draw the investigator to the location of functionally 

significant domains and prompt avenues for experiment. 

Currently, the most common approach is to deduce the amino acid sequence from the 

nucleotide sequence of the corresponding gene. This usually involves cloning the gene in 

question, but the long-term benefits for studying an enzyme such as glutamate mutase easily 

justify time spent in this initial task. The nucleotide sequence is valuable information in itself, 

providing a definitive description of the genetic material. The juxtaposition of coding and 

control regions in the DNA sequence allows some conclusions to be drawn regarding the 

regulation and co-ordination of gene expression in the natural host. Perhaps more importantly, 

acquisition of the gene sequence renders the protein accessible to the techniques of recombinant 

DNA technology. These techniques provide the means for greatly improving expression levels 

and simplifying the purification of proteins that are normally found in low abundance. This to 

the extent that, in many cases, they are the techniques of choice for the production of novel 

proteins, bacterial enzymes being a most suitable case. These powe1ful techniques are also the 

medium for structural and mechanistic studies by site-specific mutagenesis. In this way, 

enzyme structure can be altered in a rational way to probe function and to put hypotheses to the 

test. 

Before embarking on a gene cloning project, one usually needs to be armed with some 
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prior sequence information, such as that obtained by direct sequencing of protein purified from 

the natural host, or by reference to a similar protein from the same or different organism. 

However, once cloned, the DNA sequencing techniques pioneered by Sanger et al. (1977) 

allow the nucleotide sequence of a cloned gene to be determined relatively rapidly. The 

sequence of 300 or more nucleotides can routinely be read from a single set of reactions using a 

conventional sequencing gel; current automated implementation of these techniques gives at 

least double this figure. Deducing the amino acid sequence of a protein from a cloned gene is 

relatively straightforward, but structural modifications which occur post-translationally may be 

missed. In eukaryotes, these may include specific proteolytic events such as the removal of an 

N-terminal signal peptide or the activation of a zymogen. Also, a number of covalent 

modifications to amino acid side chains have been documented. These include disulphide 

linkages within and between protein chains, lipid attachment, and glycosylation. Of specific 

interest to enzymologists is the attachment of prosthetic groups, such as the iron-sulphur 

complexes of redox proteins, the haems of cytochromes and globins, and the binding of metal 

ions by many enzymes. Many of these modifications can be predicted from established 

sequence motifs and from the natural subcellular location of the protein, but some 

modifications are carried out autocatalytically or by the cell on the basis of three-dimensional 

structural motifs, and these are much more difficult to detect by decoding DNA It is common, 

therefore, to draw upon other techniques such as mass spectrometry, direct protein sequencing 

and chemical modification to substantiate the data derived from DNA sequencing. 

3. 1. 2 Overview of cloning strategy and previous work 

The most commonly used strategy in gene cloning is to produce a 'library' of 

conveniently-sized DNA fragments containing the genes in question. The most comprehensive 

type of library is a genomic library. An ideal genomic DNA library should contain DNA 

sequences representative of the entire genome, in a stable form, as a manageable number of 

overlapping clones (Kaiser & Murray, 1985). The cloned fragments should be large enough to 

contain whole genes and their flanking sequences, yet be small enough to be mapped easily by 

restriction analysis. Libraries constructed in bacteriophage lambda vectors often fulfil these 
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requirements and are easy to screen for the sequence of interest by nucleic acid hybridization 

techniques. For the latter procedure, a specific DNA probe is required. 

Previously, both a probe for the glutamate mutase genes and a library of genomic DNA 

from Clostridium tetanomorphum Hl (NCIMB 11547, also ATCC 15920 and DSM 528) had 

been constructed by Dr E.N.G. Marsh. The N-terminal sequences of both component S and 

component E were determined by automated methods and used to design two sets of 

degenerate oligonucleotides for use in a PCR experiment to amplify either of the genes 

encoding the glutamate mutase subunits (Fig. 3.1). The low G+C content of DNA from C. 
tetanomorphum (27 %; Wilde et al., 1989) allowed the degeneracy of the oligonucleotides to be 

minimized by using only A and/or Tat positions of ambiguity. A PCR product was amplified 

from C. tetanomorphum genomic DNA using the oligonucleotides based on arrangement A 

(Figs 3.1, 3.2). At 1900 bp, the product was considerably longer than that predicted to code 

for MutS alone (ea. 450 bp). The amplified fragment was subcloned into the plasmid vector 
pUC118 to give the plasmid pNMl. The PCR product would later be used as a probe to 

isolate a genomic fragment containing the glutamate mutase genes. 

Genomic DNA was purified from C. tetanomorphum and fragmented by partial 

digestion with Sau3AI restriction endonuclease. This enzyme has a tetranucleotide recognition 
site which occurs frequently enough to give a pseudo-random set of overlapping fragments. 

The ea. 20 kbp size fraction was purified by sucrose density gradient centrifugation and then 

ligated with BainHI-restricted bacteriophage lambda vector EMBL3. These recombinant 

molecules were packaged into phage particles in vitro using commercial materials to generate a 

library of C. tetanomorphum genomic DNA fragments. 
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5·-3· 

A 

5'-3' 

mutS ) B 

Figure 3.1 Alternative PCR products 

Alternative PCR products anticipated using oligonucleotide primers based on the N-termini of components S 

and E are shown. A. mutS primer as coding strand, mutE primer as non-coding strand. B. mutE primer as 

coding strand, mutS primer as non-coding strand. 

Component s 

1 M E K K T I V L G V I G s D (C) H A V G N 

5' -G (GAATTC )GAT TGT CAT GCA GTA GGA AA-3' 

EcoRI T T T 

21 K I L D H s F T N A G F N 

Component E 

1 M E L K N K K L T D E G F F K Q A E G V 

3'-CTA CTT CCA AAA AAA TTT GTT CGA CTT CC(CTTAAG)G-5' 
T T EcoRI 

Figure 3.2 PCR primers used in construction of the glutamate mutase probe 

The oligonucleotide PCR primers which correspond to the primers of Fig. 3.lA are shown aligned below the 

corresponding N-terminal protein sequences. This pair of primers was used in a PCR reaction which amplified a 

1900 bp segment of the C. tetanomorphum genome, later used as a probe for the glutamate mutase genes. The 

cysteinyl residue shown in parenthesis denotes that this assignment was only tentative. 
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The initial aim was to identify EMBL3 clones which hybridized with the insert of 

pNMl and to isolate them. Assuming complete randomness of sequence representation, if 

each inserted DNA fragment is of identical size, and if the genome size is known, it is possible 

to determine the size of library that will have an arbitrary probability of including a particular 

DNA sequence. The formula derived by Clarke and Carbon (1976) (Equation 1) relates the 

probability (P) of including any DNA sequence in a random library of N independent 

recombinants to the fractional proportion of the genome in a single recombinant (f). 

N = ln(l - P) 
ln(l - f) 

[1] 

The size of the C. tetanomorphum genome is unknown, but is possibly around 5 x 106 bp by 

comparison with other bacteria. In the case of a C. tetanomorphum library containing 20 kbp 

fragments, f = 2 x 104 / 5 x 106 = 0.004. In order to achieve a 99 % probability (P = 0.99) of 

including any particular sequence in a screening experiment, the formula predicts that one 

needs to screen ea. 1200 recombinants. The formula assumes that each recombinant is 

packaged with the same efficiency, and that the length of the desired DNA segment is small in 

comparison with the length of the cloned fragments, to minimize the effect of Sau3AI sites 

occurring within the desired length. Hence, the formula serves as a rough guide to the size of 

the gene cloning task. 

Once the genes were isolated, it was necessary to further reduce the size of the DNA 

target region before sequencing began. This involved identifying suitably-sized restriction 

fragments and subcloning them into phagemid vectors. A 'shot-gun' approach (Sanger et al., 

1980) to acquiring nucle(!tide sequence was followed, whereby random overlapping fragments 

were generated by sonication and propagated in recombinant M13 bacteriophages (Bankier et 

al., 1987). Using the random approach of collecting clones, sequence data can be obtained 

relatively rapidly, but towards the end of an investigation, new data accumulates more slowly 

along with increasing amounts of redundant data. It is usually necessary to resort to a more 

directed approach to complete the project, and specifically-synthesized oligonucleotide 

sequencing primers were designed and used for this purpose. 
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3. 2 RESULTS AND DISCUSSION 

3.2.1 Characterization of pNMl 

The pUC118-based plasmid pNMl contains a 1900 bp PCR product amplified from C. 

tetanomorphum genomic DNA using degenerate oligonucleotide primers based on the N

terminal sequences of components S and E. In order to verify the identity of the amplified 

region, the flanks of the pNMl insert were sequenced from forward and reverse pUC/Ml3 

primers using double-stranded plasmid DNA as template. The N-termini of components S and 

E were successfully deduced from the nucleotide sequence, indicating that the desired region of 

DNA had been amplified. 

The insert of pNMI was subjected to restriction analysis. The restriction enzymes used 

were those with sites in the pUC118 polylinker region. A preliminary restriction map was 

constructed from the sizes of fragments produced by digestion with single enzymes and pairs 

of enzymes (Fig. 3.3). The sets of HindIII and Pstl fragments proved to be particularly 

helpful in the characterization of subsequent constructs. 

(E) P HP H H (E) 

mutS )-.. - ------?--------,-, mutE 

0 0.5 (kbp) 1.0 1.5 

Figure 3.3 Prelimina_ry restriction map of the pNMl insert 
Restriction sites are H, HindIII; P, Pstl; (E), EcoRI introduced by PCR. 

3.2.2 Construction of a radiolabelled probe 

1.9 

A uniformly radiolabelled DNA probe specific for the mut genes was made. For use as 
probe template, the insert was excised from pNMl (10 µg) by restriction with EcoRI 

endonuclease and purified by agarose gel electrophoresis. Insert was eluted from gel slices in 
ea. 1.5 µg yield by centrifugation through glass wool followed by extraction with 
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phenol/chloroform (Sambrook et al., 1989). Random hexanucleotides were then used to prime 

the synthesis of a 32P-labelled strand by E. eoli DNA polymerase Kienow fragment. 

Incorporation of 40-55 % of radiolabel was typical. 

3. 2. 3 Genomic library screening 

A library consisting of ea. 20 kbp C. tetanomorphum genomic DNA fragments cloned 
into the A vector EMBL3 was supplied by Dr E.N.G. Marsh. 

Using E. eoli NM539 as host, ea. 30000 library plaques were spread over a 30 x 20 cm 

surface of NZY agar medium. Replicas were made on to nylon membrane and screened in situ 

with 32P-labelled pNMl insert. Positively-hybridizing plaques were picked from the medium 

and phage particles were eluted into SM buffer. Each sample was then spread at a density of 

50-100 plaques per 90 mm Petri dish and screened again with the same probe. Plaque isolation 

and screening was repeated until 100 % of plaques gave a positive hybridization signal. Only 
two positively-hybridizing clones were recovered, designated AGMl and AGM2. This was 

significantly fewer than might have been expected by using the formula of Clarke and Carbon. 

3.2.4 Preparation of AGMl and AGM2 

Large-scale preparations of AGMl and AGM2 provided material for analysis and 

subcloning. For each clone, phage particles from a confluent plate lysate were used to infect a 

500 ml culture of E. eoli NM539 at a multiplicity of infection of ea. 0.01 pfu/cell. During 
infection with AGMl, full lysis of the culture was observed after 7 hours; during infection with 

AGM2, partial lysis was observed after 9 hours. At these respective time points, incubation 

was terminated. The subsequent purification procedure yielded ea. 200 µg bacteriophage DNA 

from each 500 ml culture. 

3.2.5 Restriction mapping of AG Ml and AG M2 

A sample of genomic DNA purified from C. tetanomorphum was supplied by Dr 

E.N.G. Marsh. 

Genomic DNA, AGMl and AGM2 were compared by restriction digestion and 
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hybridization analysis. Each source of DNA was digested to completion with appropriate 
combinations of restriction enzymes. Restriction fragments were separated by agarose gel 
electrophoresis and photographed under UV illumination (340 nm). Electrophoresed DNA 
was transferred to nylon membrane by Southern blot and hybridized to 32P-labelled probe. 

After removal of unbound probe, each membrane was autoradiographed and the sizes of the 
hybridizing fragments were compared. The results of these experiments are illustrated in Figs 
3.4 - 3.6. For reasons of clarity, the reader may also find it useful to refer to the final 

restriction map in Fig. 3.7, although this map was not fully deduced until DNA sequencing 
was well underway. 

Hybridization with genomic DNA revealed 4 Hindlll fragments (Fig. 3.4), as can be 
predicted from the map of pNMl (Fig. 3.3). In addition to the 0.3 and 0.5 kbp Hindlll 

fragments internal to pNMl, the flanking Hindlll fragments are shown to be 1.1 and 1.5 kbp, 
although it was not possible from this experiment to determine which Hindlll fragment came 
from which flank. The full lengths of the major hybridizing Pstl fragments are shown to be 

3.0 and 4.5 kbp, but the small internal Pstl fragment was not detected in this experiment. It 
was not possible to assign either of the major Pstl fragments to either flank of pNMl from this 
data. 

Upon digestion with Hindlll alone, AGMJ showed 3 out of 4 bands in common with 

the genomic DNA digest (Fig. 3.5), those at 0.3, 0.5 and 1.5 kbp. Inclusion of Sall (which 
should should excise the complete insert from EMBL3 recombinants) with Hindlll produced a 
band at 0.8 kbp, which must correspond to a truncated form of the genomic 1.1 kbp Hindlll 
fragment. This indicated that the pNMl insert mapped to ea. 0.3 kbp from one end of the 
11,GMl insert, but left the orientation of the mut genes within 11,GMl unspecified. In support of 
this, 11,GMl is seen to yield a full-length 4.5 kbp Pstl fragment plus a 1.6 kbp Pstl fragment, 

the latter of which must correspond to a truncated form of the genomic 3.0 kbp Pstl fragment. 
Again, these data did not permit determination of orientation. 

Digestion of 1GM2 with Hindlll produces the full complement of hybridizing 

fragments (Fig. 3.6). Digestion with Pstl gives a full length 3.0 kbp fragment, but inclusion 
of Sall reveals that the 4.5 kbp genomic Pstl fragment is cut short to 2.5 kbp in 11,GM2. This 
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indicated that the pNMl insert mapped to ea. 2 kbp from one end of the AGM2 insert, but it 

was not possible to determine the orientation of the mut genes within AGM2 from these data. 

3.2.6 Construction of pGMl and pGM2 

The restriction and hybridization analysis of genomic DNA, AGMl and AGM2 

identified a 5 kbp Sall fragment of AGMl that had a good chance of containing the mut genes. 

It was predicted to include one terminus of the AGMl insert and to encompass pNMl. To 

facilitate the subcloning of this fragment, AGMl (2 µg) was restricted with Sall endonuclease. 

The mixture of fragments was ligated with Sall-restricted and dephosphorylated pUC119, and 

the ligation mixture was used to transform E. coli TGl recO. Plasmids were isolated from 

recombinant bacteria, whereupon restriction and hybridization analysis identified one plasmid 

containing a positively-hybridizing 5 kbp Sall fragment. This plasmid was designated pGMl. 
C 

Attempts were also made to su1one the 9 kbp positively-hybridizing Sall fragment 

from AGM2 into pUC119 by the same method, but these were unsuccessful. In these 

attempts, a similarly-sized Sall fragment, which had no restriction fragments in common with 

pNMl, appeared to ligate with the vector in preference to the desired fragment. The unwanted 

Sall fragment was cut into two fragments of ea. 5 kbp and 4 kbp by restriction with BamHI 

endonuclease (data not shown). The target Sall fragment, however, was shifted only 

marginally on agarose gels after restriction with BamHI (Fig. 3.6). Thus, to circumvent this 

problem, a Sall/BamHI fragment was subcloned into a phagemid vector in the following 

manner: 

Clone AGM2 was restricted with Sall and BamHI endonucleases. A positively-

hybridizing 8.5 kbp SalI/BamHI fragment was isolated by electrophoresis through a 0.6 % 

(w/v) low melting point agarose gel and purified from a melted gel slice by extraction with 

phenol/chloroform (Sambrook et al., 1989). This fragment was ligated with Sall/BamHI

restricted and dephosphorylated pUC119; the ligation mixture was then used to transform E. 

coli TGl recO. A total of 80 recombinant colonies were screened with 32P-labelled pNMl 

insert. One positively-hybridizing colony was identified and the plasmid it contained was 

designated pGM2. 
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3.2.7 Sequencing of pGMl 

A large-scale preparation of plasmid pGMl was made from a 200 ml culture. The 5.2 

kbp insert was excised from the plasmid (50 µg) by restriction with Sall endonuclease and 

isolated by electrophoresis through a 0.7 % (w/v) low melting point agarose gel. The insert 

was purified in 10 µg yield from a melted gel slice by extraction with phenol/chloroform 

(Sambrook et al., 1989), and was then fragmented by sonication. The fragments were end

repaired, then the 600-800 bp size fraction was isolated by electrophoresis through a 5 % (w/v) 

polyacrylamide gel and eluted from a crushed gel slice (Sambrook et al., 1989). After another 

round of end-repair, the size-fractionated fragments were ligated in a blunt-ended fashion with 

Smal-restricted and dephosphorylated M13mp18. The ligation mixture was used to transform 

E. coli TG 1 recO (F+) and recombinant plaques were selected for sequencing. Single-stranded 

sequencing template was purified from 3 ml cultures infected with M13 phages. The yield of 

DNA was ea. 6 µg per 1.5 ml of culture (enough for 4 sets of sequencing reactions). 

Approximately 180 random M13 clones were sequenced using the pUC/M13 forward 

primer, at which point accumulation of new sequence had become unacceptably slow. The 

sequencing project was hampered by the persistent occurence of recombinants with inserts in 

the 50-100 ty size range (25-30 % of recombinants). This was despite the fact that the 

sonicated fragments had been size-fractionated before ligation with the vector. Since 250-300 

bases could be reliably read from a sequencing gel, the process of accumulating new sequence 

was not as efficient as it should have been, and rather more clones had to be sequenced than 

was intended. At this point, gaps in the sequence were bridged by sequencing double-stranded 

pGMl DNA directly with specifically-synthesized oligonucleotide primers. Oligonucleotide 

sequences are listed in Appendix ID. 

From the partial sequencing of the pGMl insert, the nucleotide sequence of the region 

corresponding to the insert of pNMl was determined on both strands. This region contained 

the mutS gene and a gene lying between mutS and mutE which was designated mutL. 

However, it became evident that neither the insert of pGMl nor the insert of AGMl contained a 

full length copy of the mutE gene. It was necessary to resort to the AGM2-derived plasmid 

pGM2 in order to obtain the nucleotide sequence of mutE. The partial sequencing of pGMl 



did, however, reveal that the genomic 4.5 kbp Pstl and 1.5 kbp HindI.11 fragments terminated 

upstream of mutS, whilst the 3.0 kbp Pstl and 1.1 kbp Hindlll fragments terminated 

downstream of the N-terminus of mutE. This meant that AGM2 (and hence pGM2) was 

expected to contain a full length copy of mutE since it contained the entire 3.0 kbp genomic 

Pstl fragment. 

3.2.8 Sequencing of mutE 

To determine the DNA sequence of mutE, a 3 kbp Pstl fragment of pGM2 was 

sequenced. Plasmid pGM2 was not stable in saturated cultures of E. coli TGl recO. Such 

cultures truncated pGM2 to leave a plasmid of 1.8 kbp apparent size. This could be minimized 

by ensuring that the culture did not become saturated during any stage of growth. Further 

problems were encountered with preparations of pGM2. A proportion of full-size pGM2 

remained refractory to digestion with restriction enzymes known to cut within the polylinker of 

pUC119 and within the region of the C. tetanomorphum genome encompassed by pNMl. 

Nevertheless, the fraction that was susceptible to restriction gave the desired AG M2 

complement of Hindlll and Pstl fragments. In addition, it was not possible to excise the inse11 

from pGM2 by digestion with the restriction enzymes used in its construction, i.e. by digestion 

with SaIT + BamHI. This suggested that pGM2 had suffered a deletion in the vicinity of its 

poly linker region, a suspicion that was confirmed by sequencing double-stranded plasmid from 

pUC/Ml3 forward and reverse primers. Here it was observed that the forward primer did not 

anneal to pGM2, presumably because the complementary region of pGM2 had been deleted. 

It was, nevertheless, possible to excise from pGM2 the 3.0 kbp Pstl fragment which 

overlapped pNMl and pGMl. Plasmid (20 µg) was restricted with Pstl endonuclease and 

electrophoresed through a 0.7 % (w/v) agarose gel. The 3 kbp fragment was purified in 2 µg 

yield from a gel slice by use of the GENECLEAN JJ® kit. The nucleotide sequence of mutE 

was then obtained by 'shotgun' cloning randomly-generated fragments into bacteriophage 

M13mp18, and by the use of specifically-synthesized oligonucleotide primers to bridge gaps 

between these M13 subclones. 
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3.2.9 Organization of the mut genes 

The nucleotide sequence and deduced protein sequence of the mut genes are shown in 

Fig. 3.8, and have been published elsewhere (Marsh & Holloway, 1992; Holloway & Marsh, 

1993). The sequenced region contains five open reading frames, in order: ORFl (incomplete), 

mutS, mutL, mutE and bma (incomplete). Some time after these sequences were determined, 

the sequences of the corresponding genes from Clostridium cochlearium (ATCC 17787, also 

NCIMB 10633 and DSM 1285) were reported (Zelder et al., 1994a,b). The organization of 

the region is identical in C. cochlearium, where the genes are designated ORFl, glmS, glmL, 

glmE and bma respectively. This is in accordance with biochemical studies which place the 

two clostridial species phylogenetically close together (Wilde et al., 1989). 

The region exhibits many of the features characteristic of clostridial DNA (Young et al., 

1989). Over the 4021 bp, the G+C content is characteristically low at 33.8 %. Examining the 

intergenic regions first, the 57 bp untranslated region immediately upstream of mutS is 

extremely AT-rich and contains sequence motifs comparable to the TATAAT -10 canonical 

promoter element recognised by E. coli (E. sigma - 70) RNA polymerase (Hawley & McClure, 

1983). However, promoter identification by sequence inspection is complicated in Gram

positive bacteria such as clostridia by the existence of various RNA polymerase forms 

containing minor sigma factors with different promoter specificities (Doi & Wang, 1986). The 

region upstream of mutS might feasibly undergo the local melting required for the initiation of 

mutS transcription, but it does not appear to contain any regions of dyad symmetry which 

might form stem-loop structures to function as factor-independent terminators of ORFl 

transcription. The non-coding region between mutS and mutL is 45 bp, and that between mutL 

and mutE is 15 bp in length. Neither contains recognizable bacterial promoter or transcription 

termination motifs. In contrast, the untranslated region downstream of the mutE gene totals 

126 bp and contains an inverted repeat which could potentially function as a factor-independent 

terminator of transcription (Fig. 3.8). Thus, it appears that mutS, mutL and mutE are probably 

transcribed as part of the same operon, but in the absence of RNA transcript mapping in C. 

tetanomorphum, it is unclear whether the operon extends to include adjacent genes either 

upstream or downstream. The untranslated regions between glmS/glmL, glmUglmE and 
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glmE/bma from C. cochlearium exhibit low similarity and differ in length when compared to 

the corresponding regions from C. tetanomorphum. This suggests that there has been little 

pressure to conserve these regions and that they therefore have limited function. However, the 

region between ORFl and glmS is of similar length in both organisms (57 bp in C. 

tetanomorphum and 61 bp in C. cochlearium). · The two also show significant sequence 

homology which may indicate a specific function for this region. 

The mutS and bma reading frames start with ATG, but those of mutL and mutE start 

with the less common GTG codon. In each case, the reading frame is preceded by a sequence 

characteristic of clostridial ribosome binding sites, reminiscent of the so-called 'Shine

Dalgarno' sequence complementary to the 3'-terminus of E. coli 16S rRNA (Shine & 

Dalgarno, 1974). The spacing between the Shine-Dalgarno sequence and the respective 

initiation codon ranges from 6-9 nucleotides, consistent with the clostridial average of ea. 8 

nucleotides (Young et al., 1989). It is of note that the ribosome binding sites of clostridial 

genes are often found to function in E. coli (Young et al., 1989). 

The mutE gene is followed by bma, the gene encoding P-methylaspartase, which has 

been cloned and sequenced by Goda et al. (1992). P-Methylaspartase is the next enzyme 

employed in the pathway of glutamate fermentation, and there is evidence that the bma gene 

itself is followed by the gene encoding the third enzyme in the pathway, mesaconase (Goda et 

al., 1992). Hence, it would appear that at least the first three enzymes involved in the 

fermentation of glutamate by C. tetanomorphum are adjacent on the organism's chromosome. 

The low G+C ratio of C. tetanomorphum DNA might be expected to have a marked 

effect on codon usage. Indeed, codon usage in each of the mutS, mutL and mutE genes is 

strongly biased toward those in which A and T predominate (Table 3.1). This usage is most 

evident for amino acids with 6 synonymous codons, i.e. Arg, Leu and Ser, and there is a 

strong bias for A or T at the wobble position of all codons. Included in the table for 

comparison are figures for the average codon usage in E. coli (Ogasawara, 1985). Several 

codons which are rarely used in E. coli, e.g. AGA for Arg and ATA for Ile, are found in 

abundance in each of the clostridial genes. These are worthy of attention since preferential use 

of rare codons might constitute a translational barrier to expression of these genes in the best-



characterized of heterologous hosts, E. coli. For example, inefficient production of clostridial 

tetanus toxin in E. coli has been attributed to incompatible codon usage (Eisel et al., 1986). 

However, it has been suggested that the expression of particularly large genes (such as that 

encoding the 1315 amino acid tetanus toxin) is more seriously impaired by unfavourable codon 

usage than that of average-sized clostridial genes (Garnier & Cole, 1986). 

3. 2 .10 Sequence analysis of ORFl 

The sequenced region begins with ORFl, an open reading frame of 303 nucleotides 

encoding the C-terminal 100 amino acids of a hypothetical protein. The nucleotide sequence of 

ORFl displays 80 % identity over the 66 sequenced bases of the corresponding gene from C. 

cochlearium. Comparison of the encoded amino acid sequences reveals 86 % identity over the 

corresponding 21 residues. However, searches of the available sequence databases found no 

other significantly homologous sequences. Hence, the identity and function of this gene are 

cmTently unknown. 

3.2.11 Sequence analysis of mutS 

The 414 bp mutS gene encodes a protein of 137 amino acid residues with a predicted 

molecular mass of 14748 Da, a value which is in good agreement with that previously 

determined by SDS-PAGE and gel filtration (E.N.G. Marsh, unpublished results). The first 

34 residues are identical to those determined by N-terminal sequencing of component S from 

the natural host (Fig. 3.2). The nucleotide sequence of mutS displays 80 % identity with the 

corresponding gene from C. cochlearium, and comparison of the encoded amino acid 

sequences reveals 83 %-identity. The protein from C. cochlearium has a predicted molecular 

mass of 14813 Da; the two genes are identical in length. The two proteins are clearly extremely 

close homologues. Indeed, component S isolated from C. cochlearium was found to form an 

active complex with component E from C. tetanomorphum (Zelder et al., 1994a). 

A search of the available protein sequence databases revealed that the amino acid 

sequence of MutS shows similarities with several other protein sequences. Homologies were 

also discovered comparing MutS pairwise with other cobalamin-dependent enzymes and 
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looking for local similarities. By including sequences published up to the end of 1994, an 

informative alignment can be produced (Fig 3.9). The homologous sequences fall into two 

groups, the first group being AdoCbl-dependent enzymes catalyzing carbon-skeleton 

rearrangements. This group contains a-methyleneglutarate mutase from Clostridium barkeri 

(Beatrix et al., 1994); also present is the a -subunit of methylmalonyl-CoA mutase from 

Propionibacterium shermanii (Marsh et al., 1989) and homologues from Streptomyces 

cinnamonensis (Birch et al., 1993), Porphyromonas gingivalis (Jackson & Reynolds, 1994), 

human (Jansen et al., 1989), mouse (Wilemeyer et al., 1990) and Escherichia coli ('sbm 

protein'; Roy & Leadlay, 1992; Roy, 1992b). The second group consists of cobalamin

dependent methionine synthase from Escherichia coli (Banerjee et al., 1989; Old et al., 1990), 

and homologues from Mycobacterium leprae (Smith & Robison, 1994) and Caenorhabditis 

elegans (Swinburne, 1994; Wilson et al., 1994). 

One short region of sequence is invariant amongst all the listed sequences, the DxHxxG 

motif from Dl4 of MutS. This high degree of conservation suggests that this segment has an 

important role to play in the function of these enzymes. Another short consensus can be more 

tentatively discerned, G·····7 -9 residues·····GG, from G82 of MutS. There are also several 

segments where the chemical character of the sequence is well-conserved, such as S61 of MutS 

(invariant) and its flanking sequence. 

The sequence of MutS aligns with these AdoCbl-dependent mutases at their C-termini, 

and there are homologies throughout the length of MutS. Methylmalonyl-CoA mutase (MCM) 

from P. shermaii has been crystallized (Marsh et al., 1988; McK.ie et al., 1990), but no 

structure has been published at the time of writing. The human enzyme, however, has been the 

focus of genetic studies which have identified and characterized a range of point mutations 

occurring naturally within the population (Crane et al., 1992; Crane & Ledley, 1994; Qureshi et 

al., 1994b). Methylmalonic aciduria (MMA) represents a set of inborn errors of metabolism 

that result from inadequate function of the MCM enzyme. Forms caused by defects in the 

MCM apoenzyme are designated mut MMA (McKusick #251000) (McKusick, 1992). Two 

classes of mutations in MCM are classically distinguished by studies of [14C]-propionate 



metabolism in primary fibroblasts from patients with mut MMA (Willard & Rosenberg, 1979), 

(i) mutO mutations in which there is no detectable MCM activity and no detectable [14C] 

propionate metabolism, and (ii) mur mutations in which there is a low level of enzyme activity 

and [14C]-propionate incorporation, but which is commonly stimulated by administration of 

high concentrations of HO-Cbl. Early studies of the enzyme activity in mur fibroblasts 

suggest that MCM in these cells exhibits an increased Km for AdoCbl (Willard & Rosenberg, 

1979). 

Interestingly, some of the characterized naturally-occurring MMA mut mutations fall 

within the portion of MCM that is homologous with MutS (Fig. 3.10). Three of these 

mutations (0623R, 0626C and 0630E) are clustered around the DxHxxO motif and involve 

replacement of glycine with various bulkier residues. Enzyme bearing the 0623R or 0630E 

mutation had no detectable activity (Qureshi et al., 1994b; Crane & Ledley, 1994), suggesting 

an important function for this region. 0623 and 0630 of human MCM are invariant 

throughout these AdoCbl-dependent mutases, which may suggest that small side-chains are 

essential in these positions. Intriguingly, the 0626C mutation effects a change to the residue 

found at the corresponding position of MutS. The effect of this mutation was less dramatic , 

but nevertheless, enzyme bearing this mutation had a greatly reduced affinity for AdoCbl and 

exhibited surprisingly low activity, which was only detectable by altering the assay conditions 

(Crane & Ledley, 1994). It was established that oxidation of the mutant residue was not the 

major cause of the decreased activity. The authors concluded that the 0626C mutation brought 

about its effect on enzyme activity by altering chemical interactions between AdoCbl and the 

enzyme. This is apparently at odds with nature's choice of a cysteine residue at the 

corresponding position-of glutamate mutase, and raises the question of whether glutamate 

mutase activity would be enhanced by a C15G mutation. One other MCM mutation abolishes 

enzyme activity, 0703R (Qureshi et al., 1994b). Again this is a replacement of glycine with a 

more bulky residue. This residue is invariant throughout all the sequences aligned in Fig. 3.9. 

The remaining MCM mutations identified thus far are of the mur type. Of these, 

0648D and 0717V mutant enzymes are the best characterized (Crane & Ledley, 1994; Crane et 

al., 1992 respectively). Enzyme bearing either mutation exhibited a Km for AdoCbl > 1000-
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fold higher than wild type. The activity of the G648D mutant was somewhat higher than that 

of the G717V mutant. With the G648D mutant, the Km for AdoCbl was pH sensitive between 

pH 5.5 and 9.5 (only pH 9.5 was inhibitory). Since wild type enzyme was insensitive to pH 

over this range, this suggested that AdoCbl-binding had been disrupted by new interactions of 

an ionic nature in this mutant. By analogy, the demonstration that several of these MCM 

mutations are associated with abnormal AdoCbl-binding is highly suggestive of a role for MutS 

in the binding of AdoCbl by glutamate mutase. 

The sequence of MutS aligns with a segment of the cobalamin-dependent methionine 

synthase (MetH) from E. coli. Homology is strongest through the first 100 residues of MutS, 

and somewhat weaker thereafter. The alignment is within a region of MetH encompassed by a 

28 kDa tryptic peptide which has been shown to bind cobalamin (Banerjee et al., 1989). The 

detection of this homology provided the first indication that a common Cbl-binding motif may 

be present in members of both the AdoCbl-dependent mutases and the Cbl-dependent 
methyltransferases. The Co~-ligand of the cofactor bound by methionine synthase is a methyl 

group rather than a 5' -deoxyadenosine moiety, suggesting that it was most likely that the 
conserved regions of sequence would be concerned with binding the a-corrin face and the 

dimethylbenzimidazole ribofuranosyl portion of cobalamin. 

The cobalamin-binding portion of MetH has been crystallized with MeCbl bound 

(Luschinsky et al., 1992), and its crystal structure has recently been determined to 3.0 A 
resolution (Drennan et al., 1994a,b). The structure revealed, for the first time, detailed 

interactions between protein and cofactor. The important implications of this structure for 

enzymes such as glutamate mutase are discussed in Chapter 7. It should be noted that the 

details of this structure were not available during the course of the experiments described in this 

thesis, and did not, therefore, have any influence over the direction taken. 

Secondary structures within MutS were predicted using the profile neural network 

method of Rost & Sander (1993, 1994) (Fig 3.11). As used, the method is rated at a 

sustained, cross-validated expected overall accuracy of> 67 % for water-soluble globular 
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proteins in the three states helix, strand, and loop. Figure 3.11 also shows secondary 

structures predicted by this method in a selection of the other homologous cobalamin

dependent enzymes. There is a reasonable degree of consistency in the spacing of the predicted 

secondary structures, but there is some variation in their type. The general theme for all is one 

of alternation between a -helices and strands of ~.,sheet. A similar alternating pattern is found 

in the Rossmann fold of nucleotide-binding proteins, which suggested that such a fold may be 

involved in binding the nucleotide 'loop' of cobalamins. Comparison of nucleotide-binding 

domains from the crystal structures of dehydrogenases binding nicotinamide adenine 

dinucleotide, flavodoxin binding flavin mononucleotide, and kinases binding adenosine 

triphosphate suggested that the wide range of enzymes which bind nucleotides may have a 

common ancestor in a primordial mononucleotide-binding protein (Rossmann et al., 1975). 

The primordial mononucleotide-binding fragment is envisioned as two or three parallel ~

strands connected by a-helix. However, the structure prediction method mis-predicts several 

of the structural elements observed in the crystallized MetH fragment (data not shown), so it 

would be wise to treat these predictions with caution. 

The surprising feature of all these homologies is that the regions of methylmalonyl-CoA 

mutase and methionine synthase aligning with MutS have been implicated in the binding of 

cobalamin, whereas MutS, on its own, was previously not believed to bind cobalamin (Switzer 

& Barker, 1967). In conclusion, a cobalamin-binding function for MutS was suggested on the 

basis of primary and predicted secondary structure homologies with the cobalamin-binding 

portions of other enzymes. 

3.2.12 Sequence analysis of mutL 

An open reading frame, mutL, was found to lie between mutS and mutE. The 1389 bp 

gene encodes a hypothetical protein of 462 amino acid residues with a predicted molecular 

mass of 50171 Da. The nucleotide sequence of mutL displays 79 % identity with the 

corresponding gene from C. cochlearium and comparison of the encoded amino acid sequences 

reveals 80 % identity. The protein from C. cochlearium has a predicted molecular mass of 
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49963 Da; the two genes are identical in length. The hypothetical protein showed no 

significant similarity to MutS, MutE, P-methylaspartase, nor to any proteins in a search of the 

available databases. However, Zelder et al. (1994b) identified putative similarities between 

MutL and the ATPase domain of certain chaperone proteins, prokaryotic cell-cycle proteins and 

actin. These proteins show no overall similarities but share three well-spaced sequence motifs 

which correspond to binding sites for particular parts of the ATP molecule. The authors 

concluded that it seemed likely that MutL would be able to bind ATP, but the varied nature of 

these proteins left the function of MutL unclear. 

It is probable that all three mut genes are co-transcribed, which would suggest that 

MutL is involved in some part of the glutamate fermentation machinery. Mesaconase and 

citramalate lyase (the enzymes following glutamate mutase and P-methylaspartase in the 

glutamate fermentation pathway) have not been characterized at the primary sequence level but 

are both known to be large multimeric complexes. Mesaconase is believed to contain 

components of 37, 45, 82 and 165 kDa as determined by gel filtration (Wang & Barker, 1969), 

whilst citramalate lyase is believed to contain components of 11, 35 and 55 kDa as determined 

by SDS-PAGE (Buckel & Bobi, 1976). Although each contains a component comparable in 

size to MutL, it would be usual for a bacterium to coordinately regulate the expression of each 

enzyme's subunits by organising the constituent genes into the same operon. Thus, in the 

absence of additional inf 01mation concerning MutL, its function remains obscure. 

3. 2. 13 Sequence analysis of mu tE 

The mutE gene encodes a protein of 485 amino acid residues with a predicted molecular 

mass of 53708 Da, a value which is in good agreement with that determined by SDS-PAGE 

and gel filtration (E.N.G. Marsh, unpublished results). There are four discrepancies between 

the N-terminal sequence of MutE deduced from the coding DNA and the 20 residues 

determined previously by protein seqencing (Fig. 3.2). However, the misassignment ofW8 as 

L, El2 as G, Rl 7 as A and E19 as G can all be attributed to contamination of the sequenced 

sample with MutS which masked the sequence of MutE at these positions. The nucleotide 

sequence of mutE displays 87 % identity with the corresponding gene from C. cochlearium, 
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and comparison of the encoded amino acid sequences reveals 93 % identity. The protein from 

C. cochlearium has a predicted molecular mass of 53554 Da and is marginally shorter in length 

(483 amino acids). 

A search of the available protein sequence databases failed to reveal any proteins 

significantly homologous to MutE, nor were any local similarities found by pairwise 

comparison of MutE with other cloned cobalamin-binding proteins. Comparison of MutE with 

P-methylaspartase using the BestFit program did, however, identify a region of local 

homology between the two (Fig. 3.12). This alignment includes Serl 73 of ~-methylaspartase, 

a residue which has been implicated in the catalytic mechanism of ~-methylaspartate 

deamination (Goda et al., 1992). The probable location of this residue within the active site 

suggests that the aligned region of MutE may be involved in substrate binding, since ~

methylaspartate is a substrate common to both enzymes. The primary sequence gives no 

further insight into the roles of specific amino acid residues within MutE, although deductions 

made concerning the function of MutS suggest that elements for binding glutamate/~

methylasparte and the Ca~-substituents of the cofactor may be present. 
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Figure 3.4 Restriction, Southern blot and hybridization analysis of genomic DNA from C. tetanomorphum 
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A. DNA was restricted and electrophoresed through a 0.7 % (w/v) agarose gel. B. The gel contents were blotted on to nylon membrane and hybridized to 
radiolabelled pNMl insert; the autoradiogram is shown. Restriction enzymes used were D, DraI; E, EcoRI; H, HindIII; K, KpnI; P, PstI; Sc, SacI; SI, Sall; X, 
XbaI. AH enotes linear markers generated by digestion of bacteriophage A. DNA with Hindill. 



A 
AH C ~ lTgmont r----i D AH . ii;! - size (kbp) E + B + H p lt- j 23.1 E +S AS B +S H AS +S P AP +S Fragment - - -

l B size (kbp) - -1· 

r··-,1~ t 9.4 
I 

<\: 6.6 

23.1 \ 
I -~ ~.-:--~?'~ .• 11.5 

8.6 

6.6 ~ \J < l '. I I t · li' , · H--l•.it ,.;: . 4.4 

4.4 ~I., ,. '(1!: . '!"ill 
1:~ l!b~~ 2.8 : ~ : ·. :_ " 

I 

2.1 

1.7 

0.5 

Figure 3.5 Restriction, Southern blot and hybridization analysis of AGMl 
A, C. DNA was restricted and electrophoresed through 0.7 % (w/v) agarose gels. B, D. The gel contents were blotted on to nylon membrane and hybridized to radiolabelled pNMl insert; autoradiograms are shown. Restriction enzymes used were B, Bamlll; E, EcoRI; H, Hindffi; P, Pstl; S, Sall. AH denotes A.+ Hindffi, A.S denotes A. + Smal. 

--- --- -



AH 
E 1E+S1 +11.S 1 B 1B+S1 H 1+11.S 1H+S 1 P I 11.P 1P+S1 I S I 11.H1 I S ! 

Bl 1 - - - . I c, •• , Fragment 
size (kbp) 

Fragment. I I I I I a ·-· 23.1 

size (kbp) 

23 .l_J Ill' ·,· ~= :;".,, I I!!~ L 9.4 
11.5 
8.6 I '.I,~ ! .• . I 1-1.,;,,,,.1~6.6 6.6 

4.4 ,.-....... 
I I •Iii 1 4

.4 
2.8 I ... 
2.1 
1.7 --I . --~- I I -- I-- 2.3 

2.0 j l , ... CS • 1.1 

o.8 I D 
C i 

1· 

Figure 3.6 Restriction, Southern blot and hybridization analysis of 11.GM2 

A, C. DNA was restricted and electrophoresed through 0.7 % (w/v) agarose gels. B, D. The gel contents were blotted on to nylon membrane and hybridized to 

radiolabelled pNMl insert; autoradiograms are shown. Restriction enzymes used were B, BamHI; E, EcoRI; H, HindIJJ.; P, Pstl; S, SaU. AH denotes A+ Hindill, 11.S 

denotes A. + Smal. 
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Figure 3.7 Restriction map showing constructs employed in the cloning and sequencing of the mut genes 

3.5 .. 1. 14 --.j 

Only restriction sites employed in the generation and/or mapping of clones are shown. Restriction sites are B, BamHI; E, EcoRI; H, HindIII; N, Neal; P, Pstl; S, Sall ; S3, 
Sau3AI. The nucleotide sequence of the shaded region is shown in Figure 3.8. 
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M E T R F S F I C I S E E F K F K V R D A L E S A G L G N I I I T Y T N S S D CCATGGAAACTAGATTTTCTTTCATCTGTATATCAGAAGAATTTAAATTTAAAGTAAGGGATGCATTAGAGAGTGCTGGATTAGGAAATATAATTATTACCTATACCAATTCTTCAGAT 1 0 30 50 70 90 110 

R E E L M E V I E N S D V I I T S P G R Y K E L Y E I N N G R R Q I I N F L Y S AGAGAAGAGTTAATGGAAGTAATAGAAAATTCTGATGTAATCATAACATCACCAGGAAGATATAAAGAACTTTATGAGATTAATAATGGTAGAAGACAAATTATAAATTTTCTTTACAGT 13 0 150 170 190 210 230 

L D D G S V K A L K S K L L E I K Y S K * TTAGATGATGGTTCTGTAAAAGCTCTAAAGTCTAAATTGTTGGAGATTAAATATTCAAAATAAATTTCATGCATAAATATATAAATTATATATATATAAATTATCTAGGAGGTTTTATAA 250 270 290 310 330 350 
muts 
M E K K T I V L G V I G S D C H A V G N K I L D H S F T N A G F N V V N I G V L ATGGAGAAAAAGACTATTGTTCTTGGAGTTATTGGTTCAGACTGTCATGCAGTTGGTAACAAAATATTAGACCACTCATTTACAAATGCAGGCTTCAATGTTGTTAACATAGGAGTTTTA 370 390 410 430 450 470 

S S Q E D F I N A A I E T K A D L I C V S S L Y G Q G E I D C K G L R E K C D E TCATCACAGGAAGATTTTATAAATGCAGCTATAGAAACTAAAGCAGACCTTATATGTGTTTCTTCATTATATGGACAGGGAGAAATTGACTGTAAAGGATTAAGAGAAAAGTGTGATGAA 490 51 0 530 550 570 590 

A G L K G I K L F V G G N I V V G K Q N W P D V E Q R F K A M G F D R V Y P P G GCAGGACTTAAAGGAATAAAATTATTTGTTGGCGGAAACATTGTTGTTGGTAAACAAAACTGGCCAGATGTTGAACAGAGATTTAAAGCAATGGGATTTGATAGAGTATATCCACCAGGA 610 630 650 670 690 710 

mutL T S P E T T I A D M K E V L G V E * M D A Y L L L ACATCTCCAGAAACAACAATAGCTGATATGAAAGAAGTTTTAGGAGTAGAATAATTTAACTAAAGGCTACTGTATTGCCTAAATTAGGAGTTGATTAAGGTGGATGCTTATTTACTTTTA 730 750 770 790 810 830 

D F G S T Y T K L T A V D I E N E G I L A T A K D I T T I E S D I M V G F N K A GATTTTGGTAGCACCTATACAAAACTTACTGCAGTAGATATAGAAAATGAAGGGATATTAGCTACAGCAAAAGATATAACAACTATAGAAAGCGATATAATGGTAGGGTTTAACAAAGCC 850 870 890 910 930 950 

Y E K L T E Q L E G K E V N F V K K L A C S S A A G G L K M I A I G L V P E L T TACGAAAAGCTTACTGAACAGTTAGAAGGAAAAGAAGTGAATTTTGTTAAAAAGTTAGCATGTTCATCTGCAGCAGGTGGACTAAAGATGATAGCCATCGGTCTTGTACCAGAACTTACA 970 990 1 010 103 0 105 0 1 070 
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A E A A K R A A L G A G A R V L N V Y S Y D L T N K E V E E I K N S N L D I I L GCAGAAGCTGCAAAGAGAGCTGCTCTTGGAGCAGGAGCTAGGGTACTAAATGTATATAGTTACGATTTGACTAATAAAGAAGTTGAAGAAATAAAAAATTCTAACTTGGACATAATACTT 1 0 90 111 0 1130 1150 1170 119 0 

L A G G T D G G N K E C M I H N A K M L A E H G V K L P I V V A G N K V V S D E TTAGCAGGTGGTACAGATGGTGGAAATAAAGAATGTATGATTCATAATGCAAAAATGCTAGCTGAGCATGGAGTTAAACTTCCAATAGTTGTAGCAGGAAATAAAGTAGTTAGTGATGAA 121 0 123 0 1250 1270 1290 131 0 

V S E I F D K A G I F Y R V T E N V M P K L N T L N V E P A R E E I R Q .I F M K GTATCAGAAATATTTGATAAAGCAGGTATATTTTATAGAGTTACTGAAAATGTAATGCCCAAGTTAAATACATTAAATGTAGAACCTGCAAGAGAAGAAATAAGACAAATATTTATGAAA 1 330 135 0 1370 1390 1410 143 0 

K I V E A K G M S N A E S F I N G I L M P T P A A V L K A A R V L A E G T D K E AAAATTGTAGAAGCAAAAGGAATGTCAAATGCTGAAAGCTTTATTAATGGAATACTTATGCCTACTCCAGCAGCAGTTTTAAAGGCAGCTAGAGTATTAGCAGAAGGAACCGATAAAGAA 145 0 1470 1490 1510 1530 1550 

D G I G D L I V V D I G G A T T D V H S L A D G E P S K P G V T L R G L E. E P F GATGGTATTGGCGATTTAATAGTAGTAGATATTGGTGGTGCTACTACAGATGTACACTCACTTGCAGATGGCGAGCCATCTAAGCCAGGAGTTACATTAAGAGGGCTTGAAGAACCTTTT 1 570 159 0 161 0 1630 1650 1670 

A K R T V E G D L G M R Y S A I S L W E A S G T R K L Q K Y L C D N T V D V E A GCAAAAAGAACTGTTGAAGGCGACCTAGGAATGAGATATTCTGCCATTTCCTTATGGGAGGCATCAGGAACAAGAAAACTTCAAAAATATCTATGTGATAATACTGTAGATGTAGAAGCT 1 690 1710 1730 1750 1770 1790 

C C K Y R A E H I K M V P E T E E E I K F D E A M A K V A T D M A M E R H V G V TGTTGTAAATATAGAGCTGAACATATAAAAATGGTACCCGAGACAGAAGAAGAAATTAAGTTTGATGAAGCTATGGCTAAGGTTGCAACTGATATGGCTATGGAAAGACATGTAGGAGTT 181 0 183 0 1850 1870 1890 1910 

I E S M Y T P M G V I Y S Q I G K D L L N V K C V I G T G G V L V H S K N P G E ATAGAAAGTATGTATACTCCTATGGGAGTCATATATAGTCAGATAGGTAAAGACTTGTTAAACGTAAAGTGTGTAATAGGAACTGGAGGAGTACTAGTTCATAGTAAGAATCCAGGTGAA 1 930 195 0 1970 1990 2010 2030 

I L K A G S F D M A D A T H L K P Q H P E Y Y I D K T Y I L S A M G L L A E D L ATACTAAAAGCAGGGTCATTTGATATGGCCGATGCTACTCATTTGAAACCACAGCATCCAGAATATTATATAGATAAAACATATATATTATCTGCAATGGGGCTTCTAGCAGAAGATCTT 2050 2070 2090 2110 213 0 2150 
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mutE P D K A V R I M K K Y L V K V * M E L K N K K W T D E E F F K O R E E CCAGATAAAGCAGTTAGAATAATGAAAAAGTATTTGGTTAAAGTTTGATAGGAGGGAATTTCAGTGGAACTTAAGAATAAAAAATGGACAGATGAAGAATTTTTTAAACAAAGAGAAGAA 2170 2190 2210 2230 2250 2270 

y L K Q W P T G K E V D L Q E A V D Y L K K V P T E K N F A D K L V R A K E A G GTATTAAAGCAGTGGCCAACAGGTAAGGAAGTAGATTTACAGGAAGCTGTAGATTACTTAAAGAAGGTACCAACAGAAAAGAACTTTGCTGATAAATTAGTTAGAGCAAAAGAAGCAGGA 2290 2310 2330 2350 2370 2390 

I T L A Q P R A G V A L L D E H I N L L R Y L Q D E G G A D L L P S T I .D A Y T ATAACTTTAGCTCAGCCAAGAGCAGGTGTTGCATTACTTGATGAACATATTAATTTATTAAGATATTTACAAGATGAAGGTGGCGCAGATTTATTACCTTCAACAATTGATGCATATACA 2410 2430 2 45 0 2470 2490 2510 

R Q N R Y E E C E I G I K E S E K A G R S L L N G F P G V N H G V K G C R K V L AGACAGAATAGATATGAAGAATGTGAAATTGGTATAAAAGAAAGTGAAAAAGCTGGAAGATCATTATTAAATGGTTTCCCAGGAGTTAACCATGGTGTTAAAGGTTGTAGAAAGGTTTTA 2530 25 5 0 257 0 2590 2610 2630 

E S V N L P L Q A R H G T P D S R L L A E I I H A G G W T S N E G G G I S Y N I GAATCAGTAAACTTACCACTACAAGCTAGACATGGTACACCAGATTCAAGATTACTTGCTGAAATAATTCACGCTGGTGGATGGACTTCAAATGAAGGAGGCGGTATCTCCTACAACATT 26 50 2670 2690 2710 2730 2750 

P Y A K S V P I D K C L K D W Q Y C D R L V G F Y E E Q G V H I N R E P F G P L CCATACGCTAAATCAGTTCCAATTGATAAATGTTTAAAAGATTGGCAGTATTGCGATAGACTTGTTGGTTTCTATGAAGAACAAGGAGTTCATATAAACAGAGAACCATTCGGACCATTA 2 770 2790 28 1 0 2 830 2850 28 70 

T G T L V P P S M S N A V G I T E A L L A A E Q G V K N I T V G Y G E C G N M L ACAGGAACACTTGTACCACCATCAATGTCAAATGCAGTAGGAATTACAGAAGCTTTACTTGCAGCAGAACAAGGAGTTAAAAACATCACTGTTGGATATGGTGAGTGTGGAAACATGCTT 28 90 29 1 0 2930 2950 2970 2990 

Q D I A A L R C L E E Q T N E Y L K A Y G Y N D V F V T T V F H Q W M G G F P Q CAGGATATAGCTGCATTAAGATGTTTAGAAGAACAGACAAATGAATACCTAAAAGCTTATGGATACAATGATGTATTTGTAACAACAGTATTCCATCAGTGGATGGGTGGATTCCCTCAA 30 1 0 3030 3050 3070 3090 3110 

D E S K A F G V I V T A T T I A S L A G A T K V I V K T P H E A I G I P T K E A GATGAATCCAAAGCATTTGGCGTTATAGTAACAGCTACAACTATAGCATCATTAGCAGGAGCAACTAAAGTTATAGTTAAGACTCCACATGAAGCTATTGGTATACCAACAAAAGAAGCT 3130 3150 317 0 31 90 3210 3230 
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N A S G I K A T K M· A L N M L E G Q R M P M S K E L E T E M A I I K A E T K C I AATGCTTCAGGTATCAAAGCTACAAAGATGGCATTAAATATGTTAGAAGGACAGAGAATGCCAATGTCAAAAGAATTAGAAACTGAAATGGCAATTATAAAAGCTGAAACTAAATGCATA 3250 3270 3290 33 10 3330 3350 

L D K M F E L G K G D L A V G T V K A F E T G V M D I P F G P S K Y N A G K M M CTTGATAAGATGTTTGAATTAGGAAAAGGTGATTTAGCAGTAGGTACTGTTAAAGCATTCGAAACTGGTGTTATGGATATACCATTTGGACCAAGCAAATACAATGCAGGAAAAATGATG 
3370 3390 3410 3430 3450 3470 

P V R D N L G C V R Y L E F G N V P F T E E L K N Y N R E R L A E R A K F E G R CCAGTTAGAGACAACTTAGGATGCGTAAGATACCTAGAATTCGGTAACGTTCCATTTACTGAAGAATTAAAGAATTATAACAGAGAAAGATTAGCTGAAAGAGCTAAATTCGAAGGAAGA 
349 0 3510 3530 35 50 3570 3590 

E V S F Q M V I D D I F A V G K G R L I G R P E N K * 
GAAGTTAGCTTCCAGATGGTTATTGATGATATATTTGCAGTAGGTAAAGGAAGACTTATCGGAAGACCAGAAAATAAATAATTTATAAGACCTTGTTTATTACCACATTTAATGCTGGCA 361 0 3630 36 5 0 3670 3690 3 71 0 

bma 
..1. L__ ____ __ _ M K I V D V L C T P G 
GGAAACTGTCAGCATGGATGTGGATAAAAATATATAATAACAATTAGTTGTTAAATTTTATTAAAAAAAAAGGACAGGTGAATAATTATGAAAATTGTTGACGTACTTTGTACACCAGGA 

3730 3750 3770 3790 381 0 3830 

L T G F Y F D D Q R A I K K G A G H D G F T Y T G S T V T E G F T Q V R Q K G E 
TTAACTGGATTCTATTTTGATGACCAAAGAGCAATCAAAAAGGGAGCAGGACATGATGGATTTACATATACTGGCTCTACTGTAACAGAAGGATTTACTCAAGTAAGACAAAAAGGTGAA 385 0 3870 3890 391 0 3930 3950 

Pst I 
S I S V L L V L E D G Q V A H G D C A A 

TCAATATCTGTATTATTAGTTCTTGAAGATGGTCAGGTTGCTCACGGAGATTGTGCTGCAG 
3 970 3990 40 1 0 

Figure 3.8 Nucleotide and deduced protein sequence of the mut genes 

Potential ribosome binding sites are underlined in the DNA sequence. The opposing arrows above the nucleotide sequence indicate a region of dyad symmetry which could 
potentially function as a transcription terminator; the gap denotes a mismatch and the dots represent neutral G·T pairings. Stop codons are denoted by*. The underlined 
protein sequences were previously determined by automated sequencing of enzymes purified from C. tetanomorphum. Bma encodes ~-methylaspartase. 



P s MCM 595 GRRPRILLAKMGQ lQl G [81 DR@ QKVI ATAYADLGFDVDVGPLFQTPEETARQ ~ 644 
Sc MCM 59 8 GRRPRILVAKMGQ lQl G ilJ1 DR@ QKVIASAFADLGFDVDVGPLFQTPAEVARQ ~ 647 
Hs MCM 612 GRRPRLLVAKMGQ lQl G [81 DR@AKVIATGFADLGFDVDIGPLFQTPREVAQQ ~ 661 
Mm MCM 610 GRRLGLLVAKMGK lQl G [81 DR@ AKVIATGFADLGFDVDIGPLFQTPREVAHD ~ 659 
Pg MCM 585 GRQPRIMIAKMGQ lQl G [8( DR @AKWATGYADCGFDVDMGPLFQTPEEAARQ ~ 634 
Ee SBM 582 GRRPRILIAKMGQ lQl G lfil DR @AKVIASAYSDLGFDVDLSPMFSTPEEIARL ~ 63 1 
Cb MGM 470 TRPEKIVLATVGA lQl A [8( VN@ INVIREAFQDAGYDVVYLRGMNLPESVAEV ~ 51 9 
Ct Muts 1 MEKKTIVLGVIGS l.Q) C lfil AV @ NKILDHSFTNAGFNVVNIGVLSSQEDF INA~ 50 
Cc GlmS 1 MEKKTIVLGVIGS l.Q) C [81AV@NKILDHAFTNAGFNVVNIGVLSPQEVFIKA~ 50 
Ee MetH 744 KTNGKMVIATVKG l.Q) V [81 DI@ KNIVGWLQCNNYEIVDLGVMVPAEKILRT ~ 79 3 
Ce Me t H 76 0 PYQGTWIATVKG l.Q) V [81 DI@ KNIVSWLGCNNFKWDLGVMTPCENI IKA~ 80 9 
Ml MetH 71 6 LAKGRIVLATVKG l.Q) V IB1 DI@ KNLVDIILSNNGYEVVNLGIKQPITNILEV ~ 7 65 

Ps MCM 645 VEADVHWGV ,~ SLAGGHLTLVPALRKELDKL@ . RPDILITV@ @ VIPEQDF 69 3 
Sc MCM 64 8 VEADVHIVGV ,~ SLAAGHLTLVPALREELAAE@ . RDDIMIW@@ VIPPQDV 696 
Hs MCM 66 2 VDADVHAVGV ~ TLAAGHKTLVPELIKELNSL@ . RPDILVMC@ @ VIPPQDY 71 0 
Mm MCM 660 VDADVHAVGV ~ THAAGHKTLVPELIKELTAL@ . RPDILVMC@ @ VIPPQDY 708 
Pg MCM 635 VENDVHVMGV ~ SLAAGHKTLIPQVIAELEKL@ . RPDILVTA@ @VIPAQDY 683 
Ee SBM 632 VENDVHWGA ~ SLAAGHKTLIPELVEALKKW@ . REDICWA@ @VIPPQDY 680 
Cb MGM 520 AEVGADAVGV ~ NLLGLGMELFPRVSKRLEEL@ LRDKMWCA@@ RIAEKEE 56 9 
Ct MutS 51 IETKADLICV ~ SLYGQGEIDCKGLREKCDEA@ L . KGIKLFV @@ NIWGKQ 99 
Cc GlmS 51 IETKADAILL ~ SLYGQGEIDCKGLRQKCDEA@ L . EGILLYV@ @NIWGKQ 99 
Ee MetH 794 KEVNADLIGL ,~ GLITPSLDEMVNVAKEMERQ@ F . . TIPLLI@ @ATTSKAH 841 
Ce Me tH 810 IEEKADFIGL ,~ GLITPSLDEMVYVAKEMNRV@ L . . NIPLLI@ @ATTSKTH 857 
Ml Me tH 76 6 EDKSADW GM ~ GLLVKSTVIMKENLEEMNTR @VAEKFPVLL@ @AALTRSY 815 

Ps MCM 694 DE .. LRK .... . .... DGAVEIYTPGTVIPESAISLVKKLRASLDA* .. . 72 8 
Sc MCM 697 EA .. LHE ......... AGATAVFPPGTVIPDAAHDLVKRLAADLGHEL* . 733 
Hs MCM 711 EF . . LFE ..... . . .. VGVSNVFGPGTRIPKAAVQVLDDIEKCLEKKQQS 749 Mm MCM 709 EF .. LYE .. ... . .. . VGVSNVFGPGTRIPRAAVQVLDDIEKCLAEKQQS 7 47 
Pg MCM 684 DF .. LYQ . .. ..... . AGVAAIFGPGTPVAYSAAKVLEIL .. . LEE* .. . 715 
Ee SBM 68 1 AF .. LQE .. ....... RGVAAI YGPGTPMLDSVRDVLNLISQHHDLQQVR 741 
Cb MGM 570 EHRQFEEKIQKEGSAFMGMDGFFGPGSS . PEDCVKIIGDMINAKKA* ... 614 
Ct Muts 100 NWPDVEQRFKA ..... MGFDRVYPPGTSPETTIADMKEVLGVE* ... . .. 137 
Cc GlmS 100 HWPDVEKRFKD .. .. . MGYDRVYAPGTPPEVGIADLKKDLNIE * ...... 137 
E e MetH 84 2 TAVKIEQNYSG ... .. ... PTVYVQNASRTVGWAALLS DTQRDDFVART 883 
Ce MetH 858 TAVK I S PRYPH ........ PW HCLDASKSVWCSSLSDMSVRDAFLQDL 899 
Ml MetH 8 1 6 VENDLAEVYEG . .. .. . .. EVHYARDAFEGLKLMDTIMSAKRARRCAGEP 857 

Figure 3.9 Alignment of MutS with other available sequences 

Represented are Ps MCM, methylmalonyl-CoA mutase a -subunit from P. shermanii ; Sc MCM, 
methylmalonyl-CoA mutase a -subunit from S. cinnamonensis; Hs MCM, methylmalonyl-CoA mutase from 
human; Mm MCM, methylmalonyl-CoA mutase from mouse; Pg MCM, methylmalonyl-CoA mutase a 
subunit homologue from P. gingivalis; Ee SBM, methylmalonyl-CoA mutase a-subunit homologue from E. 
coli; Cb MGM, a-methyleneglutarate mutase from C. barkeri; Ct MutS, glutamate mutase component S from 
C. tetanomorphum; Cc GlmS , glutamate mutase component S from C. cochlearium; Ee MetH, methionine 
synthase from E. coli; Ce MetH, methionine synthase homologue from C. elegans; Ml MetH, methionine 
synthase homologue from M. leprae. 
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muto mur muto 
R C E 
i i i 

mur 
D 

i 
MCM 612 GRRPRLLVAKMGQDGHDRGAKVIATGFADLGFDVDIGPLFQTPREVAQQA 671 

: : : : : I I I I I :: : I 11 : I I Mu t S 1 MEKKTIVLGVIGSDCHAVGNKILDHSFTNAGFNVVNIGVLSSQEDFINAA 50 

mur 
R 

i 

mur 
w 
i 

mutO 
R 

i 
MCM 662 VDADVHAVGVSTLAAGHKTLVPELIKELNSLGRPDILVMCGGVIPPQDYE 711 

11 I : : I I : I 11 I MutS 51 IETKADLICVSSLYGQGEIDCKGLREKCDEAGLKGIKLFVGGNIVVGKQN 100 

mur 
V 

i 
MCM 712 F ...... LFEVGVSNVFGPGTRIPKAAVQVLDDIEKC 74 2 

: I I : 111 
MutS 101 WPDVEQRFKAMGFDRVYPPGTSPETTIADMKEVLGVE 137 

Figure 3.10 Alignment of MutS with human methylmalonyl-CoA mutase (MCM) 
Residues connected by arrows indicate point mutations in MCM naturally occurring in the population. The 
phenotypes of primary fibroblasts bearing indvidual mutations are given in italics. Identical residues are denoted 
by 'I' and conserved residues by ':'. Residues invariant in Fig. 3.9 are shown in bold text. 
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* * * * MutS 1 MEKKTIVLGVIGSDCHAVGNKILDHSFTNAGFNVVNIGVLSSQEDFINAA 

Mu tS EEEEEEEE EEEEEEEE EEEEEEE HHHHHHHH 
MGM EEEEEEEE HHHHHHHHHHH EEEEE HHHHHHHH 
MCM EEEEHHH HHHHHHHHHHHHHH HHHHHHHH 

Me tH EEEEEEE HHHHHHHHHHHHH EEEEEE HHHHHHHHH 
11~1 Ila.I 11~2 lla2 

* * ** MutS 51 IETKADLICVSSLYGQGEIDCKGLREKCDEAGL.KGIKLFVGGNIVVGKQ 

Muts HH EEEEEEE EEEE HHHHHHHHHHH EEEEEE EEEEEE MGM HHH HHH HHHHHHHH EEEE HHHH MCM HH EEEEEEE HHHHHHHHHHHHHHHH EEEEE HHHH 

Me tH HHH EEEEEE HHHHHHHHHHHHHHHHHHH EEEEE HHHH 
11~3 lla.3 11~4 lla.4 

Muts 100 NWPDVEQRFKA . .. .. MGFDRVYPPGTSPETTIADMKEVLGVE 137 

Mu t s 
MGM 
MCM 

Me tH 

HHHHHHHH-----H EE 
HHHHHHHHHHH EEEE 
HH--HHH EEEE 

HHHHHHHHH 
HHHHHHHHHHHHH 

HHHHHHHHHHHHHH 

HHH EEEEEE HHHHHHHHHHHH HH 
lla6 11~5 Ila.5 

Figure 3.11 Aligned secondary structure predictions 

50 

99 

Predicted by the profile neural network method of Rost & Sander (1993, 1994) are secondary structures in MutS, 
glutamate mutase component S from C. tetanomorphum; MGM, a.-methyleneglutarate mutase from C. barkeri; 
MCM, methylmalonyl-CoA mutase from P. shermanii. Also included are secondary structure elements of 
methionine synthase (MetH), as observed in the crystal structure (Drennan et al. , 1994a,b). Asteriscs denote 
invariant residues; H, a-helix; E, extended ~-strand; gaps denote loops. 
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170 * 180 190 200 210 
Ema GAEINAVPVFAQSGDDRYDNVDKMIIKEADVLPHALINNVEE-KLGLKG-EKLLEYVK II : : : : : I : : : I I : : : : I I I : : : : I : I : I : I I I : I I I : MutE GADLLPSTIDAYTRQNRYEECE-IGIKESEKAGRSLLNGFPGVNHGVKGCRKVLESVN 

90 100 110 120 130 140 

Figure 3.12 Alignment of a portion of MutE with ~-methylaspartase (Bma) 
The aligned regions are G87 to N143 of MutE and G161 to K216 of ~-methylaspartase. Identical residues are 
denoted by 'I' and conserved residues by':'. The active site serine of ~-methylaspartase is denoted by*· 
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Amino Codon Number Percentage 
acid mutS mutL mutE mutS mutL mutE E.coli 

Gly GGG 0 5 0 0 13 0 6.8 
Gly GGA 11 18 23 69 47 50 4.6 
Gly GGT 3 12 20 19 32 43 47.8 
Gly GGC 2 3 3 12 8 7 40.8 

Glu GAG 1 4 1 10 10 2 26.6 
Glu GAA 9 37 45 90 90 98 73.4 
Asp GAT 5 24 20 56 89 95 51.0 
Asp GAC 4 3 1. 44 11 5 49.0 

Val GTG 0 2 1 0 5 3 26.8 
Val GTA 2 22 14 14 55 41 22.9 
Val GTT 12 15 19 86 38 56 37.5 
Val GTC 0 1 0 0 3 0 12.9 

Ala GCG 0 0 0 0 0 0 30.5 
Ala GCA 6 26 20 75 57 51 22.9 
Ala GCT 2 16 19 25 35 49 27.9 
Ala GCC 0 4 0 0 9 0 18.8 

Arg AGG 0 1 0 0 8 0 0.3 
Arg AGA 3 12 22 100 92 100 1.2 
Ser AGT 0 5 1 0 25 6 6.5 
Ser AGC 0 3 2 0 15 12 21.6 

Lys AAG 2 12 11 18 30 29 23.3 
Lys AAA 9 28 27 82 70 71 76.7 
Asn AAT 3 15 13 43 83 57 24.2 
Asn AAC 4 3 10 57 17 43 75.8 

Met ATG 3 18 13 100 100 100 100 
Ile ATA 7 25 13 64 76 48 0.5 
Ile ATT 4 7 10 36 21 37 37.3 
Ile ATC 0 1 4 0 3 15 62.2 

Thr ACG 0 0 0 0 0 0 19.7 
Thr ACA 4 11 16 67 42 59 5.9 
Thr ACT 2 13 11 33 50 41 23.8 
Thr ACC 0 2 0 0 8 0 50.6 

Trp TGG 1 1 5 100 100 100 100 
End TGA 0 1 0 0 100 0 n/a 
Cys TGT 4 6 5 100 100 62 42.0 
Cys TGC 0 0 3 0 0 38 58.0 

End TAG 0 0 0 0 0 0 n/a 
End TAA 1 0 1 100 0 100 n/a 
Tyr TAT 2 13 8 100 87 53 40.6 
Tyr TAC 0 2 7 0 13 47 59.4 

Leu TTG 0 5 0 0 12 0 69.1 
Leu TIA 6 15 30 67 36 71 5.8 
Phe TTT 5 10 9 83 100 50 43 .5 
Phe TIC 1 0 9 17 0 50 56.5 

Ser TCG 0 0 0 0 0 0 11.4 
Ser TCA 5 6 11 71 30 69 8.3 
Ser TCT 2 5 0 29 25 0 26.5 
Ser TCC 0 1 2 0 5 12 25.6 

Arg CGG 0 0 0 0 0 0 3.2 
Arg CGA 0 0 0 0 0 0 2. 3 
Arg CGT 0 0 0 0 0 0 58.1 
Arg CGC 0 0 0 0 0 0 35.0 

Gin CAG 3 3 10 75 60 62 73.4 
Gln CAA 1 2 6 25 40 38 26.6 
His CAT 1 7 6 50 88 86 38.9 
His CAC 1 1 1 50 12 14 61.1 

Leu CTG 0 0 0 0 0 0 69.1 
Leu CTA 0 8 3 0 19 7 1.8 
Leu CTT 3 14 9 33 33 21 8.6 
Leu CTC 0 0 0 0 0 0 6.6 

Pro CCG 0 0 0 0 0 0 65.l 
Pro CCA 4 9 19 100 60 86 19.9 
Pro CCT 0 4 3 0 27 14 9.0 
Pro CCC 0 2 0 0 13 0 6.0 

Table 3.1 Codon usage of the mut genes. Average E. coli codon usage taken from Ogasawara (1985). 
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CHAPTER 4 

EXPRESSION, PURIFICATION 

AND CHARACTERIZATION 

OF RECOMBINANT 

GLUTAMATE MUTASE 



4 .1 INTRODUCTION 

Many physical and kinetic techniques which can potentially yield valuable structural and 

mechanistic information require large amounts of pure protein. Component E and component 

S have previously been purified from C. tetanomorphum (Suzuki & Barker, 1966; Switzer & 

Barker, 1967). The enzyme subunits have more recently also been purified from C. 

cochlearium (Leutbecher et al., 1992a), but the use of clostridia as a source of the enzyme has 

had several shortcomings. 

Component S was purified to greater than 90 % purity from C. tetanomorphum and to 

homogeneity from C. cochlearium, giving preparations suitable for kinetic and structural 

studies of this subunit. In contrast, preparations of component E from C. tetanomorphum 

were 75 % pure at best. The E subunit was purified closer to homogeneity from C . 

cochlearium, but trace amounts of component S were present. These component E 

preparations, although inactive in the absence of added AdoCbl, usually had a definite pink 

colour and a uv-vis absorption spectrum which suggested the presence of an ill-defined 

cobamide. The cobamide was not removed by treatment with charcoal, nor with 8 M urea, 

indicating that it was tightly bound to the protein. These features were still observed when the 

purification was carried out under red light. Hence, these preparations were thought to 

comprise a mixture of cobamide-containing inactive enzyme and cobamide-free active enzyme 

(Leutbecher et al., 1992a). An improved purification of component E from C. cochlearium 

was subsequently reported (Leutbecher et al., 1992b). This procedure yielded colourless and 

highly active enzyme, yet was simpler than any other previously described. It had good 

potential for use in purifying the C. tetanomorphum enzyme. 

There are additional drawbacks in using clostridia as a source of glutamate mutase. 

Although the enzyme is expressed at a reasonably high level, ea. 1 % of total cell protein as 

judged by SOS-PAGE (E.N.G. Marsh, unpublished results) or by specific activity 

measurements (Leutbecher et al., 1992a,b), large-scale bacterial cultures are required to obtain 

quantites adequate for detailed study (for example, a 30 litre C. cochlearium culture yielded 

only 3.5 mg of partially purified component E; Leutbecher et al., 1992a). High expression of 
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the enzymes responsible for glutamate fermentation requires an elaborate growth medium 

supplied under anaerobic conditions (Barker et al., 1959). In common with most anaerobic 

bacteria, cultures also grow relatively slowly. Finally, genetic manipulation of C. 

tetanomorphum has not been documented, which means that site-specific mutagenesis of the 

enzyme in the natural host is not a realistic possibility. 

In theory, all the problems described above can be overcome by expression of the 

glutamate mutase genes in a suitable heterologous host. Escherichia coli is the most 

extensively used host because of the advanced knowledge concerning its genetics and 

physiology. Advantages of E. cali-based expression systems include rapid generation of 

biomass due to high rates of cell growth, the availability of low-cost culture conditions, and the 

ease of construction of mutant proteins. It is therefore often the initial choice when considering 

heterologous expression of a gene. Some drawbacks in the use of E. coli as a host for the 

production of foreign proteins are its limited capacity to secrete proteins and its inability to 

perform certain post-translational modifications, such as disulphide bond formation or 

glycosylation. However, these shortcomings are more likely to pose a problem when 

expressing eukaryotic proteins, and in general, proteins from other bacteria are produced in an 

active form. 

Due to their relatively small size and high copy number, plasmid vectors have been the 

means of choice for gene cloning and expression in bacteria and yeast. In E. coli, various 

plasmid-based systems have been developed which allow a protein to be expressed directly or 

as a fusion protein, to accumulate within the cell or to be secreted (Goeddel, 1990). For bulk 

production of glutamate mutase, the ideal system was to lead to high-level accumulation of 

apoenzyme. In general, recombinant polypeptides accumulate to higher levels when expressed 

intracellularly, so a strong, direct expression system was chosen. The system is described here 

and its features are highlighted. 

A bacteriophage T7 RNA polymerase-based expression system was employed 

(developed and reviewed by Studier et al., 1990). The RNA polymerase of bacteriophage T7 

recognizes only T7 promoters, and not those present in the E. coli genome. Furthermore, E. 

coli RNA polymerase does not utilize T7 promoters. The T7 enzyme transcribes DNA about 
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five times faster than does the E. coli enzyme, and efficient termination signals are rare. When 

provided in an inducible manner, it is ideally suited to directing high-level expression of 

specific genes. This to the extent that, in some cases, almost all transcription in the cell rapidly 

becomes due to T7 RNA polymerase, to the detriment of host RNA polymerase activity 

(Studier & Moffatt, 1986). 

The expression vectors chosen were derivatives of plasmid pT7- l (Tabor & 

Richardson, 1985). The ancestral plasmid has a limited number of sites in the polylinker 

region, so this region has been elaborated to form pT7-7 (S. Tabor, unpublished work) and 

pT7-18 (P. Caffrey, unpublished work; Fig. 4.1). The plasmid contains the ColEl origin, 

facilitating stable replication and maintenance of copy number at 15-20 per cell. Increasing the 

number of copies of a gene has long been recognized as a method of increasing its expression 

level. A gene conferring resistance to the antibiotic ampicillin is present to allow selection of 

cells containing the plasmid. To express a given gene, the gene is inserted into the expression 

vector by use of the unique Ndel site. This places the gene under the control of the strong T7 

RNA polymerase <j>lO promoter and provides an efficient translation start site. 

pT7-18 

2.5 kbp 

ColEl origin 

Figure 4.1 Expression vector pT7-18 

bla, ~-lactamase gene; T7<J> l0, T7 promoter; rbs, ribosome binding site. 
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The system requires that the ATG start codon of the cloned gene be part of the NdeI site (i.e. 
CATA'JI'G), which is usually not the case in the wild-type gene. In these instances, an Ndel 

site must be introduced by mutation. 

One drawback of T7 RNA polymerase is that when a single T7 promoter is present, 
even low levels of T7 RNA polymerase are eventually lethal to the cell, presumably because its 
efficient transcription serves as a sink for ribonucleoside triphosphates (Tabor & Richardson, 
1985). Hence, in TI-based expression systems, T7 RNA polymerase is induced only when 
the culture has reached a suitable density. The chosen system contains the gene encoding T7 
RNA polymerase integrated into the chromosome of the host strain, E. coli BL21(DE3) 
(Studier & Moffatt, 1986). Transcription of T7 RNA polymerase is directed by the lacUV5 
promoter, which is inducible by addition of IPTG to the culture. Induced T7 RNA polymerase 
in tum transcribes the target DNA cloned into the expression plasmid. The expression strain 
BL21(DE3) is a B strain and so is deficient in the cytoplasmic Lon protease that can degrade 
foreign proteins. It also lacks the ompT outer membrane protease that can degrade proteins 
during purification. These are both potential advantages. 

The small basal level of T7 RNA polymerase in uninduced BL21(DE3) cells can 
prevent some cloned genes from being established or make them difficult to maintain. A low 
level of bacteriophage T7 lysozyme, a natural inhibitor of T7 RNA polymerase, supplied by 
plasmid pLysS (Studier, 1991), is sufficient to stabilize many toxic plasmids whilst having 
little effect on expression of the cloned gene(s). The presence of pLysS has the further 
advantage in that T7 lysozyme is a bifunctional protein which weakens the E. coli cell wall, 
thereby aiding in the lysis of harvested cells. 

Active apo-glutamate mutase was successfully produced using this system. The 
purified enzyme complex was characterized by a range of physical and kinetic methods, and 
comparison was made with the enzyme purified from C. tetanomorphum (reviewed by Barker, 
1985). 
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4. 2 RESULTS AND DISCUSSION 

4. 2.1 Construction of pmutSX, a mutS expression plasmid 

A mutS expression plasmid was constructed by Dr E.N.G. Marsh in the following 

manner: 

The mutS gene was amplified by use of the polymerase chain reaction (PCR), 

employing the thermostable Taq DNA polymerase (Saiki et al., 1988). Oligonucleotides #3209 

and #3210 were used, the former of which incorporates the ATG start codon into an Ndel site. 

To amplify mutS, ea. 10 ng of plasmid pGMl was used as template. Amplification was 

achieved with 25 cycles of: 95 DC for 1 ruin, 40 DC for 1 ruin, and 72 DC for 2 min. The 

reaction was then maintained at 72 DC for 10 min. PCR products were firstly purified by 

extraction with phenol/chloroform and precipitation with ethanol. They were then end-repaired 

using E. coli DNA polymerase I Klenow fragment and phosphorylated using T4 

polynucleotide kinase. These fragments were then ligated with Smal-restricted and 

dephosphorylated pUC119, and the ligation mixtures were used to transform E. coli TGl 

recO. Plasmids were isolated from recombinant bacteria and clones with correctly-sized inserts 

were identified by restriction analysis. The DNA sequence of their inserts was determined by 

sequencing plasmid DNA directly using pUC/M13 forward and reverse primers. This 

identified a plasmid which contained the mutS gene with no unintended mutations, which was 

designated pmutS. 

The insert was excised from pmutS by excision with BamHI and Ndel endonucleases 

and purified by electrophoresis through a 5 % (w/v) polyacrylamide gel. The insert fragment 

was eluted from a crushed gel slice and ligated with Ndel/BamHI-restricted pT7-18 . The 

ligation mixture was used to transform E. coli TGl recO and recombinant bacteria were 

analyzed by restriction mapping their plasmids. The plasmid that contained the mutS gene 

cloned in the correct orientation was designated pmutSX. 

To obtain expression from pmutSX, the plasmid was used fo transform E. coli 

BL21(DE3) pLysS. Attempts to transform BL21(DE3) with the plasmid yielded no ampicillin

resistant colonies, indicating that pmutSX was toxic to the cells. 
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4. 2. 2 Construction of pmutEX, a mutE expression plasmid 

The procedure followed in outline that described for the construction of pmutSX. 

Oligonucleotides #3781 and #3782 were used for the amplification of mutE, the former 

of which incorporates the ATG start codon into an Ndel site. To amplify mutE, ea. 100 ng of 

bacteriophage AGM2 DNA was used as template . . Amplification of mutE was achieved with 30 

cycles of: 93 °C for 1 min, 45 °C for 2 min, and 72 °C for 2 min. The reaction was then 

maintained at 72 °C for 10 min. PCR products were firstly purified by extraction with 

phenol/chloroform and precipitation with ethanol, then purified further by use of the 

GENECLEAN IJ® kit. PCR products were end-repaired and ligated with Smal-restricted and 

dephosphorylated pUCl 19 as described above, and the ligation mixtures were used to 

transform E. coli TG 1 recO. Plasmid DNA was sequenced using specifically synthesized 

oligonucleotide primers, and a plasmid which contained the mutE gene with no unintended 

mutations was designated pmutE. 

Plasmid pmutE was restricted with Ndel, Sall and Pvul endonucleases, and the 

fragments were dephosphorylated with calf intestine alkaline phosphatase. The fragments were 

then purified by extraction with phenol/chloroform and precipitated with ethanol. Plasmid 

vector pT7-7 was restricted with N de I and Sall endonucleases, then treated with the 

GENECLEAN IJ® kit to remove the small fragment liberated by restriction. The pmutE 

fragments were then ligated with the vector, and the ligation mixture was used to transform E. 

coli TG 1 recO. Plasmids were isolated from recombinant bacteria and restriction analysis 

identified a plasmid containing the mutE gene cloned in the correct orientation. This plasmid 

was designated pmutEX. 

To obtain expression from pmutEX, the plasmid was successfully used to transform E. 

coli BL21(DE3) in the absence of pLysS. 

4.2.3 Expression Conditions 

A method was developed for obtaining expression in the BL2l(DE3) pLysS pmutSX 

and BL21(DE3) pmutEX strains. Liquid cultures were incubated at 37 °C with shaking 

throughout. A single bacterial colony was used as inoculum for a 6 ml test tube culture in 2 x 
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TY broth, containing ampicillin (50 µg/ml). After overnight growth, 0.5 ml of the culture was 

used to inoculate 50 ml of the same broth in a 250 ml flask. This culture was grown until A600 

reached 1 (typically after 3 hours), then the whole culture was added to 950 ml of the same 

broth in a 2 litre flask. Incubation was continued until the culture A600 was between 1.0 and 

1.5 (a further 3 hours), at which point expression was induced by the addition of IPTG to 0.5 

mM. After 2-3 hours incubation in the presence of inducer, cells were approaching stationary 

phase and were harvested by centrifugation at 4000 x g for 15 min. They were then stored 

overnight at -20 °C. 

The method gave a reproducible rate of culture growth and level of product 

accumulation. In a typical expression experiment, three 1 litre cultures yielded 10-12 g cells 

(wet weight) in total. In general, the over-expressed protein comprised ea. 10 % of total cell 

protein as judged by SDS-PAGE. 

4.2.4 Purification of MutS 

A procedure for purification of recombinant MutS was developed, based on preliminary 

studies by Dr E.N.G. Marsh. 

All steps were performed on ice or at 4 °C. In a typical purification, 10 g of cells (wet 

weight) were resuspended in 20 ml of 50 mM potassium phosphate buffer, pH 6.9, containing 

1 mM DTT and 1 mM EDT A. The cells were ruptured by passage through a French Pressure 

Cell Press (Aminco, U.S.A.) operating at 15000 p.s.i. or, more effectively, by sonication in 6 

bursts of 30 sat 26 µm power output, using a MSE Soniprep 150 sonicator fitted with 9 mm 

diameter probe. Cell debris was removed by centrifugation at 25000 x g for 20 min and the 

supernatant (30 ml) was brought slowly to 40 % saturation in ammonium sulphate by slow 

addition of solid (242 g 1-1 ). The precipitate was removed by centrifugation at 25000 x g for 

15 min and the supernatant (28 ml) was brought slowly to 80 % saturation in ammonium 

sulphate (a further 262 g 1-1 ). The precipitated protein was recovered by centrifugation at 

25000 x g for 15 min and redissolved in a minimum volume of 40 mM potassium phosphate 

buffer, pH 6.9, containing 1 mM DTT and 1 mM EDTA. Ammonium sulphate was removed 

from the sample by dialysis overnight against 1 litre of the same buffer. 
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The dialysis residue (13 ml) was cleared by centrifugation at 25000 x g for 15 min and 

applied to a 2.6 x 20 cm Q-Sepharose Fast Flow anion exchange column equilibrated in 50 mM 

potassium phosphate buffer, pH 6.9, containing 1 mM DTT. The sample was eluted 

isocratically with the same buffer at a flow rate of 60 ml hr-1, and ea. 3.75 ml fractions were 

collected. The UV-absorbance of each fraction was measured (Fig. 4.2). A large peak of 

colloidal material eluted first, followed by a smaller peak containing many proteins. MutS 

eluted next in a well-resolved peak. Fractions containing MutS were pooled (66 ml in total) 

and concentrated by ultrafiltration in a stirred cell fitted with a PMlO membrane (exclusion limit 

lOkDa). 

The concentrated protein solution (8 ml) was applied to a 2.6 x 90 cm Sephacryl S-200-

HR gel filtration column equilibrated in 50 mM potassium phosphate buffer, pH 6.9, 

containing 1 mM DTT and 1 mM EDTA. The sample was eluted at a flow rate of 25 ml hr-1 

and ea. 3.75 ml fractions were collected. The UV-absorbance of each fraction was measured 

(Fig. 4.3). Fractions comprising the major protein peak (pure MutS) were pooled (26 ml in 

total) and concentrated by ultrafiltration as before. The MutS solution (2-3 mg m1-1) was 

dialysed overnight against the same buffer minus DIT. Glycerol was then added to 50 % (v/v) 

and the sample was stored at -20 °C. MutS could be stored in this way for several months 

without detectable loss of activity. 

This method of purification proved very reproducible and it was not necessary to assay 

fractions for MutS activity to locate the protein. Analysis of the purification procedure by 

SDS-PAGE (Fig. 4.4) shows that the ion-exchange chromatography step results in protein that 

is very nearly homogeneous. The minor contaminants are then removed by the gel filtration 

step. Approximately 10 mg of purified protein was obtained per litre of culture. 

4.2.5 Purification of MutE 

Recombinant MutE was purified by a procedure based on preliminary studies by Dr 

E.N.G. Marsh. In outline, the purification began as that described by Leutbecher et al. 

(1992a), but the final two chromatographic steps were not required. 

All steps were performed on ice or at 4 "C. In a typical purification, 10 g of cells (wet 

4.8 



weight) were resuspended in 20 ml of 50 mM potassium phosphate buffer, pH 6.9, containing 

1 mM DIT, 1 mM EDTA and 0.1 mM PMSF. The cells were ruptured by passage through a 

French Pressure Cell Press (Aminco, U.S.A.) operating at 15000 p.s.i., and cell debris was 

removed by centrifugation at 25000 x g for 20 min. The supernatant (29 ml) was brought to 2 

% (w/v) in steptomycin sulphate by dropwise addition of 2.9 ml of a 22 % (w/v) solution made 

up in the same buffer. The precipitated nucleic acids were removed by centrifugation at 25000 

x g for 15 min and the supernatant (28.5 ml) was brought to 40 % saturation in ammonium 

sulphate by slow addition of solid (242 g 1-1 ). The precipitate was removed by centrifugation 

at 25000 x g for 15 min and the supernatant was brought slowly to 70 % saturation in 

ammonium sulphate (a further 202 g 1-1 ). The precipitated protein was recovered by 

centrifugation at 25000 x g for 15 min and redissolved in a minimum volume of 10 mM 

potassium phosphate buffer, pH 6.9, containing 1 mM DIT and lmM EDTA. Ammonium 

sulphate was removed from the sample by dialysis overnight against 1 litre of the same buffer. 

The dialysis residue (8 ml) was cleared by centrifugation at 25000 x g for 15 min and 

applied to a 2.6 · x 20 cm Q-Sepharose anion-exchange column equilibrated in 10 mM 

potassium phosphate buffer, pH 6.9, containing 1 mM DTT. The column was washed with 45 

ml buffer and the sample was then eluted with a 400 ml linear gradient of 0-0.5 M KCl. The 

flow rate was 90 ml hr-1; ea. 3.75 ml fractions were collected. The UV-absorbance of each 

fraction was measured and those containing MutE were identified by glutamate mutase activity 

assay (Fig. 4.5). MutE activity eluted towards the start of the gradient in a sharp peak that was 

not fully resolved from other proteins. Active fractions were pooled (42 ml in total) and 

concentrated by ultrafiltration in a stirred cell fitted with a PMlO membrane (exclusion limit 10 

kDa). 

The concentrated protein solution (8 ml) was applied to a 2.6 x 90 cm Sephacryl S-200-

HR gel filtration column equilibrated in 50 mM potassium phosphate buffer, pH 6.9, 

containing 1 mM DTT and 1 mM EDTA. The sample was eluted at a flow rate of 25 ml hr-1 

and ea. 3.75 ml fractions were collected. The UV-absorbance of each fraction was measured 

(Fig. 4.6). Fractions comprising the major protein peak (MutE) were pooled (26 ml in total) 

and concentrated by ultrafiltration as before. After this step, MutE was homogeneous as 
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judged by SDS-PAGE (Fig. 4.7). Glycerol was then added to 50 % (v/v) and the purified 

protein (ea. 1 mg mI-1) was stored at -20 ·c. MutE could be stored in this way for several 

months without significant loss of activity. 

The yields and specific activities for each step in a typical purification are shown in 

Table 4.1. The ammonium sulphate fractionation step resulted in a significant loss of activity. 

Therefore, some purifications were undertaken in which this step was omitted. These gave a 

higher overall yield of activity, but the final preparation contained several minor contaminating 

proteins (data not shown). Anion-exchange chromatography gave the greatest increase in 

purity, but the gel filtration step was necessary to remove the remaining contaminants. 

Approximately 5 mg of purified protein was obtained per litre of culture. 

Purified MutE had a tendency to precipitate irreversibly when attempts were made to 

concentrate the protein above ea. 1 mg mI-1 by ultrafiltration. This was particularly 

pronounced when using Centricon-10 centrifugal concentrators, where there is no stirring of 

the solution. The inclusion of 20 % (v/v) glycerol or low concentrations of non-ionic detergent 

(0.02-20 mM octyl-~-D-glucopyranoside) did not improve recovery during ultrafiltration. 

However, MutE could be concentrated with little loss of protein by dialysis against 20 % (w/v) 

polyethylene glycol 20000. This suggested that interactions between MutE and the 

ultrafiltration membrane may cause the protein to aggregate. Attempts to pacify ultrafiltration 

membranes by prior exposure to bovine serum albumin did not cure the problem. A more 

gradual precipitation of MutE was noticed during dialysis or storage at 4 °C, although the 

protein could be stabilized somewhat by the presence of MutS or at least 15 % (v/v) glycerol. 

Negligible precipitation occurred during several months storage at -20 °C in the presence of 50 

% (v/v) glycerol. 

4.2.6 Physical characteristics of MutS and MutE 

Both recombinant proteins were indistinguishable from samples prepared from C. 

tetanomorphum when compared by SDS-PAGE and gel filtration (E.N.G. Marsh, unpublished 

data). Each was colourless, and had a simple uv-vis spectrum showing no evidence of any 

bound chromophoric cofactors. E. coli strains derived from K-12 do not appear to be able to 
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synthesize cobalamins de nova (Lundrigan & Kadner, 1989), but are capable of taking up 

cyanocobalamin and converting it into various cobalamin species (including AdoCbl). Any 

such process occurring in BL21(DE3) did not result in cobamide-containing MutE or MutS. In 

contrast, previous preparations of component E from C. tetanomorphum were always 

pink/orange due to tightly-bound cobamides (Suzuki & Barker, 1966; E.N.G. Marsh, 

unpublished data). 

Samples of MutS and MutE were desalted by reverse phase HPLC and then analyzed 

by electrospray mass spectrometry (ES-MS). The following estimates of molecular mass were 

obtained: 

ForMutS: 

Mr (predicted from gene sequence) = 14748. Mr (measured by ES-MS) = 14751 ± 3. 

ForMutE: 

Mr (predicted from gene sequence) = 53708. Mr (measured by ES-MS) = 53730 ± 4. 

Measured and predicted values for MutS were identical within experimental error. However, 

the Mr of MutE measured by ES-MS was 22 ± 4 a.m.u. higher than predicted. The most likely 

explanation for this is that MutE contains a bound sodium ion, Na+ (23 a.m.u.) . The data 

indicated that the desired gene products had been expressed. 

Pure samples of MutS and MutE dissolved in 50 mM potassium phosphate buffer, pH 

7.0, were analyzed using uv-vis spectrophotometry by Dr E.N.G. Marsh, and then subjected 

to acid hydrolysis and amino acid analysis. From these measurements and the amino acid 

composition determined by gene sequencing, absorption coefficients were calculated. For 

MutS, £280 = 9380 M-1 cm-1 and Eg;}J'° = 0.636 cm-1, the latter of which is in close agreement 

with the value of 0.644 determined previously (Switzer & Barker, 1967). For MutE, t:280 = 

56300 M-1 cm-1 and EglJ0 = 1.05 cm-1. 

The concentration of MutE samples determined by absorption at 280 nm and by the 

dye-binding assay of Bradford (1976) using bovine serum albumin as standard were 
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compared. The Bradford method was found to overestimate the concentration of MutE by a 

factor of 2.5, a potential source of error. The problem was overcome by constructing standard 

curves using electrophoretically pure MutE, the concentration of which was determined 

accurately by absorbance measurements. To allow comparison of measurements with those 

made by Buckel and colleagues using glutamate mutase purified from C. cochlearium, the 

bicinchoninic acid method (Smith et al., 1985) was evaluated as a means of determining MutE 

concentration. Better agreement was found using this reagent, although it still overestimated 

MutE concentration by a factor of 1.25. 

4.2.7 Kinetic analysis of recombinant glutamate mutase 

To attain full activity, it was necessary to incubate MutS in the presence of a thiol

reducing agent. In contrast, MutE did not show this requirement. This was also the case for 

the subunits purified from C. tetanomorphum (Switzer & Barker, 1967), and is presumably a 

consequence of inactivation by oxidation during purification. Reduction of MutS was routinely 

carried out at 4 °C with 5 mM DTT, where an incubation period of at least 2 hours was 

required. 

The steady-state kinetic properties of the enzyme were investigated. To calculate kinetic 

constants, data were fitted to appropriate equations using the general-purpose nonlinear 

regression computer program of Duggleby (1984). The program determines the least squares 

best fit to a given equation. With an appropriate equation and weighting scheme, the size and 

sign of the residuals should be random and show no trends; the best fit should also give the 

lowest values for the average residual least square (variance) and its square root, sigma 

(Cleland, 1979). Based on these criteria, the most appropriate weighting scheme throughout 

kinetic analyses was usually one which assumed that the data points exhibited constant relative 

errors (proportional standard deviations). 

The reaction was absolutely dependent upon the presence of MutE, MutS, AdoCbl and 

L-glutamate in the assay; no other cofactors were required. 
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The interdependency of AdoCbl and L-glutamate binding was investigated by kinetic 

analysis at a fixed concentration of glutamate mutase (MutE and MutS each at 150 nM). The 

data were analyzed first using the Hanes plot (Figs 4.8, 4.9). The pattern of intersecting lines 

indicates the formation of a ternary complex between the enzyme, AdoCbl and L-glutamate, in 

accord with mechanistic expectations. Furthermore, the intersection of lines on the x axis is 

diagnostic of classical 'noncompetitive' behaviour (Cornish-Bowden, 1979), indicating that the 

binding of AdoCbl is independent of L-glutamate and vice versa. 

The data were fitted to Equation 2, which describes a two-substrate reaction exhibiting 

Michaelis-Menten kinetics. 

V[A][B] 
[2] v=-------------

KiAKrrill + Krrill[A] + KmA + [A][B] 

Vis the maximum velocity, [A] and [B] are the concentrations of substrates A and B, KmA and 

Krrill are Michaelis constants for A and B, and KiA is the true dissociation constant for A. 

This gave Km and Ki values for L-glutamate of 1.00 ± 0.18 mM and 1.18 ± 0.14 mM 

respectively; for AdoCbl the respective values were 17.9 ± 2.4 µMand 21.2 ± 3.9 µM. For 

both substrate and coenzyme, the corresponding Km and Ki values are the same within 

experimental error. Since Ki is the dissociation constant for one ligand binding in the absence 

of the other and Km approximates to the dissociation constant for that ligand when the other is 

saturating the enzyme (provided equilibrium binding is satisfied), the numerical data again 

suppo1t the independence of the substrate- and coenzyme-binding sites. Under the conditions 

of these assays (equimolar MutE and MutS), kcat was 11.9 ± 0.9 s-1. 

In a separate e)5:periment, when the ratio of MutS to MutE in the assay was increased, 

the K:P for AdoCbl was found to decrease. With equimolar amounts of MutE and MutS (150 

nM) present, the K:P for AdoCbl was 17 .5 ± 0. 7 µM. However, when MutS was present in 

5-fold molar excess (400 nM MutS and 80 nM MutE), the K:P for AdoCbl fell to 5.8 ± 0.3 

µM. In contrast, the K:P for glutamate was unaffected by MutS concentration. 

It was not possible to use AdoCbl concentrations above 25 µM in the preceding 
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experiments because the high absorbance of the coenzyme proved prohibitive to the 

spectrophotometric assay. Hence, the activity profile could not be extended up to 5 x Km for 

this ligand, a range commonly advised. The study by Toohey et al. (1961) showed that 

AdoCbl has a relatively low affinity for glutamate mutase in comparison with other cobamide 

coenzymes. From a group of adenosylcobamides differing in their nucleotide loop regions, 

greatest affinity was displayed for the Caa-(a-benzimidazolyl)-CaP-adenosylcobamide 

coenzyme, (Bza)AdoCba. This suggested that (Bza)AdoCba would be useful in further 

characterization of recombinant glutamate mutase since lower concentrations could be used. 

For this purpose, the (Bza)AdoCba coenzyme was purified from an extract of 

Propionibacterium shermanii using high performance liquid chromatography. 

For a comparison of coenzyme affinity, enzyme activity was measured as a function of 

(Bza)AdoCba concentration. Assays were conducted at fixed concentrations of L-glutamate 

(10 mM) and enzyme (MutE and MutS each at 80 nM). The data (not shown) were fitted to 

Equation 3, which describes a single-substrate reaction exhibiting Michaelis-Menten kinetics 

(the symbols are as for Equation 2). 

v = V[A](V I KmA) 

V + [A](V I KmA) 
[3] 

The calculated K::f'P for (Bza)AdoCba coenzyme was 0.5 ± 0.1 µM, which was significantly 

lower than that for AdoCbl. From this point in time onwards, 4 µM (Bza)AdoCba was 

routinely used whenever a saturating concentration of coenzyme was required in the assay. 

The interactio11 of MutE and MutS was investigated by measuring glutamate mutase 

activity as a function of MutS concentration. Assays contained 50 nM MutE, 10 mM L

glutamate, 4 µM (Bza)AdoCba, and varying concentrations of MutS. Enzyme activity 

approached a maximum value only when MutS was present in several-fold molar excess over 

MutE, suggestive of a rapid and reversible equilibrium between MutE, MutS and an active 

MutE-MutS complex (Fig. 4.10). The reaction velocity exhibited a sigmoidal dependency 

upon MutS concentration, indicating cooperative binding of MutS to MutE. Therefore, the data 
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were fitted to Equation 4, the Hill equation, 

V[At v- ---~ 
- Kh+[At [4] 

where h is the Hill coefficient (a measure of cooperativity) and K is the concentration of ligand 

at half-maximum rate. For the initial fit, total MutS concentration was used as an 

approximation of free MutS concentration. From this fit (data not shown), an estimate of V 

was obtained. Free MutS concentration for each data point was then calculated on the 

assumption that active enzyme complex contained equimolar MutE and MutS, and the data 

were refitted to the same equation. From this plot (Fig. 4.10), an h value of 1.3 ± 0.1 was 

calculated (indicating a small cooperative effect), and Kapp was determined as 65 ± 3 nM. 

When MutS concentration was extrapolated to infinity, the specific activity of the enzyme was 

calculated as 22.4 ± 0.4 units mg-1 (373 ± 7 nkat mg-1) MutE protein. Assuming one active 

site per MutE monomer, this corresponds to kcat = 20.6 ± 0.4 s-1. 

In a separate experiment, the specific activity of MutS was estimated by measuring its 

activity in the presence of 10 mM L-glutamate, 4 µM (Bza)AdoCba and an excess of MutE. 

Reduced MutS had a specific activity of ea. 40 units mg-I. This was very similar to the figure 

of 35 units mg-1 reported for the best preparation from C. tetanomorphum (Switzer & Barker, 

1967). 

4.3 CONCLUSIONS 

The data indicate that, physically and kinetically, glutamate mutase produced in E. coli 

is comparable to the enzyme purified from the native organism. By expressing the subunits 

independently, and in a background low in cobamides, pure apoenzyme was produced. It was 

then possible to reconstitute an active enzyme complex by addition of exogenous 

adenosylcobamides to the protein subunits. The Km for glutamate is within the range of values 

measured previously (1-2 mM; Barker et al., 1964), whilst the Km for AdoCbl with equimolar 
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amounts of MutE and MutS is comparable to that measured previously using a crude enzyme 

preparation of unknown stoichiometry (12.8 µM; Toohey et al., 1961). Kinetic analysis also 

revealed that the K:P for AdoCbl was independent of glutamate concentration, but 

significantly influenced by MutS concentration. The observation that increasing the 

concentration of MutS in the reaction decreases the K:P for AdoCbl confirms the 

measurements of Switzer & Barker (1967) , and suggests a role for MutS in binding the 

cofactor. In contrast, the K:P for glutamate was found to be independent of the concentration 

of AdoCbl and MutS, indicating that the substrate is bound at a separate site from the 

coenzyme. 

Previously, it had been noted that the variation in glutamate mutase activity with 

component S concentration was not well-described by Michaelis-Menten (non-cooperative) 

kinetics (Switzer & Barker, 1967). However, pure preparations of MutE were not available to 

these experimenters, so that effects due to possible contamination by inhibitors and MutS could 

not be discounted. The measurements with recombinant enzyme clearly show evidence for 

cooperative binding of MutS to MutE. The calculated Hill coefficient is consistent with the 

dimeric nature of MutE and implies that the effect of MutS binding to one MutE subunit is 

transmitted across the dimer interface to the other subunit. However, as the effect is relatively 

small, it seems unlikely that this cooperativity has any physiological significance. 

The specific activity of the saturated enzyme complex, 22.4 ± 0.4 units mg-1, exceeds 

that of any glutamate mutase preparation previously described. Suzuki & Barker (1966) 

reported a value of 3.6 units mg-1, although the concentration of this preparation was 

determined differently, and it was clearly not pure. The specific activity of the colourless 

component E preparation from C. cochlearium (Leutbecher et al., 1992b) was reported as 217 

nkat mg-1 (13.0 units mg-1 ). These workers determined component E concentration by the 

bicinchoninic acid method, using bovine serum albumin as standard. Once a correction is 

introduced to compensate for this overestimation of protein concentration, the value for their 

enzyme increases to 16.3 units mg-1. This figure is still lower than those obtained here for 

MutE purified from E. coli, but other differences, notably the use of sub-saturating 

concentrations of AdoCbl in their assay, may contribute to this discrepancy. 
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Figure 4.2 Anion-exchange chromatography of MutS 

MutS was applied to a 2.6 x 20 cm Q-Sepharose Fast Flow anion-exchange column equilibrated in 50 mM 

potassium phosphate buffer, pH 6.9, containing 1 mM DTI. Protein was eluted isocratically. Fractions were 

collected and the absorbance was measured at 260 nm ( o) and 280 nm ( •). 
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Figure 4.3 Gel filtration of MutS 

MutS was applied to a 2.6 x 90 cm Sephacryl S-200-HR gel filtration column equilibrated in 50 mM potassium 
phosphate buffer, pH 6.9, containing 1 mM DTT and 1 mM EDTA. Fractions were collected and the 
absorbance was measured at 260 nm ( o) and 280 nm ( •). 
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Figure 4.4 Purification of recombinant MutS 

3 4 5 6 

SDS-PAGE of samples taken after each step of the purification (20 % w/v polyacrylamide gel stained with 

Coomassie Brilliant Blue R-250). Lanes I and 6, marker proteins; lane 2, crude cell extract; lane 3, 
ammonium sulphate fractionation; lane 4, pooled fractions after anion-exchange chromatography; lane 5, 

pooled fractions after gel filtration . 
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Figure 4.5 Anion-exchange chromatography of MutE 

MutE was applied to a 2.6 x 20 cm Q-Sepharose Fast Flow anion-exchange column equilibrated in 10 mM 

potassium phosphate buff!;:r, pH 6.9, containing 1 mM DTT. The straight line represents a linear gradient of 0 

to 0.45 M KCl. Fractions were collected and the absorbance was measured at 260 nm (o) and 280 nm(•). 

MutE activity(•) was measured in the presence of 10 mM L-glutamate, 4 µM (Bza)AdoCba, and excess MutS . 
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Figure 4.6 Gel filtration of MutE 

MutE was applied to a 2.6 x 90 cm Sephacryl S-200-HR gel filtration column equilibrated in 50 mM potassium 
phosphate buffer, pH 6.9, containing 1 mM DTT and 1 mM EDTA. Fractions were collected and the 
absorbance was measured at 260 nm ( o) and 280 nm ( •). 
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Figure 4.7 Purification of recombinant MutE 

SDS-PAGE of samples taken after each step of the purification (15 % w/v polyacrylamide gel stained with 

Coomassie Brilliant Blue R-250). Lanes 1 and 7, marker proteins; lane 2, crude cell extract; lane 3, 

streptomycin sulphate fractionation; lane 4, ammonium sulphate fractionation; lane 5, pooled fractions 

after anion-exchange chromatography; lane 6, pooled fractions after gel filtration. 
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Figure 4.8 Glutamate mutase activity as a function of L-glutamate concentration 

10 
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Top, direct plot of kinetic data, fitted to the Micbaelis-Menten equation. Bottom, Hanes plot of the same 

data. Enzyme activity was measured at fixed concentrations of MutE and MutS (150 nM each). The 

concentrations of AdoCbl used were 5 (•), 7.5 (o), 15 (" ), 20 (o) and 25 (•) µM . 
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Figure 4.9 Glutamate mutase activity as a function of AdoCbl concentration 

Top, direct plot of kinetic data, fitted to the Michaelis-Menten equation. Bottom, Hanes plot of the same 

data. Enzyme activity was measured at fixed concentrations of MutE and MutS (150 nM each). The 

concentrations of glutamate used were 0.4 (•), 0.8 (o), 1.6 (.& ), 3.2 (o) and 10 (•) mM. 
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Figure 4.10 Glutamate mutase activity as a function of MutS concentration 
Top, direct plot of kinetic data, fitted to the Hill equation. Bottom, residuals for the fitted data. 
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Each assay contained 50 nM MutE, 4 µM (Bza)AdoCba, and 10 mM L-glutamate in a total volume of 0.5 ml. 
[MutSJ refers to the concentration of free MutS after correcting for the fraction bound by MutE. 
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Purification step Volume Protein Activity Specific activity Recovery Purification 

ml mg units units/mg % fold 

Crude lysate 29 560 370 0.65 100 1.0 

Streptomycin sulphate 28 440 350 0.80 95 1.2 

Ammonium sulphate 8.1 215 205 0.95 55 1.4 

Q-Sepharose Fast Flow 42 23 145 6.5 39 9.5 

Sephacryl S-200-HR 26 8.5 115 13.5 31 21 
205* 24.o* 

Table 4.1 Summary of MutE purification 

Protein was estimated by the Coomassie Blue binding assay (Bradford, 1976) using a standard curve constructed 

from electrophoretically pure MutE of known concentration. Enzyme activity was determined using the standard 
aerobic assay in the presence of 5 µM AdoCbl except for ( * ), where 25 µM AdoCbl was used. 
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5 . 1 INTRODUCTION 

5. 1 . 1 Previous studies on the function of component S 

Several experiments were carried out by Switzer & Barker (1967) with the aim of 
clarifying the role of component S in the glutamate mutase-catalyzed reaction. Measurements 
of enzyme activity revealed that increasing the component S: component E (dimer) molar ratio 
50-fold, from about 0.3 to 16, decreased the Km for (Bza)AdoCba coenzyme 40-fold. A 
similar trend was observed using recombinant glutamate mutase (Chapter 4). 

A gel filtration experiment suggested that component E binds AdoCbl, and that 

component S probably does not. However, the amount of coenzyme bound was increased by 
the presence of an excess of Component S, and under these conditions about 2 mol AdoCbl 

were bound per mol component E dimer. Due to impurities in the component E preparation 

and the small amounts of component E used, considerable uncertainty was involved in the 
calculations. The results did seem to corroborate the activity measurements, so the authors 

speculated that component S may be capable of interacting with component E in such a way as 
to increase the affinity of the latter for coenzyme. 

5 .1. 2 Protein modification and its application to component S 

A large portion of current knowledge concerning the chemical basis of enzyme action 
has been obtained through the application of protein modification. Structural alterations may be 
generated by selection of naturally-occurring genetic variants, by chemical modification of the 

native species, or by the use of recombinant DNA techniques. The simplest studies involve 
proteins modified at a single site (Ackers & Smith, 1985). A single-site modification may 

leave function unimpaired, perturb that function, or cause a complete loss of function. 

Chemical modification studies have shown that Component S is activated by reagents 
which reduce disulphides, such as J3-mercaptoethanol. It is inhibited by reagents such as 

oxygen, mercuribenzoate, iodoacetate and arsenite that oxidize or otherwise modify sulphydryl 

groups (Switzer & Barker, 1967). Reactivity towards various reagents differs somewhat. An 

oxidized preparation which contained 2.37 sulphydryl groups per molecule by DTNB gained 

1.59 groups per molecule after reduction by sodium borohydride in urea. This gave a total of 
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3.96 sulphydryl groups per molecule in the reduced protein, which agrees well with the total of 

4 cysteines predicted from the sequence of the mutS gene. In contrast, a reduced preparation in 

the native form reacted with 1 mol iodo[l-14C]acetic acid per mol component S, and this was 

sufficient to abolish all enzyme activity. When other data was considered, a scheme was 

proposed in which two sulphydryl groups are in close proximity to the ' active site ' of 

component S, one of which is very reactive towards sulphydryl reagents (including iodoacetic 

acid), and which participates in intra- and intermolecular disulphide bonds to form inactive 

monomeric and dimeric forms of the protein. The studies leave open the question of whether 

the sensitivity of this thiol has any mechanistic significance. 

5. 1. 3 Significance of thiols in other cobalamin-dependent enzymes 

Early in the study of cobalamin-dependent enzymes, investigators noted that most have 

reactive sulphydryl groups. More significantly, several have been shown to be inhibited by 

thiol-directed reagents and/or require the addition of a mercaptan reducing agent for maximal 

catalytic activity. These include glutamate mutase, L-f3-lysine mutase, D-a -lysine mutase, a

methyleneglutarate mutase, ornithine mutase and ribonucleotide reductase (surveyed by 

Stadtman, 1971). Methylmalonyl-CoA mutase from sheep liver has sulphydryl groups that are 

relatively inaccessible to organic mercurials and to alkylating agents until the tightly-bound 

AdoCbl coenzyme is removed (Cannata et al., 1965), and therefore it is possible that 

sulphydryl groups of this enzyme contribute to the coenzyme-binding site. Once the coenzyme 

is removed, activity of the enzyme from liver is extremely sensitive to thiol-directed reagents . 

The reactive thiol in glutamate mutase component S, however, was not masked from 

iodoacetate by the presence of excess coenzyme (Switzer & Barker, 1967), although the 

experiment was not attempted in the presence of component E + coenzyme. In contrast, the 

methylmalonyl-CoA mutase from P. shermanii is inhibited only slightly by reagents that 

combine with sulphydryl groups (Kellermeyer et al., 1964). For this enzyme, site-directed 

mutagenesis of Cys445 (f3-subunit), the only cysteine conserved in the alignment with the 

human enzyme, ruled out this as the site of any essential radical intermediate (Roy, 1992a). 

When compared to the wild-type enzyme, mutation to Ala increased the Km for substrate 7.5-



fold and reduced kcat by two-thirds, whilst mutation to Ser abolished all catalytic activity. It is 

difficult to draw any firm conclusions from these observations, but sulphydryl groups in the 

three enzymes seem to differ in accessibility and importance. 

The role of sulphydryl groups in the catalytic mechanism of ribonucleotide reductase 

from Lactobacillus leichmannii is more clearly understood. One of the three active site 

cysteines, C408, is believed to be oxidized to a thiyl radical by AdoCH2· (Booker et al., 

1994). It is this thiyl radical which is then proposed to initiate substrate reduction by 

abstracting its 3'-hydrogen atom. Anomalous kinetic isotope effects observed with AdoCbl

dependent ethanolamine ammonia-lyase and diol dehydrase led Cleland (1982) to propose that 

protein radicals may be involved in these rearrangements. With ethanolamine ammonia-lyase, 

the involvement of a protein radical is further supported by studies employing isotopic labelling 

of the migrating hydrogen (O'Brien et al., 1985). The sensitivity of several AdoCbl-dependent 

enzymes to thiol-directed reagents prompted the suggestion that this protein-based carrier might 

be a thiyl radical. A similar conclusion was reached by Stubbe (1988) by analogy with 

ribonucleotide reductases. 

The studies with ribonucleotide reductase and ethanolamine ammonia-lyase add extra 

significance to the identification of an essential thiol in glutamate mutase. Sequence 

comparisons, however, do not reveal any notable homologies between glutamate mutase and 

these two enzymes. There are no invariant cysteine residues amongst MutS, GlmS and 

homologous proteins, but three cysteines are conserved between MutS and GlmS from C. 

cochlearium, Cl5, C71 and C78 (Fig. 3.9). 

The experiments described in this Chapter were carried out with the aim of clarifying 

the role of MutS in the glutamate mutase enzyme. A method was developed to detect and 

quantify the formation of the enzyme·coenzyme complex, and to investigate the part played by 

MutS in the coenzyme-binding process. Subsequently, a single thiol group in MutS was 

modified by chemical means and by site-directed mutagenesis. Changes in the kinetics of 

enzyme activity and coenzyme binding were investigated. 



5.2 RESULTS 

5.2.1 Development of an AdoCbl-binding assay 

In a preliminary experiment in which MutE, MutS and AdoCbl were incubated together 

in the dark together for 20 min and then gel~filtered through a Superose 12 column 

(fractionation range 1-300 kDa), each was completely separated from the others (E.N.G. 

Marsh, unpublished data). This demonstrated that the complex formed between the three is 

completely reversible. 

A procedure based on the equilibrium gel filtration method of Hummel & Dreyer (1962) 

was, however, successfully used to detect the formation of an enzyme·coenzyme complex and 

to measure physical constants for the binding of AdoCbl to glutamate mutase. The method was 

developed using columns of 5 mm bore packed with various matrices at room temperature. 

Each column was equilibrated in 50 mM potassium phosphate buffer, pH 7.0. Samples of 

MutE and MutS were dialysed at 4 "C overnight against 50 mM potassium phosphate buffer, 

pH 7.0, containing 1 mM DTT. Binding was first investigated using the column attached to a 

Hewlett-Packard 1090L Liquid Chromatograph fitted with a diode array detector and HP3396A 

integrator. Test samples (80 µl) were prepared in 50 mM potassium phosphate buffer, pH 7 .0, 

and contained MutE (6 µM), MutS (30 µM) and AdoCbl (20 µM). These were incubated in 

the dark at room temperature for 10 min, and then 40 µl was injected on to the column. 

Performance was evaluated by monitoring the A280 of the eluate. Samples of blue dextran (2 

mg ml-1) and acetone (1 % v/v) were injected in order to determine the void volume (Vo) and 

total available volume (Vt) of each column respectively. 

The ideal gel filtration matrix was to have a sufficiently low exclusion limit to prevent 

MutE and MutS from being separated on the column, whilst allowing AdoCbl to be completely 

resolved from the proteins. A 200 mm column length was necessary to achieve baseline 

separation of AdoCbl from the proteins; none of the matrices tested achieved adequate 

separation over a 120 mm length. The polysaccharide-based matrices Sephadex G-50 

Superfine, Sephadex G-25 Medium and Matrex GCL-25 proved unsuitable. AdoCbl eluted 

from these materials in a broad peak, suggesting the occurrence of some non-ideal, specific 
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interaction between the coenzyme and the matrix. The polyacrylamide-based matrices 

Sephacryl S-100-HR and Bio-Gel P-6 (fine) performed better in this respect. Sephacryl S-

100-HR (fractionation range 1-100 kDa) did not achieve baseline separation of AdoCbl from 

protein, but Bio-Gel P-6 (fine) (fractionation range 1-6 kDa) did. The proteins eluted together 

in Vo, whilst AdoCbl eluted in a volume close to Yt. The one drawback with this matrix was 

its relatively low maximum operating pressure; using a 200 mm column, Bio-Gel P-6 (fine) 

could withstand a flow rate of 0.1 ml min-1, whereas the others could withstand 0.2-0.4 ml 

min-1. 

5. 2. 2 Measurement of AdoCbl-binding constants 

A 5 x 200 mm Bio-Gel P-6 (fine) column attached to the Hewlett-Packard system was 

used to measure the binding of AdoCbl to glutamate mutase. The column was equilibrated in 

50 mM potassium phosphate buffer, pH 7 .0, including various concentrations of AdoCbl. The 

column and all solutions containing AdoCbl were shielded from light. Samples of MutE and 

MutS were dialysed at 4 °C overnight against 50 mM potassium phosphate buffer, pH 7.0, 

containing 1 mM DTT. MutE solution was then concentrated to ea. 1.1 mg ml-1 (20 µM) by 

dialysis against PEG 20000 (20 % w/v in 50 mM potassium phosphate buffer, pH 7.0) at 4 

°C. MutS solution was concentrated to ea. 4.5 mg ml-1 (300 µM) by ultrafiltration in a 

Centricon-10 centrifugal concentrator (exclusion limit 10 kDa). The protein solutions were 

stored on ice over the course of the experiment (4 days). 

The column was pumped at 0.1 ml min-1, and the AdoCbl concentration of the eluate 

was monitored by recording A5 22. Samples (80 µ l) were prepared in 50 mM potassium 

phosphate buffer, pH 7.0, and contained MutE (0 or 12 µM), MutS (0, 12 or 60 µM) and 

AdoCbl (same concentration as that in which the column was equilibrated). These were 

incubated in the dark at room temperature for 10 min, and then 40 µl was injected on to the 

column. An example trace is displayed in Fig. 5.1. Peak areas were integrated using the 

HP3396A integrator (integrator settings: Peak Width 1.2, Peak Threshold 6). The numerical 

output was used to construct binding curves (Fig. 5.2), and the data were fitted to a simple 

steady-state ligand-binding isotherm (Equation 5) to determine physical constants, 
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[PL] = n[PT ][L] 
[L] + Kct 

[5] 

where [L] is the concentration of free ligand, [PL] is the concentration of protein-ligand 

complex, [PT] is the total concentration of protein, n is the number of ligand-binding sites per 

molecule of protein, and Kct is the dissociation constant, assuming all binding sites are 

equivalent. 

Even at the highest AdoCbl concentration tested (100 µM), no binding of AdoCbl by 

MutE (12 µM) alone or MutS (60 µM) alone could be detected. When MutS was included in 

equimolar quantities with MutE (12 µMeach), AdoCbl was bound with a K1PP of 5.4 ± 0.4 

µM. When MutS concentration was increased to 5-fold molar excess over MutE (60 µM MutS 

and 12 µM MutE), the K1PP decreased to 1.8 ± 0.2 µM. This identified, for the first time, a 

clear role for MutS in the physical process of coenzyme binding. The data did not, however, 

confirm the previous report that component E alone was capable of binding AdoCbl (Switzer & 

Barker, 1967). As used, the Hewlett-Packard system was an uncalibrated system which did 

not permit an absolute determination of n. 

5.2.3 Reaction of MutS with iodo[2-14C]acetic acid 

The inactivation of MutS by iodo[2-14C]acetic acid was investigated. An experiment 

was designed to determine (i) the kinetics of labelling, (ii) the kinetics of inactivation, and (iii) 

to prepare a sufficient quantity of modified protein to enable identification of the labelled 

site(s). Of the several nucleophilic groups commonly found in proteins which are known to 

react with haloacetates, sulphydryl groups are intrinsically the most reactive (Means & Feeney, 

1971). However, under non-denaturing conditions, considerable variations in reactivity may 

be observed, reflecting the varied environments of the reacting groups. At pH 8.5, the 

reactivity of cysteinyl groups usually far exceeds that of the potentially reactive methionyl, 

histidyl and lysyl groups. Hence, labelling experiments were conducted at this pH. 

MutS was reduced by dialysis overnight against 0.1 M Tris·Cl, pH 8.5, 1 mM OTT, 

and concentrated to 3.1 mg ml-1 (210 µM) by ultrafiltration in a Centricon-10 centrifugal 

concentrator, all at 4 °C. The carboxymethylation reaction (0.5 ml) was buffered by 0.1 M 
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Tris·Cl, pH 8.5, and contained 0.14 mM MutS (1 mg), 0.65 mM DTT and 2.4 mM iodo[2-

14C]acetit acid (7160 cpm nmol-1). The reaction proceeded in the dark at room temperature 

and was followed by monitoring enzyme activity and incorporation of radiolabel. At intervals 

of 0, 2.5, 5, 10, 20, 45 and 100 min, 50 µl (containing 100 µg MutS) was withdrawn from 

the reaction and quenched by addition of 50 µl 0.1 M DTI in 0.1 M Tris·Cl, pH 8.5. After 15 

min in quench solution, 1 µg MutS was assayed for activity with 5 µg (ea. 0.1 units) MutE, 10 

mM L-glutamate and 4 µM (Bza)AdoCba coenzyme. Unincorporated radiolabel was removed 

from the remaining quenched reaction by dialysis overnight against 2 x 2.5 litres 15 mM 

potassium phosphate buffer, pH 8.0, at 4 °C. Dialysed samples were cleared by centrifugation 

at 12000 x g for 10 min and their protein content was determined from absorbance at 280 nm. 

Extent of radiolabelling was measured by liquid scintillation counting 15 µ1 of each sample (15 

µl dialysis buffer served as a control sample). 

Under the experimental conditions, the reaction proceeded at a rate which could be 

measured conveniently (Fig. 5.3). The protein lost all activity in less than an hour. The loss 

of activity and extent of labelling over the first 45 min were fitted to Equations 6 and 7 

respectively, 

[6] 

[7] 

where at is the activity remaining or extent of labelling at time t, ao is the initial activity, aOC) is 
the maximal extent of labelling, and k is the pseudo-first order rate constant. The analysis gave 

a value of 0.15 ± 0.01 min-1 for the inactivation rate constant and 0.21 ± 0.02 min-1 for the 

labelling rate constant. The maximal extent of labelling was calculated to be 7600 ± 260 cpm 

nmol-1, which corresponds to 1.06 ± 0.04 labels per molecule MutS. A plot of the log of 

MutS activity against time gave a straight line for the first 20 min, down to ea. 5 % of the initial 

activity (Fig. 5.3). This confirmed that the time course of inactivation could be reasonably well 

described by first order kinetics. 



The rate of labelling is slightly higher than the rate of inactivation. This may simply be 

an artifact due to the greater scatter of the 14C-labelling data points. Alternatively, there may be 

a second, 'slow-reacting' site in the protein which contributes to the overall extent of labelling. 

This would cause a deviation from linearity in the semi-logarithmic plot, but unfortunately there 

are too few data points to verify this or the possibility of "non-first order" effects due to 

depletion of iodoacetic acid. Nevertheless, the analysis supports a scheme where 

carboxymethylation of a single site is sufficient to abolish all enzyme activity. 

The remainder of the t = 45 min sample was used to identify the labelled residue. 

S.2.4 Identification of the modified residue in MutS 

Tue modified residue was identified by fragmenting the labelled protein and isolating a 

radioactive peptide. The amino acid sequence of this peptide was then determined. 

An enzymatic method was chosen to fragment MutS. Of the enzymes commercially 

available, endoproteinase Glu-C from Staphylococcus aureus V8 was the most suitable. Under 

appropriate buffer conditions, this protease cleaves C-terminally to glutamate residues. Since 

there is at least one glutamate residue between each of the cysteines in MutS, complete 

digestion with the enzyme should isolate each cysteine from the others. Radiolabelled MutS 

(50 µg) was lyophilized to dryness from solution in 80 µ115 mM potassium phosphate buffer, 

pH 8.0. Preliminary experiments with unmodified MutS followed the guidelines of the 

Promega Corporation (1991) to determine suitable conditions for protease digestion and 

peptide separation (data not shown). The solid was dissolved in 50 µl of a protein

denaturation solution (consisting of 50 mM sodium phosphate buffer, pH 7.8, 8 M urea, 2 mM 

DIT), and incubated at 37 °C for 1 hour. The solution was then adjusted to 400 µl with 50 

mM sodium phosphate buffer, pH 7 .8, and 0.5 µg Glu-C protease was added, giving a 

Protease : substrate ratio of 1 : 100 (w/w). Digestion was conducted at 37 °C overnight, after 

which time the ratio was increased to 1 : 50 (w/w) for 1 hour. The solution was then 

fractionated without further manipulation. 

Peptides were fractionated by reverse phase HPLC. Separation was achieved using a 

lOO x 4.6 mm Spherisorb 0DS2 column (Phase Separations) in the presence of 0.1 % (v/v) 
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there is at least one glutamate residue between each of the cysteines in MutS, complete 

digestion with the enzyme should isolate each cysteine from the others. Radiolabelled MutS 
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mM sodium phosphate buffer, pH 7.8, and 0.5 µg Glu-C protease was added, giving a 
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100 x 4.6 mm Spherisorb 0DS2 column (Phase Separations) in the presence of 0.1 % (v/v) 
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TF A The column material consists of 3 µm silica particles with 80 A pores, functionalized 

with bonded octadecyl groups. A 120 µl sample (containing 15 µg peptides) was injected on 

to the column and eluted with an ascending gradient of acetonitrile. Three fractionation runs 

were performed. From the first run, the elution pattern was established (Fig. 5.4); during the 

second, all peaks and troughs were collected · by hand. Each fraction was then liquid 

scintillation counted and radiolabelled peaks were identified (Table 5.1). There appeared to be 

one fraction that was significantly more radioactive than the rest, but several had intermediate 

radioactivity. During the third run, selected radiolabelled peaks were collected. Two of these 

fractions were lyophilized to dryness and subjected to automated N-terminal sequencing (Table 

5.2) . 

N-terminal sequence analysis established that each of the two fractions contained a 

residue which gave a signal similar to that of serine, but which lacked dehydroserine, a serine 

breakdown product normally observed. This pattern is consistent with the presence of a 

modified cysteine residue. In each case, the location of this residue corresponded to position 

15; at this position, the gene sequence specifies a cysteine residue. It is likely that digestion did 

not go to completion and that the labelled peptides simply differed slightly in length (retention 

time tends to increase with peptide length). Unfortunately, there was not enough material to 

determine the radioactivity of products from each sequencer cycle. 

5. 2. 5 Rationale for site-directed mutagenesis 

In MutS, Cys15 occurs between the Asp and His residues of the conserved DxHxxG 

motif. The complete loss of enzyme activity after modification of this residue adds weight to 

the likelihood of a specific function for this region. The corresponding position is occupied by 

a variety of aliphatic residues in homologous proteins, but MutS and GlmS from C. 

cochlearium are the only ones where a cysteine is present (Fig. 3.9). In order to further 

investigate the role of this residue, site-directed mutagenesis was used to replace it with alanine 

and serine. These modifications bring about systematic changes in the chemical character of 

the side-chain at neutral pH (Fig. 5.5). The C15A mutation replaces the thiol group with 

hydrogen, and is sterically the least disruptive. Interestingly, this mutation effects a change to 
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the residue found in the corresponding position of a-methyleneglutarate mutase (Beat:rix et al., 

1994). It was hoped that this change might reduce the susceptibility of MutS to inactivation by 

oxidation, which might aid future studies. The C15S mutation introduces a more 

electronegative group with loss of nucleophilic character, whilst the C 15CmC modification 

significantly increases the bulk of the side chain with the addition of a delocalized negative 

charge. 
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Figure 5.5 Side-chains at position 15 in MutS variants 

5.2.6 Site-specific mutation of mutS 

Carboxymetbylcysteinyl 

- CH
I 
CH2 

I 
s 
I 
CH2 
I e 
coo 

The Altered Sites® in vitro Mutagenesis System was used to generate mutants. This 

system required that the mutS gene be cloned into pALTER-1, a phagemid vector. Plasmid 

pmutS (8 µg) was restricted with EcoRI and Pstl endonucleases. The 470 bp insert was 

isolated by electrophoresis through a 5 % (w/v) polyacrylamide gel and eluted from a crushed 

gel slice (Sambrook et al., 1989). The purified fragment was then ligated with EcoRI/Pstl

restricted pALTER-1 and the ligation mixture was used to transform E.coli JM109. Plasmids 

were isolated from recombinant bacteria, and restriction analysis identified a plasmid containing 

the mutS gene cloned into pALTER-1 in the correct orientation. This plasmid was designated 

pALmutS. 

Oligonucleotides were designed to generate two MutS mutants: oligo #5001 to generate 

MutS-C15S, and oligo #5002 to generate MutS-C15A. Oligo #5001, a 21mer, was designed 

to cause 1 base change and anneal perfectly over 10 bases each side of the mutation site; oligo 

#5002, a 26mer, was designed to cause 2 consecutive base changes and anneal perfectly over 



12 bases each side of the mutation site (Fig. 5.6). The mutations were introduced into the 
-0,ie 

mutS gene of pALmutS usingj mutagenesis kit. This generated pALmutS derivatives whose 

mutS regions were sequenced using pUC/M 13 forward and reverse primers. 

V I G S D C H A V G N 
mutS (wild-type) 5 ' ... GTT ATT GGT TCA GAC TGT CAT GCA GTT GGT AAC ... 3' 

G S D ~ H A V 
Oligo #5001 (C15S) 5' GGT TCA GAC T£ T CAT GCA GTT 3' 

I G S D b H A V G 
Oligo #5002 (C15A) 5' ATT GGT TCA GAC GCT CAT GCA GTT GG 3' 

Figure 5.6 Oligonucleotides used to create mutS-ClSA and mutS-Cl5S 

Translated protein sequences are displayed above the nucleotide sequences. Residues differing from the wild 

type are underlined. 

Two plasmids carrying mutS-Cl5A and mutS-Cl5S with no unintended mutations were 

designated pALmutS-C15A and pALmutS-C15S respectively. 

5.2.7 Large-scale preparation of MutS variants 

Mutant mutS genes were subcloned between pALTER- 1 and pT7-7 as Ndel/Sall 

fragments, as described for the subcloning of the mutE gene between p UC 119 and pT7-7 

(Chapter 4). Plasmids containing mutS-Cl5A and mutS-Cl5S cloned in the correct orientation 

were designated pmutSX-C15A and pmutSX-C15S respectively. These plasmids were then 

used to transform E. coli BL2l(DE3) pLysS. Wild type MutS and the two mutants were 

produced from these strains and purified precisely as described in Chapter 4. Before use, the 

proteins were stored at -20 °C in 50 mM potassium phosphate, pH 7.0, containing 50 % (v/v) 

glycerol. 

Unlabelled iodoacetic acid was used to prepare milligram quanti ties of 

carboxymethylated MutS (MutS-C15CmC) for further analysis. The procedure was similar to 

that described in Section 5.2.3. The preparative reaction (1.8 ml) contained 0.11 mM MutS 

(2.9 mg), 0.72 mM DTT and 2.5 mM iodoacetic acid. Decay in enzyme activity was 

monitored and the bulk reaction was quenched by addition of DTT to 50 mM after 45 min 
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when enzyme activity was negligible. Thiol reagents were then removed by dialysis overnight 

against 2 x 2 litres 50 mM potassium phosphate, pH 7.0, at 4 °C. The modified enzyme was 

stored on ice before use. 

Samples of MutS-Cl5A and MutS-C15S were desalted by reverse phase HPLC and 

then analyzed by electrospray mass spectrometry (ES-MS). The following estimates of 

molecular mass were obtained: 

For MutS-C15A: 

Mr (predicted from gene sequence) = 14716. Mr (measured by ES-MS) = 14713 ± 4. 

For MutS-C15S: 

Mr (predicted from gene sequence) = 14732. Mr (measured by ES-MS)= 14728 ± 4. 

In both cases, the predicted and measured values were the same within experimental error, 

indicating that the desired mutations had been effected. 

5.2.8 Kinetic analysis of MutS variants 

The steady-state kinetic properties of the MutS variants were compared. Firstly, 

enzyme activity was measured as a function of MutS variant concentration. In the assay, 

MutE, L-glutarnate and (Bza)AdoCba concentrations were fixed at 50 nM, 10 mM and 4 µM 

respectively, whilst MutS variant concentration was varied from 0-800 nM. Later experiments 

confirmed that these substrate and coenzyme concentrations approximated saturation 

conditions. The data were fitted directly to the Hill equation (Table 5.3). It is clear that, in 

contrast to the carboxymethylated protein, the C15A and C15S mutants are catalytically active. 

Significantly, the C15A and C15S mutants had specific activities reduced to about one third of 

the wild type. Either mutation caused a modest increase in Kapp, whilst leaving h unaffected 

within experimental error. 

Enzyme activity as a function of L-glutamate and (Bza)AdoCba concentration was also 
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investigated. In these assays, MutS variant and MutE were present in equimolar amounts (80 

nM each). To determine the K:P for L-glutamate, (Bza)AdoCba concentration was fixed at 4 

µM; to determine the K:P for (Bza)AdoCba, L-glutamate concentration was fixed at 10 mM. 

The data were fitted directly to the Michaelis-Menten equation (Table 5.4). 

Either mutation caused a modest increase in the K:P for (Bza)AdoCba, but left the 

K:P for L-glutamate unaffected within experimental error. Again, specific activities of about 

one third of the wild type were observed with the C15A and Cl5S mutants. 

5.2.9 AdoCbl-binding by MutS variants 

A calibrated equilibrium gel filtration system was developed using the 5 x 200 mm Bio

Gel P-6 (fine) column attached to a Beckman System Gold consisting of #125 Programmable 

Solvent Module, #166 Programmable Detector Module (housing a deuterium lamp with second 

order filters), running software version 7 .12. With this system, the column could withstand a 

flow rate of 0.2 ml min-1. This flow rate was therefore adopted for binding experiments; As22 

was monitored as before. Samples of MutS variant and MutE were prepared as before and 

stored on ice over the course of the experiment (5 days). MutS variants were incubated with 5 

mM DTT for at least 2 hours before injection on to the column. Samples (100 µl) were 

prepared in 50 mM potassium phosphate buffer, pH 7.0, and contained MutE (10 µM), MutS 

variant (50 µM) and AdoCbl (same concentration as that in which the column was 

equilibrated). Samples were incubated in the dark at room temperature for 10 min, and then 50 

µl was injected on to the column. Peak areas were integrated using the System Gold software 

(integrator settings: Peak Width 2.5, Peak Threshold 0.00036). For quantitation of the data, 

the instrument was calibrated using a set of standard AdoCbl solutions. Peak area was found 

to be prop ortional to the AdoCbl content of these standard samples. 

The data were fitted directly to the steady-state ligand-binding isotherm (Table 5.5). 

The maximum AdoCbl-binding capacity of each enzyme variant was similar, and varied 

between 0.55 ± 0.03 and 0.71 ± 0.03 mol AdoCbl per mol MutE monomer. Notably, the 

catalytically inactive C15CmC variant was still able to bind AdoCbl. The K~PP values varied 

5-fold in the order wt < C15A < C15S < C15CmC, which indicated that the affinity for 
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AdoCbl had been decreased in the modified proteins. However, there is a degree of 

uncertainty in all these values because the instability of MutE precluded the collection of more 

than 5 data points per MutS variant. It is also possible that losses of MutE were incurred due 

to precipitation of the protein during storage on ice and whilst on the column. 

5. 2. 10 Susceptibility of MutS mutants to thiol-directed reagents 

The MutS mutants were treated under defined conditions with unlabelled iodoacetate to 

compare susceptibility to inactivation with that of the wild type protein. The procedure was 

similar to that described in Section 5.2.3. Each reaction (0.48 ml) contained 0.04 mM MutS 

variant (0.3 mg of MutS, MutS-C15A or MutS-C15S), 0.58 mM DTT and 2 mM iodoacetic 

acid. A control reaction contained wild type MutS and DTT, but no iodoacetic acid. After 2 

hours, the concentration of iodoacetate in the reactions containing MutS-C15A and MutS-C15S 

was increased to 10 mM. Incubation was continued for a further 5 hours. At intervals 

throughout, each MutS variant was assayed for activity. 

Under the conditions of this experiment, wild type MutS lost all activity within 15 min. 

In contrast, the two mutants showed no loss of activity after 2 hours. After a 5 hour exposure 

to an increased concentration of iodoacetate, the mutants had lost ea. 50 % of their original 

activity. The unmodified control sample retained~ 90 % of its original activity after a similar 

period. This result demonstrated that the iodoacetate-sensitive residue had been correctly 

identified and that its mutation could prevent inactivation by this reagent under comparable 

conditions. The loss of activity observed with the mutants under more extreme conditions 

suggests that the folded protein contains a second accessible group that is far less reactive 

towards iodoacetate than·Cys15. 

Barker & Switzer (1967) proposed that the iodoacetate-sensitive residue was also 

responsible in some part for the oxygen-sensitivity of component S. To test this hypothesis, 

partially-oxidized preparations of MutS, MutS-C15A and MutS-C15S were prepared by 

dialysis overnight at 4 °C against 50 mM potassium phosphate buffer, pH 6.9, containing 1 

mM EDTA but no DTT. Their activity was then measured before and after a 3 hour exposure 

to 20 mM DTT on ice. Under these conditions, wild type MutS displayed a ea. 25 % increase 
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in activity. The activity of the two mutants was increased by 10-15 %. Reduction of thiols 

would still seem to be necessary to achieve maximal activity with these mutants. The effect is 

diminished, so perhaps some of the disulphide linkage permutations have been eliminated. 

5. 3 DISCUSSION 

Previously, the role of component Sin the glutamate mutase system has been unclear, 

as it binds neither substrate nor coenzyme on its own. Earlier gel filtration experiments had 

suggested that component E bound the coenzyme (Switzer & Barker, 1967). This was 

supported by the fact that, when prepared from clostridia, it was component E and not 

component S which frequently contained tightly-bound cobamides (Suzuki & Barker, 1966; 

Leutbecher et al., 1992a). 

The results indicate that both MutE and MutS are required for cobalamin binding, i.e. 

neither is capable of binding the cofactor on its own. This supports a scheme in which MutE 

and MutS are in equilibrium with a MutE·MutS complex, which is then able to bind AdoCbl 

and initiate catalysis. This is not in accord with the previous model in which component E 

alone was capable of binding AdoCbl. Increasing the concentration of MutS decreases the 

K~PP for AdoCbl (Fig. 5.2), a feature which parallels the effect of MutS concentration on the 

K::f P fot AdoCbl. 

At pH 7.0, wild type enzyme bound a maximum of 0.71 ± 0.03 mol AdoCbl per mol 

MutE monomer, as extrapolated from equilibrium gel filtration data (Table 5.5). The dimeric 

nature of MutE suggests that this figure represents a true value of either 0.5 or 1. Applying the 

appropriate correction for-loss of MutE activity by various means would move the figure closer 

to 1. Recent equilibrium gel filtration experiments conducted by Mr H-P. Chen have indicated 

that 1 is the probable value (unpublished data). Due to the high degree of sequence identity 

between the enzymes from C. tetanomorphum and C. cochlearium, one might reasonably 

expect them to form complexes of similar stoichiometry. However; workers using 

recombinant C. cochlearium enzyme claimed that 0.5 mol AdoCbl are bound per GlmE 

monomer (Zelder et al., 1994b). After incubating recombinant GlmS with an excess of 
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AdoCbl, these workers isolated GlmS·AdoCbl complexes by gel filtration through a Superose 

12 column (in contrast to the behaviour of recombinant C. tetanomorphum enzyme); 

recombinant GlmE alone bound no coenzyme. GlmS·AdoCbl complexes contained 0.3-0.5 

mol AdoCbl per mol GlmS, as determined by uv-vis and atomic absorption spectroscopy. By 

similar means, an excess of AdoCbl was shown to mediate the assembly of a heterotetrameric 

(£2cr2) protein complex containing 1.16 ± 0.15 mol AdoCbl per mol tetramer. The enzyme 

activity of this complex was not increased after a further addition of AdoCbl. These workers 
~ 

determined protein concentration using the method of Bradford (1976) with an unspecified 

standard protein, which leaves open the possibility of over-estimation of GlmE concentration. 

These discrepancies remain to be resolved. 

The iodoacetate-sensitive residue in MutS was identified as Cys15. This position is 

occupied by a variety of aliphatic residues in homologous pnf ins. In order to further 

investigate the role of this residue, site-directed mutagenesis was used to replace it with alanine 

and serine. Enzyme complexes containing MutS-C15A or MutS-CI5S displayed about one 

third of the wild type activity under conditions where substrate, cofactor and MutS variant were 

saturating (Table 5.3). This rules out Cys15 as the site of any essential thiyl radical 

intermediate. In contrast, enzyme complexes containing MutS-C15CmC were catalytically 

inactive under all conditions tested. Kinetic analysis did not indicate that an altered affinity for 

MutE, L-glutamate or coenzyme was a significant factor in reducing the catalytic activity of the 

C15A and C15S mutants (Table 5.4). Only modest decreases in the affinity of mutant proteins 

for MutE, L-glutamate or (Bza)AdoCba were observed, and the enzyme could still be saturated 

under the routinely-used assay conditions. At pH 7 .0, the maximum AdoCbl-binding capacity 

of each enzyme variant, including enzyme containing MutS-C15CmC, was similar (Table 5.5). 

The K~PP values varied 5-fold in the order wt< C15A < C15S < C15CmC, which indicated 

that the affinity for AdoCbl had been decreased in the modified proteins. In summary, the 

principal effect of these alterations at position 15 was the reduction in the maximal turnover rate 

of the enzyme, kcat· 

The importance of this result lies in the implication of a role for MutS in the catalytic 
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mechanism of glutamate mutase, in addition to its role in binding the coenzyme. In general, the 

effect of this type of protein modification can only be interpreted in a speculative fashion unless 

much is already known about the structure of the enzyme in question. For example, it can be 

hazardous to assume that the response to modification is mediated solely by short-range steric 

and noncovalent bonding interactions in the immediate vicinity of the modified residue. One 

must also consider overall changes of conformation or salvation which may be propagated 

from the local site throughout the molecule as a whole. Specific long-range effects may also 

mediate the transmission of structural modifications to other sites by specific pathways. It is 

therefore desirable to have considerable prior information on both the structural and 

mechanistic aspects of the system. With hindsight, the recently published crystal structure of 

the methylcobalamin-binding portion of methionine synthase (Drennan et al., 1994a,b) partly 

fulfils these criteria, and aids considerably in the interpretation of these results. This is 

discussed in Chapter 7. 
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Figure 5.1 Detection of an enzyme-coenzyme complex 
Example of data collected from an equilibrium gel filtration experiment using the Beckman system. The 
column was equilibrated in 13.1 µM AdoCbl. The injected sample (initially 50 µl) contained MutE (10 µM), 
MutS (50 µM) and AdoCbl (13.1 µM). 
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Figure 5.2 Binding of AdoCbl to glutamate mutase measured by equilibrium gel filtration 

Numerical data from the Hewlett-Packard peak integrator were used directly to construct binding curves. Binding 

was measured,(•) in the presence of a 5-fold molar excess of MutS over MutE, and (o) in the presence of 

equimolar MutS and MutE. 
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Figure 5.3 Reaction of MutS with iodo[2-14C]acetic acid 

Top, primary plot of the incorporation of 14C ( o) and the loss of MutS activity ( •) . 

Bottom, secondary, semi-logarithmic plot of the loss of unmodified protein (o) and the loss of MutS activity 

(•). 
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Figure 5.4 Fractionation of MutS fragments by HPLC 

MutS was digested with Glu-C endoproteinase. Approximately 15 µg peptides were injected on to a 100 x 4.6 mm Spherisorb 0DS2 column and eluted with an ascending 
gradient of acetonitrile in the presence of 0.1 % (v/v) TFA. The flow rate was 1 ml miu-1. 



Fraction Radioactivity (cpm) 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
p 
Q 
R 
s 
T 

2 
5 

104 
107 
6 
16 
8 
18 
36 
56 

918 
464 
110 
178 
522 
394 
582 
432 
302 
96 

Table 5.1 Radioactivity of HPLC-fractionated peptides 

The fractions in bold type were subjected to N-terminal sequencing. 

Fraction Sequence (5'~3') 

K K-K-T-I-V-L-G - V-I-G-S-D-*-H-A- .. 

T-K-A-D-L-I-C-V-S-S-L-Y-G-Q-G- .. 

0 K-K-T- I-V-L-G-V-I-G-S-D-*-H-A- . . 

Table 5.2 Amino acid sequence of HPLC-fractionated peptides 

* denotes a modified cysteine residue. 
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MutS variant V kcat Specific activity Kapp h 

nmol min-1 s-1 % nM 

Wild type 36.2 ± 0.5 24.1 ± 0.3 100 64 ± 2 1.2 ± 0.1 

C15A 13.5 ± 0.5 9.0 ± 0.3 37 ± 2 96 ± 9 1.1 ± 0.1 

C15S 12.7 ± 0.8 8.5 ± 0.5 35 ± 2 96 ± 16 1.1 ± 0.1 

C15CmC 0 0 

Table 5.3 Glutamate mutase activity as a function of MutS variant concentration 

Assays were performed at 25 ·c and contained L-glutamate (10 mM), (Bza)AdoCba (4 µM), MutE (50 nM) and 

MutS variant (0, 25, 50, 100, 200, 400 or 800 nM). Tbe data were fitted directly to the Hill equation to give 

estimates of V, the maximum reaction velocity; Kapp, the concentration of MutS variant wbicb gave balf

maximum reaction velocity; and h, the Hill coefficient. Tbe estimate of V was used to calculate kcat, tbe 

catalytic constant for the MutE monomer. 



MutS variant K:P for L-glutamate K:P for (Bza)AdoCba 

mM µM 

Wild type 1.3 ± 0.1 0.5 ± 0.1 

C15A 1.4 ± 0.1 0.7 ± 0.1 

C15S 1.4 ± 0.1 0.7 ± 0.1 

C15CmC 

Table 5.4 Glutamate mutase activity as a function of L-glutamate and AdoCbl 
concentration 

Assays were performed at 25 ·c and contained MutS variant (80 nM) and MutE (80 nM). The data were fitted 

directly to the Michaelis-Menten equation to give estimates of K:P for L-glutamate, K:P for (Bza)AdoCba, 

and V, the maximum reaction velocity under the assay conditions. To determine K:P for L-glutamate, 

(Bza)AdoCba was present at 4 µMand L-glutamate was present at 0, 0.5, 1, 2, 5, or 10 mM. To determine 

K:P for (Bza)AdoCba, L-glutamate was present at 10 mM and (Bza)AdoCba was present at 0, 0.1, 0.4, 0.8 , 2, 

or4 µM. 
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MutS variant K1PP for AdoCbl n 

µM mol AdoCbl I mol MutE 

Wild type 1.8 ± 0.2 0.71 ± 0.03 

C15A 3.3 ± 0.2 0.60 ± 0.02 

Cl5S 5.3 ± 0.5 0.55 ± 0.03 

C15CmC 9.5 ± 0.7 0.62 ± 0.03 

Table 5.5 AdoCbl-binding data for MutS variants 

Binding of AdoCbl as measured by equilibrium gel filtration. Samples initially contained MutS variant (50 

µM), MutE (10 µM) and AdoCbl (0, 1.1, 5.5, 13.1, 26.3 or 49.8 µM) . The data were fitted directly to the 

steady-state ligand-binding isotherm to give estimates of K1PP for AdoCbl, the apparent dissociation constant 

for AdoCbl, and n, the number of AdoCbl-binding sites per MutE monomer when saturated with MutS variant. 
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ENGINEERING OF A 

SINGLE-SUBUNIT 

GLUTAMATE MUTASE 



6 . 1 INTRODUCTION 

6.1.1 Evolution of cobalamin-dependent enzymes 

The identification of sequence homology between the cobalamin-binding fragment of 

methionine synthase and the AdoCbl-dependent mutases suggests that these enzymes may have 

acquired their cobalamin-binding properties from a common ancestor. The 100 residue region 

of sequence homology will be referred to as the 'cobalamin-binding domain' for convenience. 

The location of the cobalamin-binding domain within these proteins is variable (Fig. 6.1). 

MutE 

MGM 

MCM 

11:11(> 

111111•1•1••11•1•••••11C> 

.___ ___ M_etH_--=l=ll"'-111 --~> 

Figure 6.1 Alignment of cobalamin-binding domains 

The 100 residue region of homology is shaded for glutamate mutase (MutE/MutS), cx.-methyleneglutarate 
mutase (MGM), human methylmalonyl-CoA mutase (MCM), and methionine synthase (MetH). Each tick 
on the scale bar represents 100 amino acid residues. 

In methionine synthase, the domain is found in the middle of the polypeptide chain; in 

methylmalonyl-CoA mutase and a-methyleneglutarate mutase, it is the C-terminal domain. 

Glutamate mutase is the only enzyme known where the domain exists as a separate subunit. 

The domain can clearly function in all three structural contexts, although kinetic studies on 

glutamate mutase have shown that interaction with other domains, which may be unique to the 

particular enzyme, is necessary for cobalamin binding. It should also be noted that other 

cobalamin-dependent enzymes exist in which a homologous domain is not apparent. 

X-ray crystallography and solution studies have revealed a significant degree of 

modularity in a large number of protein structures. In some cases, this would not have been 
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detectable by biochemical methods or by sequence analysis. In others, sequence homologies 

have suggested that the repertoire of complex enzymatic activities found in nature may have 

arisen by gene rearrangements which have brought together domains performing specific 

functions. The activity of a multidomain protein need not therefore be related to the function of 

its ancestral components (Janin & Chothia, 1985); Although amino acid substitutions and 

small insertions/deletions can lead to incremental changes within existing proteins in a process 

of 'microevolution' , entirely new activities may have been generated in 'macroevolutionary 

leaps' by the acquisition of complete domains and even larger units of structure (Savageau, 

1986). In light of this, two scenarios could account for the relationship between glutamate 

mutase and the other homologous cobalamin-dependent enzymes. Either mutS is closely 

related to a primordial, autonomous cobalamin-binding module which has subsequently 

undergone gene fusion events to generate other known cobalamin-dependent enzymes, or mutS 

arose at a later time by excision from another gene. Unfortunately, it is not possible to deduce 

the chronology of evolution for such a small number of proteins by sequence comparison alone 

(Marsh, 1995a). 

Many proteins unique to vertebrates, such as components of body fluids and the 

extracellular matrix, are 'mosaics' that were apparently assembled from 'modules'. In the 

genes of these mosaic proteins, introns are found at the boundaries separating the modules, 

suggesting that they play a role in the assembly process. Indeed, recent studies of these genes 

support the hypothesis that they were assembled from modules by 'exon-shuffling' (reviewed 

by Patthy, 1991). There is good evidence that illegitimate recombination in introns is 

responsible for the general mobility of these modules. Despite the rapidly growing list of 

mosaic genes, unquestionable evidence for an exon-shuffling mechanism in the construction of 

old proteins (i. e. proteins that were formed before the appearance of eukaryotes) is lacking. 

Yet, gene fusion has undoubtedly occurred in prokaryotes where there are no introns. Current 

evidence suggests that domains are units of protein structure, of protein function and possibly 

of protein evolution. 

As a point of interest, the genomic structure of methylmalonyl-CoA mutase is now 
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known for humans (Nham et al., 1990) and mice (Wilkemeyer et al., 1993). In these 

organisms, the gene is composed of 13 exons; closer inspection reveals that the cobalamin

binding domain is coded by exons 11 and 12, each ea. 150 bases (50 amino acids) in length. 

The junction between these two falls half way along the 100 residues of homology, with the N

terminus of exon 11 and the C-terminus of exon 12 corresponding closely with the boundaries 

of the homology. Of course, the genes encoding the subunits of bacterial methylmalonyl-CoA 

mutases are composed of a single exon, where no dissection of the coding sequence is 

possible. 

6.1.2 Construction of a single-subunit glutamate mutase 

The glutamate mutase holoenzyme is freely dissociable and the extent of coenzyme 

binding is strongly dependent upon the molar proportion of each protein subunit. In contrast, 

once bound by methionine synthase, methylmalonyl-CoA mutase or a-methyleneglutarate 

mutase, coenzyme is not readily removed (for example, see Michel et al. (1989) concerning a

methyleneglutarate mutase). Release of coenzyme would appear to be slower in enzymes 

where this domain is covalently-linked to the main body, possibly due to additional diffusion 

constraints imposed. 

The dynamic nature of glutamate mutase holoenzyme assembly complicates the 

interpretation of many experiments that might highlight structure-function relationships in the 

enzyme. It also renders the enzyme relatively inaccessible to crystallographic methods of 

structure determination. With reference to Fig. 6.1, it is conceivable that fusion of the N

terminus of MutS with the C-terminus of MutE might result in an active enzyme with structural 

properties reminiscent of the a-methyleneglutarate or methylmalonyl-CoA mutases. Such an 

experiment has important evolutionary implications and may produce material suitable for X

ray crystallography. 

If one is to create a multifunctional polypeptide, one must consider the role of domain 

movements in protein function. Domain movements are important for a variety of protein 

functions, including catalysis, regulation of activity and formation of protein assemblies 

(reviewed by Gerstein et al., 1994). Substrate binding sites are often located between 
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domains; the domains may close around the site once substrate has bound. One interpretation 

is that substrate binding stabilizes a closed conformation and absence of substrate favours an 

open conformation. In catalysis, domain closure often excludes water from the active site and 

helps position catalytic groups around the substrate. It also traps substrates and prevents the 

escape of reaction intermediates (Knowles, 1991). In the case of AdoCbl-dependent 

rearrangements, this includes highly reactive radical species. 

The basic elements of domain motions are hinge and shear movements. The most basic 

motion of a polypeptide chain is a few large changes in the main-chain torsion angles of a 

localized region, i.e. at a hinge. However, when domains are close-packed, the large torsion 

angle changes associated with hinges are not possible. In these instances, small shear motions 

are tolerated as long as they remain low-energy changes in conformation. Both sorts of motion 

have been observed in instances of domain closure, and many domain motions show a 

combinantion of both, i.e. hinges in one part of the protein and shearing interfaces elsewhere 

(Gerstein et al., 1994). The particular mix of hinge and shear motions is governed mainly by 

the structure of the interfaces between the domains. 

An unusual degree of freedom of movement is permitted when interacting domains are 

present on separate subunits, as presumed in glutamate mutase. Provision for domain 

movements must be made when attempting to fuse subunits together into a single entity, whilst 

preserving the structure of the domain interface. Detailed structural information is invaluable 

for protein engineering, but in its absence, sequence homology can serve as a guide. 

Therefore, a MutE·MutS fusion was designed, incorporating a linking sequence derived from 

sequence alignment of MutS and MutE with a-methyleneglutarate mutase (Fig. 6.2). The new 

protein had a predicted length of 616 residues (2 more than a-methyleneglutarate mutase), a 

molecular mass of 67739 Da, and was named MutES. A gene fusion was effected using 

recombinant DNA techniques and the new gene was over-expressed in E. coli. The gene 

product was then purified and refolded from inclusion bodies, and some preliminary kinetic 

measui:ements were made. 
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A 

MutS 1 . M E K K T I V L G V I G S D C H A V G N 2 0 
I I I I I I I Mgm 4 6 0 D V E V H V E K A P T R P E K I V L A T V G A D A H V N G I 4 8 9 

I I I I 
MutE 4 7 0 I F A V G K G R L I G R P E N K * 4 8 5 

B 

Mgm 4 6 0 D V E V H V E K A P T R P E K I V L A T V G A D A H V N G I 4 8 9 
I I I I I I I I I I I I MmES 470 IF AV GK GR LI GR PE K IV LG VIG S DC HA VG N 499 

Figure 6.2 Design of a MutE·MutS fusion site 

A glutamate mutase fusion protein (MutES) was designed based on A., the sequence alignment of MutS and 
MutE with a-methyleneglutarate mutase (Mgm). B. shows the alignment of MutES with Mgm. The region 

of fusion consists of 7 contiguous residues that are common with Mgm. 

6.2 RESULTS 

6.2.1 Construction of pmutES 

The mutE and mutS genes were fused using "recombinant PCR" (Higuchi, 1990). 

This procedure involved two amplification stages: in the first, mutE and mutS were amplified 

independently to introduce novel 'sticky ends'; the second utilized the sticky ends to effect the 

gene fusion, creating the 1851 bp mutES gene (Fig. 6.3). The following pairs of 

oligonucleotides were used: to amplify mutE, oligos #3782 and #5365; to amplify mutS, oligos 

#5366 and #3210; to amplify mutES, oligos #3782 and #3210. Oligo #3782 served to 

incorporate the ATG initiation codon of mutE into an Ndel site, whilst oligo #3210 left the stop 

codon of mutS unchanged. All PCR reactions were carried out with Taq polymerase, using 25 

cycles of: 94 °C for 1 min, 45 °C for 1.5 min, and 72 °C for 1.5 min. 

In the first stage, mutE was amplified using ea. 25 ng of plasmid pmutEX as template; 

the PCR product was designated mutE'. To amplify mutS, ea. 25 ng of plasmid pmutS was 

used as template; this PCR product was designated mutS'. Both PCR products were then 

purified by use of the Wizard™ PCR Preps DNA Purification System. 
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A 
L I G R P E N K * 

mutE 5 ' CTT ATC GGA AGA CCA GAA AAT AAA TAA TTT ATA AGA CCT T 3' 
111 111 111 111 111 11 ! 11 

Oligo #5365 3' GAA TAG CCT TCT GGT CTT TT 
T TAA CAA GAA CC 5' 

B 
M E K K T I V L G V I 

mutS 3' AA ATT TAC CTC TTT TTC TGA TAA CAA GAA CCT CAA TAA C 5' 
111 111 11 1 1 1 1 1 1 1 11 1 I 

ATT GTT CTT GGA GTT ATT G 3 ' 
Oligo #5366 5 ' A AGA CCA GAA AAA 

C 
L I G R P E K . I V L G V I 

mutS' 5' A AGA CCA GAA AAA ATT GTT CTT GGA GTT ATT G 3 ' 
I 111 111 111 111 111 111 111 11 mutE' 3 ' GAA TAG CCT TCT GGT CTT TTT TAA CAA GAA cc 5 ' 

Figure 6.3 Sites of annealing during fusion of mu tE and mu t S 

Intended annealing at the fusion site during the first PCR cycle for the amplification of A., mutE'; B., mutS'; 

and C., mutES. Vertical lines denote perfect annealing. The amino acid sequences of A. , MutE; B., MutS; 

and C., MutES are displayed above the corresponding nucleotide sequences. 

In the second stage, a new gene, mutES, was amplified using 30 ng mutE' and 10 ng mutS' as 

co-templates in a single PCR reaction. This PCR product was purified by use of the Wizard™ 

PCR Preps DNA Purification System, then end-repaired (using E. coli DNA polymerase I 

Klenow fragment) and phosphorylated (using T4 polynucleotide kinase). The product was 

then ligated with Smal-restricted and dephosphorylated pUC119, and the ligation mixture was 

used to transform E. coli TGl recO. Plasmids were isolated from recombinant bacteria and 

clones with correctly-sized inserts were identified by restriction analysis. DNA sequence of 

their inserts was determined by sequencing plasmid DNA directly using specifically

synthesized oligonucleotide primers. 

DNA sequencing of 5 subcloned PCR products failed to identify a mutES gene free 

from unintended point mutation. This was attributed to the error rate inherent to Taq DNA 

polymerase activity (Tindall & Kunkel, 1988). Attempts to amplify mutE and mutS using the 

higher-fidelity Pfu polymerase met with limited success. With this polymerase, yield of mutS' 
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was poor whilst mutE' product was not detectable using ethidium bromide and agarose gel 

electrophoresis. Gene fusion was therefore not attempted using Pfu polymerase. 

One plasmid, designated pmutES1294, contained no unintended mutations downstream 

from a unique internal EcoRI site at position 1294. An existing plasmid, pmutE, contained the 

required sequence upstream of this site. This enabled an error-free mutES gene to be 

constructed from two error-free restriction fragments. Plasmid pmutES 1294 (20 µg) was 

restricted with EcoRI endonuclease and the 550 bp fragment was isolated by electrophoresis 

through a 5 % (w/v) polyacrylamide gel. The fragment was eluted from a crushed gel slice, 

purified by extraction with phenol/chloroform, and precipitated with ethanol. Plasmid pmutE 

(8 µg) was restricted with EcoRI endonuclease and dephosphorylated with calf intestine 

alkaline phosphatase. Restricted pmutE was extracted with phenol/chloroform, precipitated 

with ethanol, and then treated with the GENECLEAN JI® kit to remove the 200 bp fragment 

liberated by restriction. The two purified EcoRI fragments were ligated together and the 

ligation mixture was used to transform E. coli TG 1 recO. Plasmids were isolated from 

recombinant bacteria and restriction analysis identified a plasmid containing the reconstituted 

mutES gene. This plasmid was designated pmutES. 

6 .2.2 Expression of mutES 

The mutES gene was excised from pmutES and subcloned into pT7-18 to facilitate its 

expression. Plasmid pmutES was restricted with Ndel, Sacl and Pvul endonucleases, and the 

fragments were dephosphorylated with calf intestine alkaline phosphatase. The fragments were 

then purified by extraction with phenol/chloroform and precipitated with ethanol. Plasmid 

vector pTI-18 was restricted with Ndel and Sacl endonucleases, then treated with the 

GENECLEAN JI® kit to remove the small linker liberated by restriction. The pmutES 

fragments were then ligated with the vector, and the ligation mixture was used to transform E. 

coli TG 1 recO. Plasmids were isolated from recombinant bacteria and restriction analysis 

identified a plasmid containing the mutES gene cloned into pT7-18 in the correct orientation. 

This plasmid was designated pmutESX. 

Plasmid pmutESX was used to transfo1m E. coli BL21(DE3) pLysS. A preliminary 
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experiment determined that in this strain, MutES was expressed in an insoluble form at 37 °C 

(data not shown). In an attempt to increase the fraction of soluble protein, the effects of 

varying the induction temperature and the inducer concentration were examined. In this 

experiment, a single bacterial colony was used as inoculum for a 6 ml test tube culture in 2 x 

TY broth, containing ampicillin (50 µg m1-1 ). After overnight growth at 37 °C, each of four 

250 ml flasks (A, B, C and D) containing 50 ml of the same broth was inoculated with 0.5 ml 

of this culture. These cultures were grown at 37 DC until A600 measured 0.5, at which point 

flask C was transferred to a 30 DC incubator, flask D was transferred to a 23 °C incubator, and 

flasks A and B remained in the 37 DC incubator. For each flask, IPTG was added when A600 

had reached 1. For flasks A, C and D, the concentration of IPTG was 0.5 mM; for flask B, it 

was 0.1 mM. After a further 3 hours incubation, 30 ml of culture was harvested from each 

flask by centrifugation at 4000 x g for 15 min, and the cells were stored overnight at -20 DC. 

For purification of expressed protein, all procedures were carried out at 4 DC or on ice. 

Each cell pellet was resuspended in 4 ml of 50 mM potassium phosphate buffer, pH 6.9, 

containing 1 mM DTT, 1 mM EDTA and 0.1 mM PMSF. From each, 1 ml was removed and 

centrifuged at 12000 x g for 5 min to provide samples of whole cells. The remaining cell 

suspension (3 ml) was sonicated in 5 x 20 s bursts at 22 µm power output, using a MSE 

Soniprep 150 sonicator fitted with tapered probe. For each sample, 1 ml of lysate was 

fractionated by centrifugation at 12000 x g for 15 min. The supernatant was removed by 

pipette and kept. The densest component of each pellet was creamy-white in colour and on top 

of this was a thin, viscous, dark brown layer. This upper layer was removed by pipette and 

discarded. Each fraction (whole cell, soluble and insoluble protein) was then analysed by 

SDS-PAGE (Fig. 6.4). -

The distribution of MutES between the soluble and insoluble fractions differed little 

between these .expression conditions. In all cases, the overwhelming majority of MutES 

protein was found in the insoluble fraction. The predicted molecular mass of MutES is 67.7 

kDa, although the mobility of MutES under the conditions of electrophoresis was greater than 

that of the 66 kDa marker protein (bovine serum albumin). High mobility is a property shared 

with MutE. 
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Since induction temperature and inducer concentration had little effect on the solubility 

of MutES, the protein was expressed in this strain precisely as described for the expression of 

MutS protein in E. coli BL2l(DE3) pLysS pmutSX (i.e. at 37 °C with 0.5 mM IPTG). From 

four 1 litre cultures, 12 g cells (wet weight) were harvested. 

6 .2 .3 Purification of MutES 

A procedure for purification of recombinant MutES was developed, based on the 

guidelines of Marston (1987) for the purification of proteins from inclusion bodies. All steps 

were performed on ice or at 4 °C. Firstly, 12 g cells (wet weight) were resuspended in 30 ml 

of 50 mM potassium phosphate buffer, pH 6.9, containing 100 mM NaCl, 1 mM DTT, 1 mM 

EDTA and 0.1 mM PMSF. The cells were ruptured by sonication in 6 x 30 s bursts at 26 µm 

power output, using a MSE Soniprep 150 sonicator fitted with 9 mm diameter probe. When 

the cell lysate was examined by light microscopy, dense refractive particles reminiscent of 

inclusion bodies were seen. Insoluble material was collected by centrifugation at 12000 x g for 

15 min, and the supernatant was discarded. The large pellet was creamy-white in colour and 

was topped by a thin dark brown layer. 

The sample was washed twice to remove lipophillic contaminants. Each wash involved 

resuspension of the pellet in 25 ml of the same buffer supplemented with 0.5 % (v/v) Triton X-

100, followed by centrifugation at 25000 x g for 15 min. After this, the dark brown layer had 

been removed, and inclusion bodies remained. Purity was > 90 % and similar to that obtained 

by small-scale preparation (Fig. 6.4) when compared by SDS-PAGE (data not shown). No 

steps were taken to further purify MutES before refolding. 

6.2.4 Refolding of MutES 

The inclusion body preparation was solubilized in 25 ml of 0.1 M potassium phosphate 

buffer, pH 6.9, containing 6 M guanidine hydrochloride, 10 mM DTT and 1 mM EDTA. The 

solution was stirred at room temperature for 2 hours, then insoluble material was removed by 

centrifugation at 25000 x g for 15 min. A small, dark pellet was discarded. The supernatant 

was used as the stock solution for refolding experiments. 
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The molar extinction coefficients of MutE and MutS were summed to provide an 

estimate of the MutES extinction coefficient. This gave values of £ 280 = 65700 M-1 cm-1 and 

c~l<i° = 0.97 cm-1. Using solubilization buffer as blank, the A 280 of this MutES stock 

solution was determined to be 5.1, corresponding to a MutES concentration of approximately 

78 µM, or 5.3 mg mI-1. The yield of MutES was therefore ea. 30 mg per litre of culture. 

To provide material for kinetic experiments, MutES was refolded in dilute solution and 

then concentrated. All steps were performed at 4 "C or on ice. MutES was refolded at ea. 50 

µg mI-1; higher concentrations resulted in excessive precipitation. Stock solution was added 

dropwise to 100 ml of 0.1 M potassium phosphate buffer, pH 7.6, containing 1 M guanidine 

hydrochloride, 10 % (v/v) glycerol, and 1 mM DTT, with gentle stirring. The solution was 

stirred for a further 20 min and then dialysed overnight against 2 x 4 litres of 0.1 M potassium 

phosphate buffer, pH 7.6, containing 10 % (v/v) glycerol and 1 mM DTT. The dialysate was 

then cleared by centrifugation at 25000 x g for 15 min and concentrated down to 2 ml by 

ultrafiltration in a stirred cell fitted with YM30 membrane (exclusion limit 30 kDa). The 

concentrated solution was again cleared by centrifugation at 25000 x g for 15 min. 

MutES displayed a marked tendency to precipitate during the refolding and 

concentration steps, even when kept at 4 °C or on ice. The sample prepared by the above 

method for kinetic analysis had a final volume of 2 ml and an A 280 of 0.8. This represented a 

32 % yield of soluble protein from the starting material. 

6.2.5 Preliminary kinetic analysis of MutES 

Once refolded, MutES was far less stable than either MutE or MutS. When stored for 

just a few hours at 4 °C, considerable precipitation of the protein occurred, which made reliable 

activity measurements difficult to make. Nevertheless, assay revealed that refolded MutES was 

catalytically active. Kinetic parameters are summarized in Table 6.1. 

MutES was reduced with 5 mM DTT for at least 2 hours on ice prior to all assays. 

Firstly, enzyme activity as a function of L-glutamate and (Bza)AdoCba concentration was 

investigated. Assays were performed at 25 °C and contained 70 µg (2.1 µM) MutES. To 



determine the K!f P for L-glutamate, (Bza)AdoCba concentration was fixed at 4 µM; reaction 

velocity was measured with 0, 0.25, 0.5, 1, 2, 4, and 10 mM L-glutamate. To determine the 

K!fP for (Bza)AdoCba, L-glutamate concentration was fixed at 10 mM; reaction velocity was 

measured with 0, 0.8, 2, 3.2, 5.4 and 10 µM (Bza)AdoCba. The data were fitted directly to 

the single-substrate Michaelis-Menten equation to obtain estimates of kinetic parameters. 

The K!f P for L-glutamate was calculated to be 1.2 ± 0.1 mM. This is the same as 

wild-type within experimental error. The K!fP for (Bza)AdoCba was calculated to be 4.8 ± 

0.3 µM. This is significantly higher than the 0.5 ± 0.1 µM measured for the wild type enzyme 

with equimolar subunit concentrations (Chapter 4). The coenzyme-binding data fitted the 

Michaelis-Menten hyperbola well, despite the fact that the molar concentration of protein 

approached that of the coenzyme in the assay. This suggested that a significant proportion of 

enzyme in the assay was unable to bind (Bza)AdoCba, such that depletion of free coenzyme 

did not occur. When (Bza)AdoCba concentration was extrapolated to infinity, V was 

calculated to be 9.6 ± 0.4 nkat mg-1. Assuming the enzyme has one active site per monomer, 

this corresponds to kcat = 0.65 ± 0.03 s-1. 

Enzyme activity was also measured as a function of MutES concentration. Assays 

were conducted in which the concentrations ofL-glutamate and (Bza)AdoCba were fixed at 10 

mM and 4 µM respectively, whilst MutES concentration was varied from Oto 1.8 µM. The 

variations in reaction velocity and enzyme specific activity are plotted against MutES 

concentration in Fig. 6.5. The curves indicate that the specific activity of MutES is not 

constant over this concentration range, but instead approaches a maximum value at higher 

concentrations. At the lowest concentrations, specific activity is close to zero. One explanation 

for this is that the MutS domain is not able to interact effectively with the MutE segment to 

which it is covalently linked. If activity results from interaction between opposing MutES 

monomers, one might expect activity to show a dependence upon MutES concentration. 

Because coenzyme was not saturating in this experiment, it is also possible that the higher 

specific activity of concentrated MutES reflects a higher affinity for coenzyme. This type of 

valiation in K!f P would be analagous to that seen with the wild type glutamate mutase system. 
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To test these hypotheses, the effects of supplementary MutS or MutE on MutES activity 

were investigated. A set of assays were conducted, containing L-glutamate (10 mM), MutES 

(0.33 µM) and (Bza)AdoCba (1 or 15 µM). Some assays also contained MutS (1 µM) or 

MutE (0.11 µM). Shortage of refolded MutES precluded construction of thorough 

(Bza)AdoCba-binding curves. 

Reaction rate was stimulated considerably by the addition of MutE or MutS to the assay 

mixture (Table 6.2). Notably, a 3-fold molar excess of MutS brought about a> 9-fold increase 

in the specific activity of the MutES preparation in the presence of 1 µM (Bza)AdoCbl and a 

smaller (ea. 3-fold) increase in the presence of 15 µM (Bza)AdoCba. This can be explained if 

free MutS is able to influence the K:P for coenzyme as observed with the wild-type enzyme. 

An increase in activity was also seen when MutES was supplemented with one only third 

(mol/mol) MutE, with perhaps a small increase in coenzyme affinity. The results indicate that 

MutES possesses functional MutE and MutS segments that are accessible to free MutE and 

MutS subunits. 

6. 3 DISCUSSION 

The mutE and mutS genes were successfully fused using the polymerase chain 

reaction. The error rate of Taq polymerase necessitated assembly of an error-free mutES gene 

from two restriction fragments of different origins. This could perhaps have been avoided by 

including a higher-fidelity polymerase such as Pfu polymerase or VentR® DNA polymerase 

(New England Biolabs Inc., Beverly, MA, USA) in the amplification reactions in a 'proof

reading' capacity. 

When expressed in the BL21(DE3) pTI-18 pLysS system, the mutES gene product 

was deposited in inclusion bodies in an insoluble form (Fig. 6.4). Reduction of the induction 

temperature from 37 to 23 °C did not improve solubility within the cell. As a comparison, it is 

notable that the gene for a-methyleneglutarate has also been expressed in E. coli from an 

IPTG-inducible plasmid-based system (Beatrix et al., 1994). With this protein, induction with 

1 mM IPTG caused the production of inclusion bodies. Reduction of the IPTG concentration 
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to 0.2 mM resulted in expression of a soluble protein. However, when this strategy was 

applied to MutES, solubility was not improved. Nevertheless, over-expressed MutES 

accumulated to a high proportion of total cell protein under each of the expression conditions. 

The insolubilty of MutES was exploited in the development of a rapid purification 

procedure. MutES was by far the most abundant protein present in the insoluble fraction; once 

washed with a detergent solution to remove lipophillic contaminants, the protein could be 

refolded without further purification. A simple refolding procedure was used, during which 

losses due to precipitation reduced the yield of soluble protein to ea. 30 % of the starting 

material. Future efforts to characterize the protein should aim to improve this procedure and 

reduce the extent of aggregation which takes place. 

Once refolded, the instability of MutES made reliable activity measurements difficult to 

make. Nevertheless, a preliminary kinetic analysis identified some important features of the 

MutES system. Firstly, the fusion protein was catalytically active. This supports the notion 

that MutS represents a transferable cobalamin-binding domain. Secondly, when the kinetic 

properties of a MutES solution (2.1 µM) were compared with those of a 1: 1 mixture of MutE 

and MutS (0.08 µM each), glutamate binding was normal but (Bza)AdoCba binding was 

impaired, reflected in a 10-fold increase in K:P. Thirdly, kcat for a 2.1 µM solution of MutES 

was estimated to be 0.65 ± 0.03 s-1, which is significantly lower than the figure of 11.9 ± 0.9 

s-1 recorded with a solution of wild-type enzyme containing equimolar MutE and MutS (0.15 

µM each). Since the coenzyme-binding data suggested that a significant proportion of the 

refolded protein was inactive, this figure may only be useful as a guide to the efficacy of the 

refolding procedure for future workers. Finally, the specific activity of MutES appeared to be 

dependent upon its concentration in the assay (Fig. 6.5), and was stimulated by the addition of 

free MutS (Table 6.2). This indicates that the MutE segment of MutES is better able to 

cooperate with an exogenous MutS domain than its integral MutS domain. In an ideal fusion 

protein, supplementary MutS would have little effect on enzyme activity because the proximity 

and alignment of the integral MutS domain would ensure a high effective concentration of 

MutS at the active site. The data also imply that the MutS segment in MutES was able to serve 
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as a cobalamin-binding domain for free MutE. 

A picture emerges in which MutES possesses all the components of an active 

apoenzyme, but its activity results from cooperation between domains in opposing MutES 

monomers, rather than from intra-subunit interactions. This could be attributed to inadequacies 

of the segment chosen to link the two subunits together. Interdomain linkers have been studied 

in a number of proteins (reviewed briefly by Abillon et al., 1990). Many of these linkers 

contain clusters of alanine, praline and, to a lesser extent, charged residues. In the multi

enzyme complex pyruvate dehydrogenase from E. coli, 1H-NMR, 13C-NMR and proteolysis 

susceptibility studies have shown that these chains exist in a flexible but extended conformation 

(reviewed by Perham et al., 1987). These properties are thought to be facilitate the large 

domain movements which are essential to the function of this large complex. By comparison, 

the sequences of the AdoCbl-dependent mutases which align with the MutE·MutS fusion site 

are not so much alanine/praline-rich as highly charged (Fig. 3.9). This theme was consciously 

preserved when designing the linker for MutES. 

It is possible that the present linking sequence is simply not long or flexible enough to 

allow the required freedom of movement, and by increasing its length, intra-subunit 

interactions may be improved. Experiments with tryptophan synthetase from E. coli revealed a 

requirement for a linker sequence of appropriate length in the engineering of an active multi

functional enzyme (Burns et al., 1990). With this enzyme, introduction of an 11 residue 

extension to the linker increased the solubility of the gene product within the cell. Thus 

extension of the MutES linker may fulfil several requirements in the engineering of an 

improved single-subunit enzyme. 

Inspection of the corresponding linker sequence in the crystal structure of the 

methylcobalamin-binding fragment of methionine synthase (Drennan et al ., 1994a,b) also 

sheds some light on the problem of engineering a single-subunit glutamate mutase (Chapter 7). 
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Figure 6.4 Expression of MutES 

SOS-PAGE of protein samples purified from E.coli BL2l(DE3) pLysS pmutES (10 % w/v polyacrylamide 

gel stained with Coomassie Brilliant Blue R-250). Cells were induced to express the mutES gene at the 

indicated temperatures by addition of IPTG to the indicated concentrations. Shown is T, total cell protein; 

S, soluble protein; and I, insoluble protein isolated from induced cells. Also shown is U, total cell protein 

from uninduced cells; and M, marker proteins. 
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Figure 6.5 Concentration dependence of MutES activity 

Top, activity as a function of MutES concentration. Bottom, specific activity as a function of MutES 

concentration. Assays contained 10 mM L-glutamate and 4 µM (Bza)AdoCba. 
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Parameter Value 

K:P for L-glutamate 1.2 ± 0.1 mM 

K:P for (Bza)AdoCba 4.8 ± 0.3 µM 

Specific activity 9.6 ± 0.4 nkat mg-1 

kcat 0.65 ± 0.03 s-1 

Table 6.1 Summary of MutES kinetics 

The glutamate mutase activity of a 2.1 µM solution of MutES was measured. 

[MutES] [MutS] [MutE] [(Bza)AdoCba] Reaction rate MutES specific activity 

µM 

0.33 

0.33 

µM µM µM L1A240 min-1 nkat mg-I 

0.33 

0.33 

0.33 

0.33 

1.00 

1.00 

0.11 

0.11 

1 

15 

1 

15 

1 

15 

<0.01 

0.037 

0.090 

0.110 

0.085 

0.151 

Table 6.2 Effect of supplementary MutS and MutE on enzyme activity 

Assays were conducted at 25 T with 10 mM L-glutamate as substrate. 
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CHAPTER 7 

THE STRUCTURE OF 

METHIONINE SYNTHASE AND 

IMPLICATIONS FOR STUDIES 

ON GLUTAMATE MUTASE 



7 . 1 COBALAMIN-DEPENDENT METHIONINE SYNTHASE 

There are currently no high resolution structures of AdoCbl-dependent enzymes. 

However, a great insight into protein·cobalamin interactions has been provided by Ludwig, 

Matthews and co-workers who have recently determined the three-dimensional structure of the 

methylcobalamin-binding portion of methionine synthase from Escherichia coli K-12 (Drennan 

et al., 1994a,b). 

Methionine synthase (5-methyltetrahydrofolate-homocysteine methyltransferase; EC 

2.1.1.13) catalyzes the transfer of a methyl group from methyltetrahydrofolate (CH3-THF) to 

homocysteine, generating THF and methionine (reviewed by Banerjee & Matthews, 1990). In 

prokaryotes capable of synthesizing methionine de novo, this reaction is the final step in 

methionine biosynthesis. Mammals, however, are unable to synthesize methionine de novo; 

here the enzyme serves to regenerate methionine from homocysteine. In E. coli, there are two 

methionine synthases, one of which (product of the metH gene) is cobalamin-dependent. The 

mammalian enzyme is also cobalamin-dependent, and one of the consequences of cobalamin 

deficiency is decreased activity of methionine synthase. The resulting changes in cellular pools 

of THF appear to be the primary causes of the megaloblastic anaemia associated with either 

folate or cobalarnin deficiency in humans. 

The active form of the enzyme contains MeCbl at the active site. The cofactor shuttles 

between the corn and Col oxidation states during turnover (Banerjee et al., 1990), with 

cob(l)alamin acting as an intermediate methyl acceptor during transfer of the methyl group from 

CH3-THF to homocysteine. Catalysis proceeds via heteroly tic fission of the Co-C bond with 

transfer of a methyl carbocation rather than via radical intermediates. The protein itself is a 

monomer of 1227 residues (136 kDa) which contains 1 mol cobalamin per mol enzyme 

(Bane1jee et al., 1989; Old et al., 1990). Under certain conditions, the polypeptide chain is 

proteolytically cleaved to yield a red, MeCbl-containing 27 kDa fragment which crystallizes 

(Luschinsky et al., 1992). The X-ray structure of this fragment, encompassing residues 651 to 

896, has been determined to a resolution of 3.0 A (Drennan et al., 1994a,b). Analysis reveals 

a number of cobalamin·protein interactions that may be characteristic of other cobalamin-
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dependent enzymes. 

7. 2 A COMMON COBALAMIN-BINDING DOMAIN? 

Through study of the interactions of cobalamin analogues with cobalamin transport 

proteins and AdoCbl-dependent enzymes, it is evident that these proteins make specific 

contacts with many of the substituents of cobalamin. The crystal structure of the methionine 

synthase MeCbl-binding fragment gives us a clear view of one way that this can be achieved. 

In the structure, MeCbl is 'sandwiched' between two domains (Fig. 7.1). 

The N-terminal domain (domain I) is a four-helix bundle (Harris et al., 1994) and is the 

smaller of the two. It provides interactions with the P-corrin face, including the labile methyl 

group. The larger domain (domain II) has an aJP structure and makes extensive contacts with 

the a-corrin face and the nucleotide portion of the cobalamin. The fold of the aJP domain is 

reminiscent of the Rossmann fold of nucleotide-binding proteins (Rossmann et al. , 1975), 

although the fine structure differs significantly in order to accommodate cobalamin; the sheet 

topology is the same as that found in flavodoxins (Watt et al., 1991). An important feature 

disclosed by the structure is that, upon binding to the enzyme, MeCbl undergoes a major 

conformational change whereby the Caa-axial base dissociates from the cobalt and the 

nucleotide loop (now a 'tail') swings away to be buried into an elongated pocket in the core of 

the aJP domain. The Caa-coordination position is instead taken up by a histidine residue from 

the protein, His759. 

The Cap-methyl group is 'capped' by a group of hydrophobic side-chains from domain 

I; how the enzyme regulates access to the P-corrin face remains to be determined. There are 

further interactions between domain I and the P-face: hydrophobic contacts are made with the 

non-polar substituents of the corrin, while backbone carbonyls hydrogen-bond to the acetamide 

side chains of the A and B rings. In domain II, two loops passing under part of the corrin ring 

also provide hydrophobic contacts with the ring and polar interactions with propionamide side 

chains. Two strands of the parallel P-sheet form one side of the nucleotide-binding pocket, 

whilst residues from two helices form the other. 
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Domain I 

T,l ;J 
n r.~:,1., .••.• ; :,,,·,,=,·=,=,·=, =-·,,· .. {[)/;\: ~ 

Figure 7 .1 Methylcobalamin bound to the 27 kDa fragment of methionine synthase 
The cofactor is shown in black, the protein in shades of grey. The backbone of the protein is drawn in 
ribbon representation with the side-chain of His759 as a wireframe. His759 is the cofactor's Coa-ligand. 
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Of the accessible surface area of the cofactor (990 A2), three-quarters makes contact 

with the protein, and half of these contacts involve the extended nucleotide tail. The tail clearly 

makes a large contribution to the binding process, serving to anchor the coenzyme in place. 

Comparison with the nucleotide-binding domain of lactate dehydrogenase reveals that the 

nucleotide tail is accommodated partly by a reduction in side-chain volume and partly by 

substitution of loops in place of more rigid helices. Glycine replaces valine at several key 

positions of close approach. 

The 100 or so residues of sequence homology identified in Chapter 3 span all but the 

last helix (Ila6) of the a/~ domain involved in binding the a-corrin face and nucleotide tail. In 

MetH, residues Gly762, Ser804, Gly833 and Gly834 are shown to line the pocket that 

accommodates the nucleotide tail. Significantly, these are four residues which are invariant 

amongst the homologous sequences. 

Two other highly-conserved residues correspond to Asp7 57 and His7 59 in the MetH 

structure. His759 adopts the Coa-ligand position in the holoenzyme complex, and forms part 

of a network of hydrogen-bonded residues beneath the corrin, providing a possible trans 

electronic mechanism by which the protein can directly modulate the reactivity of the catalytic 

cobalamin species (Fig. 7.2). The 8-nitrogen of His759 forms a hydrogen bond to one oxygen 

of Asp757, and Ser810 at the surface of the fragment forms a hydrogen bond to the other 

aspartate oxygen. The Asp-His-X network is reminiscent of the catalytic triad in serine 

proteases (Warshel et al., 1989), and also the active site of many zinc enzymes (Christianson & 

Alexander, 1989) and cytochrome c peroxidase, a haem peroxidase from Saccharomyces 

cerevisiae (Goodin & McRee, 1993). The versatility of the Asp-His pair stems from its ability 

to assume three possible charged states (-1, 0 or + 1) by protonation/deprotonation. By 

incorporating a peripheral serine residue (Ser810), the hydrogen-bonded network (now a 

quartet) could provide a pathway for transfer of protons from solvent to the buried histidine, in 

order to alternately stabilize the corn (His759 deprotonated, Asp-His pair with -1 charge) and 

Co1 (His759 protonated, Asp-His pair with O charge) species (Fig. 7.3). By analogy with 

model studies (Halpern, 1983), the deprotonated form is a more basic ligand. 
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Figure 7.2 
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Hydrogen-bonded network involving His759 of methionine synthase 

Enzyme-bound cobalamin is shown in grey; selected residues from the protein are shown in black. The 

residue labels are positioned by the side chains of each residue. 
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Figure 7.3 Proposed operation of a 'proton-shuttle' in methionine synthase 

Heterolysis of the Co-C bond is coupled to the uptake of a proton from the solvent at Ser8IO. The 

cob(I)alamin intermediate is likely to be tetracoordinate, requiring dissociation of the Coa-axial ligand. 

The operation of a 'proton-shuttle' is by no means proven, and it would currently be unwise to 

dismiss any mechanistic theory involving further conformational distortion of the bound 

cobalamin. 

The position of the invariant residues within the MetH structure strongly suggests that 

the homologous proteins at least share a common mode of binding that portion of cobalamin 

which encompasses the n.-corrin face and the dimethylbenzimidazole ribofuranosyl nucleotide. 

The structure also allows a rational explanation of the impaired activity of several naturally

occurring mutations in the human methylmalonyl-CoA mutase enzyme (Fig. 3.10). It is 

interesting to speculate on what aspects of a common scaffold might enable MetH on one hand 

to direct a heterolytic Co-C bond cleavage, and AdoCbl-dependent enzymes on the other, a 

homolytic cleavage. One component of the proposed proton-shuttle, Ser810, is conserved 

amongst MetH homologues, but is replaced by histidine in methylmalonyl-CoA mutase 
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homologues, and by glycine in glutamate mutase (Gly67) and a-methyleneglutarate mutase 

(Fig. 3.9). Hence, it has been suggested that the identity of this residue may account for the 

particular mode of cleavage which takes place in these enzymes (Drennan et al., 1994a), 

although the mechanistic rationale behind this proposal has not been forwarded. To test the 

possibility that Ser810 at the protein periphery is the key to heterol ytic fission, Gly67 of MutS 

has been altered to Ser (H-P. Chen, unpublished data). Preliminary analyses indicate that this 

mutant retains about 10 % of wild-type (i.e. homolytic) activity, and that interaction between 

the MutS and MutE subunits is hindered. Thus, this site could form part of the pathway that 

triggers Co-C bond cleavage when the enzyme binds substrate. 

There are several sequenced cobalamin-dependent enzymes which cannot readily be 

aligned with methionine synthase and which do not possess the DxHxxG motif. As identified 

by Drennan et al. (1994b), ribonucleotide reductase from L. leichmanii does however possess 

the sequence DxH, and ethanolamine ammonia-lyase from S. typhimurium contains the 

sequence ExHxxG, each of which may correspond to a form of the fingerprint sequence 

surrounding a histidyl ligand to AdoCbl. Caa-protein coordination has been observed 

experimentally by EPR spectroscopy of the major cobamide-protein (probably an 0-

methyltransferase) from Sporomusa ovata (Stupperich et al., 1990b; Stupperich et al., 1992), 

but the amino acid sequence of this enzyme has not been reported. Therefore, the possibility 

that Coa-ligand displacement is a feature common to all cobalamin-dependent enzymes remains 

open. 

7. 3 POSITION 15 OF GLUTAMATE MUTASE COMPONENT S 

Carboxymethylation of Cys15 in glutamate mutase component S impaired coenzyme 

binding slightly and abolished all catalytic activity. Mutation of this residue to Ala or Ser had a 

weaker effect on coenzyme binding, and the mutant enzymes retained about one-third of wild

type activity. 

Primary sequence homology places Cys15 between the Asp and His residues of the 

conserved DxHxxG motif, and methionine synthase contains a valine residue in this position, 
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Val758. It is immediately adjacent to both the cobalt ligand, His759, and its hydrogen-bonded 

neighbour, Asp757. Both of these residues may be involved in modulating Co-C bond 

!ability, and during the catalytic cycle, the histidine is proposed to move away from the cobalt 

to minimize electrostatic repulsion between the imidazole £-nitrogen and the two electrons in the 

d/ orbital perpendicular to the corrin of the 4-coordinate cob(I)alamin. Local charge 

distribution and specific side-chain movements are therefore crucial to the function of this 

region. Formation of the cob(II)alamin intermediate (as observed spectroscopically in the 

glutamate mutase reaction) does not require dissociation of the Coa-ligand (Krautler et al., 

1989), but it is still possible that conformational changes involving Cys15 accompany Co-C 

bond homolysis. 

The side-chain of Val758 points away from the hydrogen-bonded network, and makes 

its closest approach to the d propionamide side-chain of the cobalamin (Fig. 7 .2). By analogy, 

carboxymethylation of the corresponding position of glutamate mutase might abolish catalytic 

activity by altering the distribution of charge and/or restricting movement in this region. 

7. 4 INTER-DOMAIN LINKER IN METHIONINE SYNTHASE 

The high resolution structure of the cobalamin-binding portion of MetH offers a view 

of the linker segment which connects domain I to domain II. Here, the linking sequence 

connects helix Ia4 with sheet IIPl and, as expected, it adopts a fairly extended conformation. 

In the crystallized enzyme, the linker is 9 residues long, although the corresponding segment in 

the homologue from M. leprae is predicted to be 3 residues longer, and sequence conservation 

between the two is poor (Drennan et al., 1994a). In addition, there is poor sequence 

conservation between the corresponding regions in the homologous carbon-skeleton mutases, 

which may mean that a degree of variation is permitted in this region of the structure. 

Kinetic analysis of MutES suggested that the protein, as constructed, might not possess 

a suitable linker sequence. As a guide, a 9 residue segment would appear' to be adequate for 

the function of methionine synthase. It is difficult to predict the length of the linker created in 

MutES (and hence draw a comparison) since there may be contributions from the C-terminus 
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of MutE and the N-terminus of MutS. However, inspection of the MetH structure reveals that 

during the construction of MutES, Thr5 of MutS (the residue which aligns with Lys748, the 

first residue of helix Ia4) had been replaced with Lys (Fig. 3.11). Hence, a fusion which 

deletes less of the N-terminus of MutS and/or includes several alanine and praline residues may 

be more effective. 

7. 5 CONCLUDING REMARKS 

The experiments presented in this thesis provide a basis for further detailed structural 

and mechanistic studies of glutamate mutase from C. tetanomorphum. The successful cloning 

and over-expression of the mutS and mutE genes now allows milligram quantities of each 

subunit to be purified to homogeneity in the absence of cobamide contaminants. The subunits 

are now accessible to site-specific modification by recombinant DNA methods, and the kinetic 

analysis of the recombinant enzyme can serve as a source of reference when comparison with 

wild-type activity is required. Furthermore, the method developed for the measurement of 

AdoCbl-binding parameters allows information to be gained on mutants that are catalytically 

inactive, i.e. where the kinetics of substrate turnover alone would be uninformative. These 

luxuries have not been available to previous workers, who have had to make do with partially

purified preparations of component E containing inhibitory cobamides. 

Homologies between the amino acid sequence of MutS, methionine · synthase, and 

several other cobalamin-dependent enzymes initially suggested a role for MutS in the coenzyme 

binding process of coenzyme binding. Site-specific modification experiments not only 

substantiated this finding, but-also indicated that MutS has a greater part to play in the catalytic 

cycle. Using the crystal structure of the cobalamin-binding portion of methionine synthase as a 

structural framework, a major role in the control of AdoCbl Co-C bond cleavage is now 

implicated for MutS. There has been much speculation on the relative importance of steric and 

electronic effects in modulating the reactivity of AdoCbl, and we are in a position to test 

whether one system, a charge-relay network, operates in glutamate mutase. Indeed, site

directed mutagenesis of Asp14 and His16 has recently shown that these residues are important 
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in catalysis , coenzyme binding and their pH-dependency (H-P. Chen, unpublished data). 

There are plans to use NMR techniques to measure the pKa of His16 in wild-type and mutant 

enzymes, potentially offering an explanation of these pH effects. It may also be possible to use 

resonance Raman spectroscopy to assign the Co-C bond stretching frequency in glutamate 

mutase. By comparison with the spectrum of free AdoCbl, it should be possible to obtain a 

quantitative measure of any bond weakening that occurs upon enzyme binding. 

The experiments described in this thesis did not directly address the possibility of 

additional hydrogen acceptor sites in glutamate mutase. By measuring the tritium isotope effect 

for the transfer of hydrogen from cofactor to product, E.N.G. Marsh has recently found no 

evidence for the involvement of protein radicals in the enzyme-catalyzed reaction (Marsh, 

1995b). Thus, in this case, AdoCbl functions as both radical initiator and hydrogen acceptor. 

The energetics of the glutamate mutase reaction have not been investigated in detail, and the 

enzyme system is sufficiently simple that this should be feasible. Theoretically, each of the 

four hydrogen transfer steps (two in each direction) can be examined to construct a complete 

free energy profile of the reaction, which may have general implications for radical-mediated 

enzyme catalysis. Towards this goal, hydrogen transfer from cofactor to ~-methylaspartate has 

already been descibed (Marsh, 1995b). 

Clearly, mechanistic studies would be aided considerably by some high-resolution 

structural data on glutamate mutase itself. Although some parallels can be drawn with the 

mechanism proposed for methionine synthase, the details of events encompassing Co-C bond 

fission and substrate rearrangement remain largely unknown. MutS has proven to be suitable 

for analysis by NMR spectroscopy, but attempts to crystallize individual subunits or the 

enzyme complex have so far been unsuccessful (E.N.G. Marsh, unpublished data). The 

readily-reversible nature of holoenzyme assembly may provide an impediment to such 

techniques, and it was hoped that the MutE·MutS fusion protein discussed in this thesis might 

relieve the problem by forming a tighter, better-defined complex. Unfortunately, the initial 

MutES construct has proved to be rather unstable and to have poor solubility properties. 

Nevertheless, the fact that MutES is catalytically active is an encouraging sign, so it would be 

worth attempting to improve its solubility properties, perhaps by varying the linking sequence. 
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In concert with rational probes of the enzyme mechanism, it is hoped that high-resolution 

structural techniques can give the required detail for a long-awaited understanding of Bn's 

own particular brand of radical-mediated catalysis. 
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APPENDIX I 

SOLUTIONS AND CULTURE MEDIA 

Solution 

50 x Denhardt's reagent 

ITC solution 

10 x RP buffer 

RP stop solution 

SOS-PAGE sample buffer 

5 x SOS-PAGE running buffer 

SM buffer 

20 x SSC 

50 x T AE buffer 

5 x TBE buffer 

TE buffer 

TES buffer 

TFB buffer 

TM buffer 

Culture medium 

5 x M9 salts 

M9 + thi 

NZY 

2xTY 

Solid medium 

Composition 

1 % (w/v) Ficoll, 1 % (w/v) polyvinylpyrrolidone, 
1 % (w/v) bovine serum albumin 

Mix 10 g CsCl + 10 ml TES buffer + 40 ml isopropanol 

0.9 M HEPES (pH 6.6), 0.1 M MgC12 

50 mM Tris ·Cl (pH 7.5), 50 mM NaCl, 5 mM EDTA, 
0.5 % (w/v) SOS 

25 mM Tris·Cl (pH 6.8), 0.1 MOTT, 10 % (v/v) glycerol, 
2 % (w/v) SOS, 0.001 % (w/v) bromophenol blue 

0.25 M Tris base, 1.9 M glycine, 0.5 % (w/v) SOS 

50 mM Tris·Cl (pH 7.5), 0.1 M NaCl, 8 mM MgS04, 

0.01 % (w/v) gelatin 

0.3 M sodium citrate, 3M NaCl, pH adjusted to 7 .0 with NaOH 

2 M Tris base, 1 N glacial acetic acid, 50 mM EDT A 

0.45 M Tris base, 0.45 N boric acid, 10 mM EDT A 

10 mM Tris·Cl (pH 8.0), 1 mM EDTA 

50 mM Tris·Cl (pH 8.0), 50 mM EDTA, 5 mM NaCl 

10 mM MES (pH 6.3), 100 mM KCI, 45 mM MnC12, 10 mM CaCii, 
3 mM Co(NH3) 6Cl3 

10 mM Tris·Cl (pH 7.5), 10 mM MgCl2 

Composition, per litre 

200 ml 5 x M9 salts, 2 ml lM MgS04, 0 .1 ml 1 M CaC12, 

20 ml 20 % (w/v) glucose, 1 ml lM thiamine·HCl 

10 g casein hydrolysate, 5 g yeast extract, 5 g NaCl, 2 g MgS04·7H20, 
pH adjusted to 7.5 with NaOH 

10 g yeast extract, 10 g bactotryptone, 5 g NaCl 

Include 15 g bactoagar 



E. coli strain 

BL21(DE3) 

BMH 71-18 mutS 

JM109 

NM539 

TGl recO 

APPENDIX II 

BACTERIAL GENOTYPES 

Genotype 

supE thi-1 ,1(/ac-proAB) mutS::TnlO (Tetr) 

{F' traD36 proA+B+ laclq ZL1Ml5] 

supE44 thi-1 el4- (McrA-) hsdR17 (rK- mK+) recAl end.Al 

gyrA96 (Nalr) re/Al ,1(lac-proAB) 

[F' traD36 proA+B+ l acN ZL1Ml5] 

supF hsdR (rK- mK+) lacY (P2cox) 

supE thi-1 ,1(hsdM-mcrB)5 (rK- mK- McrB-) ,1(lac-proAB) 

rec0::Tn5 (Kanr) {F' traD36 proA+B+ lacN Z1Ml5] 



> -· -· -· 

Identifier Usage 
Locus 

#3104 Seq mutL 
#3123 Seq mutL 
#3206 Seq ORFl 
#3207 Seq mutS 
#3208 Seq mutL 
#3209 PCR/Seq mutS 
#3210 PCR/Seq mutS 
#3255 Seq mutL 
#3256 Seq mutE 
#3457 Seq mutE 
#3460 Seq bma 
#3461 Seq bma 
#3499 Seq mutE 
#3500 Seq mutE 
#3559 Seq mutL 
#3560 Seq mutL 
#3781 PCR/Seq mutE 
#3782 PCR/Seq mutE 
#5001 Mut mutS 
#5002 Mut mutS 
#5365 PCR/Seq mutE 
#5366 PCR/Seq mutS 
#6047 Seq mutE 
#6048 Seq mutE 
#6049 Seq mutE 
#6050 Seq mutE 
#6051 Seq mutE 

pUC/M13 F Seq 
pUC/M13 R Seq 
Amp repair Mut 

APPENDIX III 
OLIGONUCLEOTIDES 

Annealling Site 
Position Strand 

1745 
. 1219 + 

85 + 
467 + 
1216 
356 + 
782 
1141 + 
2480 + 
2778 + 
4015 
3957 + 
3129 + 
3673 
815 + 

2214 
3704 
2212 + 
394 + 
391 + 

3686 
363 + 

2649 
2957 
3274 
3242 
3529 

pUC/M13 polylinkers 
pUC/M13 polylinkers 

bla 

Sequence (5'~ 3') 
.... . ... 10 ........ 2 0 .. . ..... 30 .. 

GATGCCTCCCATAAGGA 
GGTGGAAATAAAGAATG 
GGAAATATAATTATTAC 
ACATAGGAGTTTTATCA 
CTGTACCACCTGCTAAA 
GGCATATGGAGAAAAAGACT 
TAGTTAAATTATTCTAC 
TACGATTTGACTAATAA 
GTGGCGCAGATTTATTA 
TCCAATTGATAAATGTT 
CACAATCTCCGTGAGCA 
TGAATCAATATCTGTAT 
CAAAGCATTTGGCGTTA 
TTTCTGGTCTTCCGATA 
GGCATATGGATGCTTATTTACTTTT 
CTCCTATCAAACTTTAACC 
CCCCGTCGACAAGGTCTTATAAATTAT 
CCCCGGATCCATATGGAACTTAAGAATAAAAA 
GGTTCAGACTCTCATGCAGTT 
ATTGGTTCAGACGCTCATGCAGTTGG 
CCAAGAACAATTTTTTCTGGTCTTCCGATAAG 
AAGACCAGAAAAAATTGTTCTTGGAGTTATTG 
TACTGATTCTAAAACCT 
ACTCCTTGTTCTGCTGC 
ATGCCATCTTTGTAGCT 
ATGCTTCAGGTATCAAA 
GTTCCATTTACTGAAGA 
GTTTTCCCAGTCACGAC 
CAGGAAACAGCTATGAC 
GTTGCCATTGCTGCAGGCATCGTGGTG 

Abbreviations used are Mut, site-directed mutagenesis; Seq, sequencing; PCR, polymerase chain reaction;+, coding strand;-, non-coding strand. 
Annealling sites are quoted with reference to the sequence in Fig. 3.8. 



Short name/ brand 

Aldrich 

Amersham 

Amicon 

Appleton Woods 

BDH 

Beta Lab 

Bio-Rad 

Boehringer 

Calbiochem 

Elga 

Fisons 

Fluka 

Life Technologies 

Millipore 

Omnifit 

Pharmacia 

Phase Separations 

Promega 

Rathburn 

Sigma 

Stratagene 

Stratech 

Unipath 

Whatman 

APPENDIX IV 

SUPPLIERS' DETAILS 

Details 

Aldrich Chemical Company Ltd, Dorset, England 

Amersham International plc, Bucks, England 

Amicon Ltd, Gloucs, England 

Appleton Woods Ltd, Birmingham, England 

BDH Laboratory Supplies, Dorset, England 

Beta Lab, Surrey, England 

Bio-Rad Laboratories Ltd, Herts, England 

Boehringer Mannheim UK (Diagnostics & Biochemicals) Ltd, East Sussex, England 

Calbiochem-Novabiochem (UK) Ltd, Notts, England 

Elga Ltd, Bucks, England 

Fisons Scientific Equipment, Leics, England 

Fluka Chemicals Ltd, Dorset, England 

Life Technologies Ltd, Renfrewshire, Scotland 

Millipore (UK) Ltd, Herts, England 

Omnifit Ltd, Carobs, England 

Pharmacia Biotech Ltd, Herts, England 

Phase Separations Ltd, Clwyd, Wales 

Promega Ltd, Hants, England 

Rathburn Chemicals Ltd, Walkerburn, Scotland 

Sigma Chemical Company Ltd, Dorset, England 

Stratagene Ltd, Cambs, England 

Stratecb Scientific Ltd, Beds, England 

Unipatb Ltd, Hants, England 

Wbatman International Ltd, Kent, England 
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