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Abstract

Cobalamin-dependent methionine synthase catalyses the transfer of a 

methyl group from methyltetrahydrofolate to homocysteine, generating 

tetrahydrofolate and methionine. Great attention has been focused on this enzyme 

because methionine synthase represents a key link between two important 

metabolic cycles. One regulates the synthesis of SAM and hence numerous 

méthylation reactions, while the other cycle is involved in the regeneration of 

tetrahydrofolic acid and other folate cofactors. Insufficient methionine synthase 

activity is associated with various disorders observed in cobalamin and folate 

deficiency.

This study reports the purification of mammalian methionine synthase from 

rat liver. The enzyme was purified ca 4 000-fold and a 7.4 % yield was obtained. 
Several methods not previously used for characterisation of methionine synthase 

were employed in this research. These were: affinity chromatography on Vitamin 

Bi2 -agarose, preparative isoelectrofocusing and capillary electrophoresis. The 

enzyme was eluted in two forms from anion-exchange columns. The molecular 
weight of the native enzyme was ca 160 kDa as determined by native 

polyacrylamide gel electrophoresis. However, the enzyme sometimes proved 

difficult to isolate in an intact form, resulting in different smaller, possibly 

proteolytic fragments. The 95 kDa fragment was most frequently encountered. 
Based on the analytical and preparative isoelectric focusing, the purified enzyme 

was found to have a pi of 5.2.

The partially purified enzyme was shown to be inhibited in a time and dose- 

dependent manner by two different nitrogen oxides: anaesthetic gas, nitrous 

oxide and the ubiquitous signalling molecule, nitric oxide. The hypothesis is put 
forward, that NO and NgO share some common molecular targets. This view is 

supported by their analogous effects on polyamine synthesis. Both gases were 

shown to inhibit polyamine synthesis in a time-dependent manner. The changes 

in polyamine levels took place in the first few minutes of incubation, thus 

supporting the hypothesis that these molecules are involved in cellular signalling.

Various metabolic products of methionine biosynthesis were examined as 

potential allosteric regulators of methionine synthase: SAH, adenosine, 

phosphatidyl choline, arginine, taurine, ATP, dUMP, cAMP, cGMP and naturally 

occurring polyamines.
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Chapter 1.

Introduction



1.1 Vitamin B,2

Vitamin (cobalamin) has been a challenging problem in 

biochemistry and medicine since the discovery by George Minot and William 

Murphy in 1926 that pernicious anaemia can be treated by feeding the 

patient large amounts of liver. It is now known that vitamin plays an 

important role in cell division and differentiation and is vital for the 

development and healthy maintenance of the nervous system.

1.1.1 Structure and function of vitamin

Vitamin B̂ g was first purified in 1948 in the Merck laboratories 

(Rickes et al, 1948). It is not an accident that the first isolation of vitamin 

B^ 2  was achieved in industrial laboratories, because it required industrial- 

scale facilities and huge amounts of starting material. At that time, the 

production of 15 mg crystalline vitamin B̂ g required 1000 kg fresh liver. The 

complex three-dimensional structure of vitamin B̂ g was elucidated in 1955 

(Hodgkin et al) by x-ray crystallographic studies.

The core of cobalamin consists of a corrin ring with a central cobalt 

atom (Fig 1.1). The corrin ring, like a porphyrin, has four pyrolle units. Two 

of them are directly bonded to each other, whereas the others are joined by 

methene bridges, as in porphyrins. A cobalt atom is bonded to the four 

pyrrole nitrogens. The fifth (lower axial) position is coordinated by a nitrogen 

from dimethylbenzimidazole nucleotide. The sixth (upper axial) position is 

interchangeable and can be occupied by one of a wide variety of groups (CN 

,HgO, OH', -CH3  or a 5'-deoxyadenosyl unit), and this variability is 

responsible for the majority of the interesting chemical and biochemical 

reactions of vitamin B̂ g. However, the upper axial position may also be 

unoccupied. In biological systems, this position is usually possessed by one 

of four groups: OH', HgO, -CH3 or 5'-deoxyadenosyl unit. The last two 

groups are found in the corrinoids which are active as coenzymes. The CN' 

group is rare, and is probably not physiologically relevant (Friedrich, 1988).
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The cobalt atom in cobalamin can have a + 1 , + 2 , or 4-3 oxidation state. 

All these different cobalamin forms have distinct uv and visible absorbance 

spectra (Banerjee and Matthews, 1990).

H.C J ” * CN

CHa— CH,

o=c CH, CH,
IH.C

NH, rf '

> = = /  H- 
CH, H rH.OH

Figure 1.1 The structure of vitamin

Specific vitamin B̂ g binding proteins play a central role in vitamin B̂ g 

metabolism. They have been demonstrated in many forms of life, from 

bacteria to humans. Some of them contain vitamin B̂ g as coenzyme, while 

the others are responsible for the transport and storage of the vitamin. 

These proteins have been classified into three groups (Grasbeck, 1979) : 

extracellular (intrinsic factor, IF; transcobalamin, TC; haptocorrins, HC, also 

called R proteins), membrane bound (IF-and TC-receptors) and intracellular 

(methylmalonyl- CoA mutase and methionine synthase). IF binds and 

transports cobalamin from the gastro intestinal tract to the ileum, where the 

ileum receptors bind and transport it into the mucosa cells. After binding to 

transcobalamin (TC), the cobalamin enters the blood and is transported into 

the tissue in this complex. There are specific receptors in the tissue cells for
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the binding and intracellular transport of the TC-cobalamin complex. 

Haptocorrins or R-proteins, which are unspecific cobalamin binders, are 

present in all body fluids and in leucocytes, but their physiological function 

is still unclear. In cells cobalamin is found bound to its target enzymes, and 

not as free cobalamin. Unbound cobalamin tends to leave the cell resulting 

sometimes in high serum levels in cobalamin deficiency (Pezacka et al,

1990).

1.1.2 Vitamin deficiency

In humans, but not in other animals, cobalamin deficiency and folate 

deficiency both cause indistinguishable haematologic abnormalities (Stalber 

et al, 1990). They include anaemia, decreased white blood cell and platelet 

counts, a hypercellular bone marrow with abnormal maturation and 

morphologic features that are referred to as megaloblastic. Megaloblastic 

anaemia, is characterised primarily by the appearance of giant cells 

(megalocytes and megaloblasts) among the blood and bone-marrow cells. 

The most important cause of cobalamin deficiency is malabsorption, which 

is mainly the result of inadequate production of intrinsic factor (IF) as seen 

in pernicious anaemia. Patients suffering from pernicious anaemia were 

reported to have antibodies against IF in the plasma (Chanarin, 1991). These 

abnormalities can be fatal if not diagnosed and treated in time. Symptoms 

of vitamin 8 , 2  deficiency include: difficulty in walking, optic atrophy, lack of 

concentration, poor memory, dizziness, depression, paranoid psychosis.

Cobalamin deficiency, but not folate deficiency, also causes many 

neuropsychiatrie disorders due to demyelinization of peripheral nerves, the 

spinal cord and the brain (Lever et al, 1986). Neural tube defects were 

detected in new born babies whose mothers had cobalamin or folate 

deficiency (Kirke et al, 1993). Similar neurologic abnormalities are seen in 

monkeys, fruit bats, and pigs but not in other animals such as rats, rabbits 

and mice (Metz, 1992). The biochemical basis for the neuropsychiatrie 

abnormalities caused by cobalamin deficiency and the differences that exist
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among patients and animal species are unknown. Different theories have 

been put forward, and these will be discussed later (section 1 .2 . 1 . 1 ).

Cobalamin is synthesised only by microorganisms, thus it is not 

present in vegetarian diet and many strict vegetarians have been found to 

have symptoms of vitamin deficiency. Experimentally it has proved very 

difficult to produce animals with severe vitamin deficiency, and B̂ g 

neuropathy in monkeys occurs only after several years on a B̂ g deficient diet 

(Agamanolis et al, 1976). For this reason it has been difficult to study the 

effect of cobalamin deficiency other than in patients with untreated 

pernicious anaemia. The finding that similar effects were produced by 

inactivation of cobalamin by NgO (Deacon et al, 1980) turned out to be an 

important experimental tool for the haematologist and folate biochemist.

It has been recognised for a long time that vitamin B̂ g improves sperm 

motility and enhances fertility during artificial insemination in animals 

(Watson, 1962). The studies of Kawata et al (1992) have shown that 

vitamin B ĵ deficiency is one of the causes of male infertility and vitamin B, 2  

therapy is already being used in treatment of male infertility in Japan.

There is increasing evidence that vitamin B̂ g metabolism might be 

impaired in multiple sclerosis (MS). A possible link between MS and vitamin 

Bi2  has been suggested by Reynolds et al (1987), who have reported 

unusual vitamin 8 ^ 2  deficiencies in several patients with MS. Recently, the 

same group of authors (Reynolds et al, 1992) has provided further evidence 

for disturbed cobalamin metabolism in MS. The patients they have examined 

were significantly macrocytic, had notably lower red blood cell folate values 

and raised plasma homocysteine values. The cause of the vitamin 8 ^ 2  

disorder and the nature of the overlap with MS is still not clear. One possible 

interpretation is that the vitamin 8 ^ 2  deficiency, from whatever cause, 

renders some patients more vulnerable to the putative viral/immunological 

mechanisms that are widely suspected in MS. However, it is still not known 

whether this deficiency intensifies the underlying demyelinating disorder or 

impairs recovery in any way. Clearly, further studies will have to be 

performed in the search for an understanding of this neurological disorder
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and greater care has to be taken in choosing the appropriate control patients 

when investigating the possible link between MS and vitamin deficiency.

There is extensive data that carcinogenesis in rodents is significantly 

influenced by dietary supplies of lipotropes, a group of nutrients that 

includes choline and methionine. Lipotrope-deficient or methyl-deficient diets 

cause extensive liver damage including fatty livers, induce cell turnover and 

promote liver carcinogenesis in rats and certain strains of mice (Wainfan and 

Poirier, 1992).

Most of the cobalamin in the human brain is thought to be in the form 

of methylcobalamin. It plays an important role in the peripheral and central 

nervous system through transmethylation. Tashiro (1981) hypothesized a 

pathway of methylcobalamin methionine phosphatidylcholine choline 

acetylcholine by observing the absorbtion of ^^CHg-cobalamin-derived label 

in the tissue of rat brain. Hakim et al (1983) have induced cobalamin 

deficiency in rats by NgO, and demonstrated that the rate of methionine 

synthesis decreased, transmethylation in the liver was disturbed, the amount 

of synthesized choline in the brain became insufficient, and the

noradrenergic system and locus ceruleus are ultimately affected. From these 

findings they proposed a close relationship between cobalamin and

neurotransmitters. Decreased activities in several neurotransmitter systems 

have been reported in Alzheimer's disease (AD) (Nakamura et al, 1983). 

Among them, it is presumed that inactivation of the cholinergic

neurotransrhitter system plays a key role in the pathology of Alzheimer's 

disease (Davies and Maloney, 1976). Therefore, inactivation of the

cholinergic system may be reflected in the vitamin levels. Ikeda et al 

(1990) reported that AD patients had significantly lower cobalamin levels in 

the cerebrospinal fluid (CSF) compared with control patients, while the 

serum levels seemed unaffected. This indicated that the cobalamin level in 

the CSF may be useful as a biological marker for Alzheimer's disease, but 

again great care has to be taken in choosing the appropriate control patients.
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1.1.3 Vitamin as a coenzyme

Various enzymes utilise vitamin as a coenzyme. Most of these 

vitamin dependent processes have been discovered in microorganisms. 

The prokaryotic enzymes include adenosylcobalamin-dependent 

ribonucleotide reductase, glutamate mutase, ethanolamine ammonialyase, 

various aminomutases and propanediol dehydrase (Matthews, 1984). In 

mammals there are only two vitamin B, 2  dependent reactions (Fig 1.2):

1 ) the conversion of methylmalonyl CoA to succinyl CoA, which is catalyzed 

in the mitochondria by methylmalonyl CoA-mutase (EC 5.4.99.2).

2) transfer of a methyl group from 5-methyltetrahydrofolate to 

homocysteine, generating tetrahydrofolate and methionine, catalyzed by 

methionine synthase (EC 2.1.1.13) in the cytoplasm.

Cobalamin dependent enzymes catalyze some of the more difficult 

reactions known, such as carbon skeleton rearrangements or the removal of 

a methyl group from a tertiary amine. These reactions make use of the 

ability of the cobalamin prosthetic group to form a carbon-cobalt bond, 

linking cobalt to a methyl group in methylcobalamin or to the 5' position of 

5'-deoxyadenosine in adenosylcobalamin (Drennan et al, 1994). Thus there 

are two coenzyme forms of cobalamin : adenosylcobalamin has adenosyl 

group bound to the Co ion, and this form is present as a coenzyme in 

methylmalonyl CoA mutase. Methionine synthase, however has methyl 

cobalamin as a cofactor, so the upper axial position of the Co ion is taken 

by the methyl group. Those enzymes that bind adenosylcobalamin catalyze 

group migrations by mechanisms that are usually initiated by homolytic 

cleavage of the carbon-cobalt bond of the cofactor to form an adenosyl 

radical and cob(ll)alamin. On the other hand, the enzymes that use 

methylcobalamin as the cofactor catalyse methyl transfer reactions by 

heterolytic cleavage of the carbon-cobalt bond of the cofactor to form 

cob(l)alamin, with the methyl carbocation being transferred to the acceptor 

substrate.
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Figure 1.2 The only two reactions in mammals that have been found to be 
cobalamin dependent are the conversion of methylmalonyl CoA to 
succinyl CoA and the transmethylation reaction by which methionine is 
synthesized from homocysteine and methyltetrahydrofolate.
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It is also important to point out, that there are two types of 

methionine synthase, those that require cobalamin as a prosthetic group , 

and those that are cobalamin-independent. Escherichia coli synthesize two 

distinct proteins with methionine synthase activity (Banerjee and Matthews,

1990). The metH gene product is a cobalamin-dependent enzyme (EC

2.1.1.13) that uses monoglutamate as well as polyglutamate forms of 

methyltetrahydrofolate as substrates. This enzyme must be activated for 

catalysis by a reductive méthylation involving SAM and an electron donor. 

The metE gene product is a cobalamin-independent form of the enzyme (EC

2.1.1.14) that has a strict requirement for the polyglutamate form of the 

substrate methyltetrahydrofolate. In vitro assays can easily distinguish 

between the two enzymes. The cobalamin-independent enzyme requires 

magnesium and phosphate ions for activity, while the cobalamin-dependent 

enzyme has an absolute requirement for SAM and a reducing system. These 

two enzymes have very different primary structures suggesting that they 

have arisen by convergent evolution (Gonzales et al, 1992). All methionine 

synthases characterised from mammalian sources so far have been found 

to be cobalamin-dependent. There is also little sequence similarity within the 

cobalam in-dependent enzyme fam ily. The sequence of 5 '- 

deoxyadenosylcobalamin-dependentenzymesfromSa/A770A7e//afyp/7//77iy/'/a/77, 

human cDNA library and from P. shermanii (Faust et al, 1990; Jansen et al, 

1989; Marsh et al, 1989) and cobalamin-dependent methionine synthase 

from E.coli (Old et al, 1990) have been determined, together with various 

cobalamin binding and transport proteins (Johnson et al, 1989; Platica et al,

1991). Until recently, no obvious homologies have emerged, which might, 

identify residues involved in cobalamin binding. Marsh and Holloway (1992) 

were the first to identify two short sequences that might be fingerprints for 

cobalamin-binding sites. They have discovered conserved regions between 

component S of glutamate mutase from Clostridium tetanomorphum, 

methylmalonyl-CoA mutases from human and mouse and methionine 

synthase {metH) from E.coli.
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A diagram of the catalytic cycle of methionine synthase is shown in 
Fig. 1.3.

COB(ll)ALAMIN

e- + S-ADENOSYLMETHIONINE

TETRAHYDROFOLATE

METHYL-
TEATRHYDROFOLATE

ADENOSYLHOMOCYSTEINE

HOMOCYSTEINE-► METHYLCOBALAMIN

COB(l)ALAMIN METHIONINE

e-

COB(ll)ALAMIN

Figure 1.3 Schematic mechanism for activation and catalysis of methionine 
synthase
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During turnover, the cobalamin cofactor of methionine synthase 

shuttles between methyKDcobalamin and cob(l)alamin. The enzyme bound 

cob(l)alamin intermediate is highly reactive and is occasionally oxidized to 

cobdDalamin, or to cob(lll)alamin and both of these two forms are inactive. 

In vitro, this oxidation occurs once in every 100-2000 turnovers, depending 

on the degree of anaerobiosis achieved during turnover and on the 

constituents of the assay reaction (Drummond et al, 1993b). The enzyme 

must then be reactivated by reductive méthylation to form methylcobalamin, 

which requires SAM and an electron donor. In bacterial enzymes, flavodoxin 

is believed to be an electron donor in vivo (Fuji and Huennekens, 1974). 

The physiological activation system for the mammalian enzyme is not 

known. The methylated enzyme, once formed, is catalytically active and 

cycles between cob(l)alamin and methylcobalamin in catalysis. Occasional 

oxidation of the cob(l)alamin intermediate to the inactive cobdDalamin 

mandates the continuing requirement for the activation system during 

catalysis.

Thus, the overall reaction catalysed by methionine synthase involves 

two successive methyl transfers:

CH 3 -cob(l)a lam in  + ho m o cyste in e - - ->  cob(l)alam in + m ethionine  

co b (l)a lam in  + m e th y lte tra h y d ro fo la te  - - - >  CH3 -co b (l)a lam in  + 

tetrahydrofolate

In the normal méthylation cycle, the thiolate of homocysteine is 

proposed to attack the methyl group of methylcobalamin by a direct 

displacement mechanism, producing methionine and cob(l)alamin. This 

reactive species then attacks methyltetrahydrofolate, again by a direct 

displacement mechanism, to generate tetrahydrofolate and regenerate 

methylcobalamin (Banerjee et al, 1990). The mammalian enzyme appears 

very similar in its catalytic properties to the metH gene product from E.coli 

Banerjee and Matthews, 1990).
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The cobalamin prosthetic group is the largest and most complicated 

of the organic cofactors. The cobalamin binding region of methionine 

synthase from £.co//was initially isolated by digestion of the native enzyme 

with trypsin (Banerjee et al, 1989), followed by a crystallization of a 27 kDa 

fragment (Luschinsky et al, 1992). This fragment was not capable of 

catalyzing methyl transfer reaction, but it retained bound methylcobalamin. 

It was the structure of this fragment that recently provided a first look at the 

three-dimensional interactions responsible for binding the cobalamin cofactor 

(Drennan et al, 1994). Methylcobalamin undergoes a conformational change 

on binding the protein. The dimethylbenzimidazol group, which is 

coordinated to the cobalt in the free cofactor, moves away from the corrin 

(to a hydrophobic pocket) and is replaced by a histidine contributed by the 

protein. The sequence Asp-X-His-X-X-Gly, which contains this histidine 

ligand, is conserved in the adenosylcobalamin-dependentenzymes glutamate 

mutase and methylmalonyl-CoA mutase (Marsh and Holloway, 1992), 

suggesting that displacement of the dimethylbenzimidazole will be a feature 

common to many cobalamin-binding proteins. Drennan et al (1994) have 

further suggested that the cobalt ligand, Hiŝ ®®, and the neighbouring 

residues Asp̂ ®̂  and Ser® °̂, may form a catalytic quartet, Co-His-Asp-Ser, 

that modulates the reactivity of the cobalamin prosthetic group in 

methionine synthase.
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1.2. Methionine synthase : role in metabolic pathways, purification and 

inhibition

1.2.1 Metabolic pathways dependent upon methionine synthase

Great attention has been focused on this enzyme because methionine 

synthase represents a key link between two important metabolic cycles (Fig. 

1.4). One regulates the synthesis of S-adenosylmethionine (SAM) and hence 

numerous méthylation reactions, while the other cycle is involved in the 

regeneration of tetrahydrofolates, important for purine and pyrimidine 

biosynthesis. Inactivation of methionine synthase can bring both cycles to 

a stop.

POLYAMINES

t

PROTEINS

METHIONINE

DECARBOXYLATED SAM

S-ADENOSYL METHIONINE (SAM)

S-ADENOSYL HOMOCYSTEINE (SAH)

PHOSPHATIDYL ETHANOLAMINE

I
PME

HOMOCYSTEINE

FORMATE

H,FOLATE

SERINE

GLYCINE
METHIONINE SYNThASE

CO, ♦ H,FOLATE

10 FORMYL Ĥ  FOLATE
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Figure 1.4 Metabolic pathways describing methionine and tetrahydrofolate 
metabolism
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1.2.1.1 Methionine and S-adenosyl-L-methionine (SAM)

The availability of methionine is necessary for the normal growth and 

development of mammals. This essential role derives from the participation 

of this amino acid, or its derivatives, in several fundamental biologic 

processes, such as protein synthesis, numerous S-adenosyl-L-methionine 

(SAM)-dependent transmethylation reactions, the formation of the 

polyamines, the synthesis of cystathionine, cysteine and other metabolites 

of the transsulfuration pathway, neurotransmitter production (Reynolds, 

1976) and myelination (Hoffman, 1984). One of methionine metabolites is 

homocysteine, which is necessary for both the metabolism of intracellular 

folates and the catabolism of choline.

Methionine and methionine metabolism have been held as very vital 

in the maintenance of liver integrity for almost 40 years. Forbes and Vaughn 

(1954) and Sidransky and Farber (1958) have shown that animals fed 

methionine-deficient diets develop extensive fatty livers. In liver cirrhosis the 

clearance of methionine is delayed and the hepatic glutathione concentration 

and urinary sulfate excretion are reduced suggesting a block in the 

metabolism of this amino acid (Horowitz et al, 1981). Methionine 

metabolism starts with the synthesis of S-adenosyl-L-methionine (SAM). In 

this reaction, catalysed by SAM-synthase, the adenosyl moeity of ATP is 

transferred to the sulfur atom of methionine. In mammals, the tissue content 

of SAM is a function of both the specific organ and the availability of 

methionine. Concentrations in the livers of rats normally fed, range from 50 

to 100 nmol/g (Finkelstein and Martin, 1986). Prolonged intake of methyl- 

deficient diets in rats results in liver tumor development. Wainfan and Poirier 

(1992) have proposed that intake of such a diet causes a depletion of S- 

adenosylmethionine pools, resulting in DNA hypomethylation, which in turn 

leads to changes in expression of genes that may have key roles in 

regulation and growth.They have shown that in the livers of rats fed a 

severely methyl-deficient diet, lowered pools of SAM and hypomethylated 

DNA were observed within one week. Similar findings were reported by
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Balaghi and Wagner (1993) who found that after four weeks, liver DNA from 

folate deficient rats was undermethylated compared with DNA from pair-fed 

controls. The decreases in overall levels of DNA méthylation were 

accompanied by simultaneous alterations in gene expression, yielding 

patterns that closely resembled those reported to occur in livers of animals 

exposed to cancer-promoting chemicals and in hepatomas (Wainfan and 

Poirier, 1992).

A reduced supply of methyl groups has been implicated as a cause of 

cobalamin neuropathy (Scott et al, 1981 ). Surtees et al (1991) have shown 

that demyelination is associated with cerebrospinal-fluid SAM deficiency and 

that restoration of SAM is associated with remyelination. Weir et al (1992) 

found a significant increase in S-adenosylhomocysteine concentrations in 

cobalamin-deficient pig brain and this provided further support to the 

hypothesis that transmethylation was impaired. There are however many 

reports against the hypothesis of an impaired transmethylation. The 

concentration of SAM in the brain of cobalamin-deficient rats and fruit bats 

remains normal or even raised (Lumb et al, 1983; Van der Westhuyzen and 

Metz, 1983; Vieira-Makings et al, 1990). There was no impairment of 

labelled methyl group incorporation into brain phospholipids in fruit bats 

dying of cobalamin neuropathy, and no changes in synaptosomal and myelin 

lipid méthylation (McLoughlin and Cantrill, 1986). The most convincing 

support that impaired méthylation is the cause of neuropathy came from 

consideration of a number of patients with a deficiency of 5,10- 

methylenetetrahydrofolate reductase (Scott, 1992). These patients do not 

get megaloblastic bone marrows or anaemia, but they do get neurological 

signs and symptoms similar to those seen in pernicious anaemia. Post

mortem examinations of these patients revealed sub-acute combined 

degeneration of the spinal cord and demyelination of the peripheral nerves 

as seen in vitamin deficiency (Erbe, 1986). In contrast, none of the 

patients with a genetic deficiency of the methylmalonyl-CoA mutase had the 

neuropathy associated with vitamin B̂ g deficiency.
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The other hypothesis for the biochemical basis of cobalamin 

neuropathy suggests that it may be the impairment of methylmalonyl-CoA 

mutase activity that results in neurologic disorders. Methylmalonyl-CoA can 

substitute for malonyl-CoA in fatty acid synthesis and this leads to the 

formation of branched-chain fatty acids (Cardinale et al, 1970). Numerous 

studies have shown that odd-carbon and branched-chain fatty acids are 

synthesized in increased amounts in cobalamin deficiency and that they are 

present in high concentration in the peripheral nerves of patients suffering 

from cobalamin deficiency (Cardinale et al, 1970; Frenkel, 1973; Metz, 

1992). The same groups have also implicated the presence of odd-carbon 

and branched-chain fatty acids in demyelinization. The problem with this 

theory is that it does not explain why neuropsychiatrie abnormalities do not 

develop in cobalamin-deficient rats or in humans with inborn errors that have 

severe defects involving the synthesis of methylmalonyl- CoA mutase, even 

though odd-carbon and branched-chain fatty acids are synthesized in 

increased amounts in all of these situations (Beck, 1991). The debate on 

this subject has even resulted in a suggestion that the neuropsychiatrie 

disorders observed in cobalamin deficiency might be due to a third 

mammalian cobalamin-dependent enzyme that has not yet been described 

(Allen et al, 1993).

The high transfer potential of the methyl group in SAM enables it to 

be transferred to a wide variety of acceptors. A number of studies have 

implicated abnormalities in one-carbon metabolism (transmethylation) in the 

pathogenesis of several major neuro psychiatrie disorders (Smythies et al, 

1986). Thus, data have been presented suggesting that abnormalities in 

one-carbon metabolism, specifically involving SAM and folic acid, exist in 

schizophrenic patients (Reynolds and Stramentinoli, 1983; Alarcon et al, 

1985). Furthermore, Lipinski et al (1984) have demonstrated favourable 

effects of administration of SAM to depressed patients. Methyltransferase 

enzymes are present in all tissues and catalyse a wide variety of méthylation 

reactions including the méthylation of nucleic acids (important for gene 

expression), amino acid side chains of proteins, the conversion of
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phosphatidylethanolamine to phosphatidylcholine, and the catabolism or 

synthesis of important intermediates. Except for the enzymes that 

synthesise methionine, all methyltranferases use SAM as the methyl donor 

and are regulated not only by availability of their substrates but more 

precisely by the relative ratio of SAM to its product S-adenosyl 

homocysteine (SAH) (Hoffman et al, 1980). Both of these molecules are 

quickly metabolised in order to maintain the ratio of SAM/SAH in normal rat 

liver above 5 (Ortiz et al, 1993). Dietary induced folate deficiency in rats 

rapidly resulted in decreased hepatic levels of SAM and elevation of SAH 

(Balaghi et al, 1993) suggesting that folate deficiency may result in a broad 

range of secondary effects. Weir et al (1988) have suggested that 

experimentally produced (with nitrous oxide inhalation) myelopathy in the pig 

was due to hypomethylation occurring as a result of a reduction in the ratio 

of SAM to SAH. The same group of authors have suggested a similar 

mechanism for the myelopathy that occurs in AIDS and have recently 

demonstrated a highly significant altered méthylation ratio in the 

cerebrospinal fluid of AIDS patients and vitamin Big-deficient patients 

(Keating et al, 1991). SAH, a potent inhibitor of SAM-dependent 

methyltransferase enzymes (there are more than 30 described in the 

literature so far) is hydrolysed to homocysteine and adenosine (Fig. 1.4, 

page 25). This is the only route of homocysteine formation in mammals 

(Refsum and Ueland, 1990).

1.2.1.2 Homocysteine and acidic sulfur amino acids

Homocysteine holds a unique position in metabolic regulation. 

Although it is not itself incorporated into proteins, its metabolism is linked 

to sulfur amino acids, reduced folates and vitamins B̂ g and B@. The fate of 

intracellular homocysteine is either remethylation to methionine, or 

conversion to cysteine via the transsulfuration pathway. In most tissues the 

former reaction is catalysed by vitamin B̂ g dependant methionine synthase.
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However, in liver there is an alternative remethylation enzyme, betaine- 

homocysteine methyltransferase (EC 2.1.1.5), requiring betaine as a methyl 

donor (Finkelstein and Martin, 1984). This enzyme is important, because 

this reaction is the only means for the degradation of betaine which is an 

obligatory intermediate in the catabolism of choline. The metabolism of 

homocysteine along the trans sulfuration pathway is catalysed by two 

vitamin Bg-dependent enzymes. In the first reaction homocysteine is 

condensed with serine to form cystathionine, which is then cleaved to a- 

ketobutyrate and cysteine. Cysteine is further converted to taurine via 

cysteic acid. Taurine is present in high concentrations in cells and its 

increased concentration in blood and urine is considered a marker of 

hepatotoxicity (Huxtable, 1992). Pharmacological actions of taurine are 

believed to involve modulation of calcium-dependent processes (Huxtable,

1992).

In the late 1960s, inborn errors of homocysteine metabolism 

(homocystinuria) were demonstrated in patients with mental retardation, 

skeletal abnormalities and premature vascular disease (Mudd et al, 1989). 

During the last few years it was discovered that folate and cobalamin 

deficiencies cause very high plasma levels of homocysteine, and plasma and 

urinary homocysteine have been established as sensitive and responsive 

indicators of intracellular folate and cobalamin function (Ermens et al, 1990). 

The recent report of Dudman et al (1993) has indicated that mild 

homocysteinemia in premature vascular disease may be caused by either a 

folate deficiency or decrease in cystathionine yff-synthase activity, but is 

unlikely to be a result of methionine synthase or betaine-homocysteine 

methyltranferase deficiency. Both clinical and experimental evidence suggest 

that high homocysteine levels cause the vascular lesions (Mudd et al, 1989). 

The relation between altered homocysteine metabolism and the 

pathogenesis of atherosclerosis was discovered through the study of 

children with homocystinuria caused by different inherited enzymatic 

disorders, mainly cystathionine synthetase deficiency (McCully, 1969). The 

observations correlating arteriosclerotic lesions with elevation of blood
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homocysteine in hereditary enzymatic disorders led to the development of 

the homocysteine theory of arteriosclerosis (McCully, 1983). The central 

tenet of this theory is that increased synthesis and accumulation of 

homocysteine from metabolism of methionine are the initiating and 

promoting factors in the development of atherosclerotic plaques, both in 

experimental animals and in persons with or without hereditary enzymatic 

deficiencies of homocysteine metabolism. There are three enzyme 

deficiencies which cause homocystinuria and arteriosclerosis: cystathionine 

synthetase, methionine synthase and methylenetetrahydrofolate reductase. 

Compounds serving as cofactors in homocysteine catabolism or 

remethylation may enhance homocysteine metabolism and thereby reduce 

plasma homocysteine levels in inherited enzymic defects (Refsum and 

Ueland, 1990). Vitamin Bg, betaine and folic acid have been shown to 

efficiently reduce plasma homocysteine concentrations. Down syndrome, on 

the other hand, is an abnormality characterized by low plasma homocysteine 

levels (Chadefaux et al, 1988).

It has been shown in a number of studies (Griffiths, 1990; Cuenod et 

al, 1991 ; Lehmann et al, 1988) that the acidic sulfur-containing amino acids 

(SAA) analogues of L-aspartate (L-cysteine sulfinate (L-CSA) and L-cysteate 

(L-CA)) and of L-glutamate (L-homocysteine sulfinate (L-HCSA) and L- 

homocysteate (L-HCA)) closely mimic the range of neurochemical actions of 

L-glutamate (L-Glu), the major fast-acting neurotransmitter at excitatory 

synapses in the mammalian central nervous system (CNS). Thus it has been 

proposed that these naturally occurring acidic SAA, all of which are 

metabolites of homocysteine (Fig 1.5), may fulfil a transmitter or 

neuromodulatory role in the CNS by mediating transmission at certain 

excitatory synapses. This hypothesis is supported by a wealth of functional 

evidence which demonstrated that (1) L-enantiomers of SAAs are neuronal 

excitants eliciting responses in electrophysiological experiments that mimic 

those of endogenous acidic amino acid transmitter L-Glu and which can be 

attenuated by antagonists selective for the various excitatory amino acid 

(EAA) receptor subtypes, (2) SAAs are substrates for a plasma membrane
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transport system located in neurons and glia, (3) certain SAAs are 

synthesized and may be heterogeneously distributed in brain tissue, (4) K^- 

induced depolarization elicits a Ca^^-dependent release of SAAs from various 

brain areas, (5) in membrane binding studies SAAs exhibit a range of 

affinities as inhibitors of radioligand binding to various populations of EAA 

sites and (6 ) SAAs evoke a Ca^^-dependent and independent release of 

excitatory and inhibitory transmitters from cultured neurons. However, until 

satisfactory answers are obtained to the questions concerning the presence 

of SAAs in brain tissue, their location in neurons or glia and proof that they 

are released in sufficient quantities necessary to elicit a physiological 

response, none of the SAAs can join the list of CNS neurotransmitters and 

modulators.
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Figure 1.5 Biosynthetic pathways for the excitatory SAAs.

The excitatory SAAs are highlighted by the bold boxes. Dotted line 
denotes a multi-step conversion.
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1.2.2 Cobalamin-folate interrelations

While the biochemical roles of cobalamin and folate have been well 

defined for many years, the interrelation of these two trace vitamins 

continues to be the subject of debate. In mammalian tissues, folates serve 

to accept or donate one-carbon (1-C) units in several metabolic pathways 

including amino acid and nucleotide biosynthesis. Folates are required for the 

transfer of single carbon units in the synthesis of three of the four bases of 

DNA (guanine, adenine, and thymine). These 1-C units are formate (-CHO) 

required for purine synthesis, methylene (-CH2 -) for thymidine synthesis, and 

the methyl (-CH3 ) for methionine synthesis. Cobalamin, together with folate, 

is necessary for methionine synthesis, but it is not directly involved in the 

synthesis of any of the bases needed for DNA. Still, in cobalamin deficiency 

synthesis of all these bases is severely impaired. This is the result of a role 

cobalamin has in the availability of 1-C units. Two main theories have been 

put forward to explain why vitamin deficiency causes a decrease in DNA 

synthesis.

1.2.2.1 The methyl folate trap theory

In vitro studies have shown (Katzen and Buchanan, 1965) that 

methylene tetrahydrofolate reductase, the enzyme that catalyses the 

reductionof 5 ,10-methylenetetrahydrof olateto 5-methyltetrahydrofolate (Fig 

1.4, page 25), operates only in one direction e.g. that the reaction is almost 

irreversible (unlike other reactions from the pathway). This finding was the 

basis of methyl folate trap theory proposed by Herbert and Zalusky and by 

Noronha and Silverman in 1962. The hypothesis suggests that since in 

cobalamin deficiency, the methyl group of 5-methyltetrahydrofolate cannot 

be passed on to homocysteine to form methionine nor it can be oxidised 

back to 5,10-methylenetetrahydrofolate, the 5-methyltetrahydrofolate is 

immobilised or trapped. The inability of a cell to demethylate this cofactor 

results in its accumulation at the expense of those forms used in DNA and
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RNA biosynthesis. The proof required to validate this theory was first of all 

evidence that methylene tetrahydrofolate reductase operates in only one 

direction in vivo, as well as in vitro and secondly, that 5- 

methyltetrahydrofolate is not metabolised in cobalamin deficiency. In 

attempt to provide an answer to these questions Deacon et al (1990) 

incubated bone marrow cells from control and cobalamin deficient rats with 

[^'^Clformate and measured the incorporation of this 1-C unit into purines, 

thymine, methionine,serine, choline, etc. The utilisation of formate requires 

its uptake by tetrahydrofolate to form 1 0 -formyltetrahydrofolate and 

thereafter its transfer in synthetic pathways (Fig. 1.4, page 25). All the 

values with cobalamin deficient cells were lower than those with control 

cells, indicating an overall impairment of 1-C unit transfer. There was no 

demonstrable labelled 1 0 -formyltetrahydrofolate, indicating that the transfer 

of formate was rapid. Furthermore, there was no detectable [’^C]5- 

methyltetrahydrofolate. This indicates that the trapping of 5- 

methyltetrahydrofolate cannot be the explanation for the overall failure of 1  - 

C unit metabolism. This study was one of the few direct tests for methyl 

folate trapping and no evidence was found to support the hypothesis. In 

addition, 5-methyltetrahydrofolate was shown to be readily oxidised to 5,10- 

methylenetetrahydrofolate and 10-formyltetrahydrofolate in vivo (Lumb et 

al, 1988) thus invalidating the postulate that the reaction catalysed by 

methylene tetrahydrofolate reductase is irreversible.

1 .2 .2 .2  Formate starvation hypothesis

This hypothesis is based on a considerable amount of data 

accumulated largely by study of cobalamin deficient rats exposed to NgO, 

and it provides a satisfactory explanation for almost all the observations 

made in relation to the effects of cobalamin deficiency. This view suggests 

that the role of cobalamin is in the supply of 1 0 -formyltetrahydrofolate and, 

in particular, in promoting the attachment of formate to tetrahydrofolate 

(Chanarin et al, 1992). In the absence of cobalamin, formate accumulates
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in the liver, brain, and blood and is excreted in the urine. The accumulation 

of formate in brain as well as in liver indicates that the same biochemical 

defect is present in the central nervous system. Thus it seems likely that 

the same biochemical lesion exists in all tissues in cobalamin deficiency.

It has been experimentally shown (Perry et al, 1983) that the effects 

of cobalamin deficiency are reversed by supplying folate carrying a 1-C unit 

at the formate level of oxidation. This is available as 10- 

formyltetrahydrofolate. Thus the effect of cobalamin deficiency was 

bypassed by providing 10-formyltetrahydrofolate. Furthermore, the inability 

of cobalamin deficient animals to use tetrahydrofolate is at odds with the 

methylfolate trap hypothesis because these analogues are outside the "trap" 

and should be used normally. The second set of circumstances in which 10- 

formyltetrahydrofolate but not tetrahydrofolate bypasses the effects of 

cobalamin deficiency is in the synthesis of thymidine. Using marrow cells 

from patients with untreated pernicious anaemia 1 0 -formyltetrahydrofolate 

restored thymidine synthesis completely, while tetrahydrofolate was 

relatively ineffective at the same concentration (Deacon et al, 1982).

In the healthy animal, serine is probably the major source of 1 -C units 

(Chanarin, 1989). However, serine seems to be unavailable as a source of 

1-C units in cobalamin deficiency. The alternative source, perhaps even the 

main source, is methionine. It has been shown that methionine reverses 

many of the effects of dietary-induced cobalamin deficiency (Chanarin et 

al, 1985) as well as NgO-induced cobalamin inactivation, including 

restoration of folate polyglutamate synthesis, formylation of 

tetrahydrofolate, recovery of thymidine synthesis (Sourial and Brown, 1983) 

and neuropathy (Scott et al, 1981). Methylthioadenosine, a bi-product of 

polyamine synthesis, is converted to methylthioribose which is then 

regenerated back to methionine (Fig. 1.6 ). A mole of formate is released for 

each mole of methionine produced. Thus, methionine functions by providing 

"active" formate. However, formate from this source must be limited as it 

is tied to polyamine biosynthesis.
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New evidence has been presented recently (Hoffbrand and Jackson,

1993) in favour of the methyl folate trap hypothesis. These authors have 

reported that based on deoxyuridine suppression tests on more than 1 0 0  

patients with megaloblastic anaemia, tetrahydrofolate itself was equally 

capable of correcting the failure of thymidilate synthesis in vitamin 

deficiency as in folate deficiency. Although not as effective as 10- 

formyltetrahydrofolate in correcting the failure of thymidilate synthesis in 

vitamin B̂ g deficiency, tetrahydrofolate was equally effective as 1 0 - 

formyltetrahydrofolate for the correction of the thymidilate synthesis in 

folate deficiency. These results therefore favour the theory that it is in the 

supply of tetrahydrofolate and not of "active" formate or 1 0 - 

formyltetrahydrofolate that vitamin B, 2  plays a critical role in folate 

metabolism.
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Figure 1.6 The pathway by which methionine yields an active formate (CHO) 
unit
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1.2.3 Overview of methionine synthase purification and characterization 

attempts

Most of the work regarding cobalamin-dependent methionine synthase 

has been done on E. coH (Taylor and Weissbach, 1967; Rudiger and Jaenicke, 

1970; Fuji and Huennekers, 1974; Paessens and Rudiger (1980); Frasca et al.,

1986). The results of several previously reported purifications of cobalamin- 

dependent methionine synthase from £. coH B are summarised in table 1.

Reference Yield P u rifica tio n

(X)

S p e c .

a c tiv ity

M w

(kO a)

S u b u n it

s

pi

Taylor&

Weissbach,

1967

8  % 290 30 400 140
- -

Rudiger& 

Jaenicke, 1970

6  % 642 104 000 255
- -

Paessens& 

Rudiger, 1980

1.4 % 205 2 2  800 2 0 0 49.5  

X  4
-

Frasca et al, 

1988

4 % 890 696 000 133'

153^
-

5.2^

4.8^

Table 1. Summary of purifications of cobalamin-dependent methionine 
synthase from E. coli B

B ased on S D S -P A G E  

 ̂ B ased on gel f iltra tio n  

^ O n th e  basis o f tw o -d im e n s io n a l gels

^ based  on th e  e n z y m e 's  s e q u e n c e  analys is  (D ru m m o n d  e t al, 1 9 9 3 )

38



In spite of the fact that all of the purifications summarised in Table 1 

were performed using the same enzyme source, there is nevertheless a wide 

range of reported yields, degrees of purification and especially molecular 

weights. As stated earlier it is now known that £.co//synthesize two distinct 

proteins with methionine synthase activity. The metH gene product is a 

cobalamin-dependent enzyme that uses either monoglutamate or 

polyglutamate forms of methyltetrahydrofolate as substrates. This enzyme 

is activated by a reductive méthylation involving SAM and an electron donor 

(Banerjee and Matthews, 1990).

Most extensive studies on purification and characterization of E.coH 

were performed by a group of Rowena Matthews. They have isolated the 

cobalamin-dependent methionine synthase from E c o //B in a homogenous 

form, using a seven step purification procedure (Frasca et al, 1988). Their 

method involved batch DEAE-cellulose chromatography, column DEAE- 

sephadex chromatography, followed by Amicon Matrex Gel Red, p- 

(hydroxymercuri)benzoate agarose, HTP and aminohexyl-sepharose 4B 

chromatography. Using this method a 133 kDa monomeric enzyme was 

obtained in 4% yield. The specific activity of the homogenous enzyme 

preparation was 696 000 nmol/h/mg protein. As it will be discussed later, 

this value is significantly higher then any of the values reported so far for 

the purified mammalian enzyme. The molecular weight of the native enzyme 

was determined by gel filtration on a Sepharose 12 FPLC column and found 

to be 153 kDa. However the authors have not presented any polyacrylamide 

gels performed under non-reducing or native conditions. By running two 

dimensional gels the enzyme was estimated to have a pi around 5.2. The 

enzyme contained one mole of cobalamin per mole of enzyme. In addition 

to cobalt, the E.coH B enzyme contained one mole of copper per mole of 

enzyme-bound cobalamin and 0.35 moles of iron. It is still not known 

whether the metal ions have a role in catalysis. The isolated enzyme was 

obtained in an inactive form which exhibited the visible absorbance 

properties of cob(ll)alamin (Taylor and Weissbach, 1967; Frasca et al,

1986).
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The metH from E.coli has been cloned, sequenced and overexpressed 

(Banerjee et al, 1989). The sequence was found to encode 1124 amino acids 

which predicted a monomeric enzyme with a molecular mass of 123 640  

daltons. This value was within 9% of the value obtained by SDS-PAGE and by 

gel filtration (Frasca et al, 1988). Two years later, the nucleotide sequence of 

the MetH  gene from E.coH K-12 has been determined (Old et al, 1990) and a 

molecular weight of 132 628 was found. Recently, DNA sequence has been 

corrected, following results obtained using electrospray mass spectrometry 

(Drummond et al, 1993a). Separate fragments, obtained after partial 

proteolysis, were analysed and the enzyme was finally revealed to contain 

1227 residues with a total molecular weight of 136 087.

Limited proteolysis of methionine synthase was performed in an attempt 

to identify the region responsible for cobalamin binding (Banerjee et al, 1989). 

Digestion with trypsin initially produced two fragments with apparent molecular 

weights of 95 and 35 kDa, which were later more precisely determined to be 

98 and 37 kDa (Drummond et al, 1993b). The amino-terminal 98 kDa fragment 

was found to contain a cobalamin-binding region at its carboxy-terminal. 

Initially, this 98 kDa fragment retained full activity, suggesting that it must 

contain residues necessary for binding both homocysteine and 

methyltetrahydrofolate. However the fragment gradually lost activity and the 

cob(ll)alamin enzyme could no longer be reactivated by reductive méthylation 

with SAM. Thus, it is the carboxy-terminal fragment (37 kDa) that is essential 

for reductive méthylation. Further proteolysis of the 98 kDa fragment resulted 

in 6 8  and 28 kDa polypeptides. The smaller fragment retained the bound 

cobalamin, but was not catalytically active. A related 27 kDa has recently been 

crystallized (Luschinsky et al, 1992) and its three dimensional structure 

determined by X-ray diffraction studies (Luschinsky Drennan et al, 1994).

So far, there has been just a single report on methionine synthase 

purification from a parasite source. Krungkrai et al (1989) have purified the 

enzyme from human malarial parasite, Plasmodium falciparum using high- 

performance size-exclusion and anion-exchange chromatography. The enzyme 

was only partially purified (22 fold), thus its specific activity was very low (1.4 

nmol/h/mg protein). The apparent molecular weight of the enzyme was
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estimated to be about 105 kDa.

Having in mind the tremendous amount of progress that has been made 

in understanding the prokaryotic methionine synthase in the last thirty years, 

it is surprising that the clinically important mammalian enzyme has still not 

been purified in sufficient amount to allow detailed characterisation. Up till 

today there have been just four detailed publications on methionine synthase 

purification from different mammalian sources. The results of these reports are 

summarised in Table 2. The last report (Chen et al, 1994) came out in press 

when writing of this thesis was already in the final stages, so we were 

unfortunately unable to benefit from their results, and it seems that we have 

independently taken very similar paths. However it was of great interest to 

compare our data with the ones reported by Chen et al.

The mammalian enzyme is very similar in its catalytic properties to the 

metH gene product from E.coH. Mammalian methionine synthase also contains 

cobalamin (Loughlin et al, 1964) and reacts with the monoglutamate form of 

methyl- tetrahydrofolate. It is also isolated in an inactive form and requires 

SAM-dependent reductive méthylation for activation. However, the mammalian 

enzyme turned out to be much more difficult to purify and it appeared to have 

a more complex structure. It is known that the mammalian enzyme has 

significantly lower specific activity and notably lower tissue abundance.

The first publication regarding the purification of mammalian methionine 

synthase was the one by Loughlin et al (1964). They were the first ones to 

confirm that the mammalian enzyme resembles the cobalamin-dependent form 

found in prokaryotic systems. They have purified the enzyme from hog liver 

250 fold by the combination of protamine fractionation, ammonium sulfate 

precipitation and calcium phosphate gel treatment. The partially purified 

enzyme from hog liver had a specific activity of 990 nmol/h/mg protein. This 

value is much lower then any of the values for specific activity of E.coH B 

enzyme shown in Table 1. Loughlin et al have obtained the enzyme preparation 

in the 1 0  % yield, but they did not determine its molecular weight.
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Reference Enzyme
source

overall
yield

purifica
tion
(X)

specific
activity

Molecular
weight

subunit
composition

pi

Loughlin et ai, 
1964

Hog liver 1 0 % 250 990 Not
determined

- -

Mangum & 
North, 1971

Pig
kidney

0 . 8  % 1877 54 419 Not
determined

- -

Utley et al, 
1985

Human
placenta

19 % 933 840 160 kDa 90, 45, 35 
kDa

-

Chen et al, 
1994

Pig
liver

0.9 % 8  600 96 000 155 kDa - -

Table 2. Summary of purifications of cobaiamin-dependant methionine synthase from mammalian sources



Mangum and North (1971) have reported a 1877-fold purification of 

methionine synthase form pig kidney. They were the first ones to provide 

direct evidence, by an examination of the visible absorption spectrum of the 

purified enzyme, that mammalian methionine synthase does as well contain 

a bound form of vitamin Their purification method included protamine 

and ammonium sulfate fractionation, DEAE-Sephadex chromatography, G- 

200 Sephadex chromatography and calcium phosphate gel fractionation. The 

specific activity of the purified enzyme preparation was 54 419 nmol/h/mg 

protein, but the yield was less then 1 %. The analysis of this preparation by 

polyacrylamide gel electrophoresis has revealed some heterogeneity (no gels 

were included in the publication). The authors have observed that a 

cytochrome which spectrally resembled microsomal cytochrome bg was the 

major contaminant of methionine synthase. The purified pig kidney enzyme 

was found to be only partially stimulated by SAM. This finding was later 

investigated by other groups working on mammalian methionine synthase 

(Ast et al, 1994; Chen et al, 1994) and an absolute dependency on SAM 

was found. Mangum and North did not comment on the molecular weight 

of the enzyme, not even whether it was a monomer or it contained subunits. 

They did however observe that the enzyme lost activity rapidly as it was 

purified and that this could be prevented by the addition of one of its 

substrates, homocysteine.

So far there has been only one report on the purification of human 

methionine synthase. Utley et al (1985) have purified methionine synthase 

from human placenta 933 fold with 19% recovery. They have employed two 

new methods: methyltetrahydrofolate-cystamine-agarose affinity

chromatography and SAH-agarose affinity chromatography. The recovery of 

methioninesynthase bound to the methyltetrahydrofolate-cystamine-agarose 

column was close to 100% but only approximately 70% of the enzyme 

applied bound to the column. The 30% of methionine synthase that did not 

bind to the column, would not bind to another identical affinity column 

suggesting the existence of another form of the enzyme that would not bind 

to methyltetrahydrofolate. The reason for this could also be the presence
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of endogenous methyltetrahydrofolate occupying the binding site. However 

this is not likely since the Km for this reaction is not very high. The purified 

methionine synthase obtained after SAH-agarose affinity chromatography 

was further characterised by gel filtration of Sephadex G-200 and the 

molecular weight of the native enzyme was found to be 160 kDa. This value 

was confirmed by a non-reducing SDS-PAGE. However, two additional 

bands at molecular weights of 80 and 70 kDa were also observed. 

Reduction of methionine synthase resulted in disappearance of the 160 kDa 

band and the appearance of bands at 35, 45 and 90 kDa. No 70 or 80 kDa 

bands were apparent on the reduced gel. These authors were not able to 

obtain a native gel of purified methionine synthase due to the appearance 

of multiple protein-staining bands. Purified enzyme was examined for metal 

content by x-ray fluorescence, and it was found to contain two moles of 

iron per mol of enzyme. Atomic absorption spectroscopy demonstrated the 

presence of 1 . 1  mol of cobalt per mole of purified methionine synthase that 

was completely converted to holo-methionine synthase. Human placenta 

enzyme had very low specific activity, 840 nmol/h/mg protein. However the 

authors have indicated that a 7-fold variation was observed from placenta 

to placenta, plus that different assay systems can account for as much as 

10-fold difference in specific activity. Nevertheless, on the basis of its low 

specific activity, Chen et al (1994) have questioned the identity of the 

enzyme isolated from human placenta.

The most recent report on methionine synthase purification (Chen et 

al, 1994) suggests that the enzyme isolated from pig liver exists in a 

monomeric form and has a molecular weight of about 155 kDa. Pig liver 

enzyme has been purified in two forms, 8  600 and 6  705 fold respectively. 

The methods employed for purification include: batch chromatography on 

DEAE-cellulose, Q-sepharose, phenylsepharose and HTP-chromatography. 

The enzyme has been found to elute in two peaks when chromatographed 

on anion exchange columns. The same finding has previously been reported 

by our group (Ast et al, 1994, Appendix 2). The molecular weight of the 

native enzyme was estimated by gel filtration chromatography on a
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Superose 12 FPLC column to be 155 kDa. SDS-PAGE of the purified 

methionine synthase was performed under reducing conditions and it 

resulted in a single band at 151 kDa. The authors suggest that this implies 

that the enzyme from pig liver is a large, monomeric protein. However, one 

can not fail to notice that was this true, they should have provided a native 

gel to support their hypothesis. The enzyme could well be a homodimer, 

with subunits easily resolved by a gel filtration column. The purified pig liver 

enzyme (major fraction) had a specific activity of 96 000 nmol/h/mg protein. 

2 //M SAM has been added to all the enzyme fractions and buffer solutions 

to preserve enzyme activity. Chen et al have analysed their enzyme 

preparations for total metal content by plasma emission spectroscopy. 

Except for one equivalent of cobalt per mole of enzyme, no other metals 

were detected. Thus, unlike the human placenta enzyme, methionine 

synthase from pig liver is not an iron-containing protein.

This overview has shown that the structure and properties of 

mammalian methionine synthase, unlike the bacterial enzyme, are far from 

clearly understood. Many of the existing questions will probably not be 

answered until the mammalian genes coding for methionine synthase have 

been cloned and sequenced. Almost no work has been published regarding 

the intracellular regulation of methionine synthase. Larger quantities of the 

pure enzyme are going to be needed for these kind of experiments. The 

approach that was adopted in our laboratory was to purify the significant 

amount of enzyme that would enable the production of antibodies to 

methionine synthase. Once the antibodies are readily available, the enzyme 

could be purified in large quantities by imunoaffinity chromatography.
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1.2.4 Inhibition of methionine synthase

The anaesthetic/analgesic gas, nitrous oxide, was used for a century 

before it was discovered that prolonged exposure produced major toxic 

manifestations, including megaloblastic anaemia and a subacute combined 

degeneration of the spinal cord. The megaloblastic anaemia, associated with 

severe bone marrow depression, was first observed in patients who were 

being continuously treated with NgO over the period of several days in order 

to relieve the psychological strain brought on by tetanus-induced paralysis 

(Lassen et al., 1956). Both, dentists and their chair-side assistants, were 

found to have a higher incidence of liver disease when NgO was given to 

their patients (Cohen et al, 1980). In 1978 Layzer reported that a group of 

dentists who abused NgO over periods of several months through 

intermittent, recreational use, exhibited a neurological disorder similar to the 

subacute combined degeneration of the spinal cord associated with vitamin 

Bi2  deficiency. Nunn and O'Morain (1982) suggested that the depression of 

neutrophil chemotaxis (movement of the leucocyte toward a bacterial 

stimulus) following NgO exposure might be due to some unidentified 

chemical action involving vitamin B̂ g. Deacon et al (1978) investigated the 

effect of NgO on the two cobalamin dependant enzymes in rat and reported 

that only methionine synthase activity was inhibited. It is not clear why 

methylmalonyl-CoA mutase (MMCoAM) was not affected, since nitrous 

oxide should penetrate the mitochondria containing the enzyme. The reason 

NgO does not inactivate MMCoAM is most likely the fact that MMCoAM 

does not utilise the highly reduced cob(l)alamin state. However, prolonged 

exposure to nitrous oxide has been reported to alter cobalamin metabolism 

and subsequently disrupt the activity of the MMCoAM as well (Kondo et al, 

1981). The two activities may still be related; inactivation of methionine 

synthase by nitrous oxide has been shown to produce cobalamin analogs in 

rats that are released into the bloodstream (Kondo et al, 1981), and 

interaction of these analogs with MMCoAM has been proposed to connect 

methionine synthase inactivation with disruption of the mutase activity.

46



Anaesthetic levels of nitrous oxide decrease methionine synthase 

activity in the livers of rats (Deacon et al., 1980; Lumb et al., 1978), mice 

(Koblin et al., 1981) and humans (Koblin et al., 1982). The decline in 

methionine synthase activity is apparent after 30 min NgO exposure and 

activity is virtually undetectable after 6  h. Although NgO disappears from 

tissues within minutes of stopping its inhalation, the effects on methionine 

synthase persist for over 72 h, indicating that new enzyme needs to be 

synthesised (Deacon et al., 1980). Slow reversal of NgO toxicity raises the 

possibility that repeated exposures may lead to a cumulative effect. The 

recovery of methionine synthase activity in tissues of the pig, following a 

week of 15% NgO administration, was shown to be three times slower in 

the spinal cord, comparing to the liver, kidney and brain (Molloy et al, 

1992). This finding was significant since histological lesions observed in 

cobalamin deficiency and NgO-induced neuropathy were most apparent in 

the spinal cord (Weir et al, 1988).

Inactivation of methionine synthase depletes serum methionine levels 

and thus influences a chain of metabolic reactions (Vina et al, 1986). A 

m ost im po rtan t consequence is a decrease in 5 ,1 0 -  

methylenetetrahydrofolate (Fig. 1.4, page 25) the carbon donor required for 

conversion of deoxyuridine to deoxythymidine. Thymidine is an essential 

base in DNA and by this chain of reactions NgO interferes with DNA 

synthesis. The megaloblastic anaemia, leucopenia and probably the 

fetotoxicity produced by NgO (Fink et al, 1967; Lane et al, 1980; Vieira et 

al, 1980) result from its detrimental effect on DNA synthesis. Gillman et al 

(1989) have suggested that the effects of NgO on the CNS may result in the 

changes in neurotransmitter levels. They have reported that long term NgO 

exposure of rats caused an increase in noradrenaline, dopamine and 

serotonin while the hepatic methionine synthase activity remained 

unchanged.
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The biochemical basis for susceptibility to nitrous oxide was shown 

to be related to its ability to oxidize cob(l)alamin to cob(lll)alamin, which is 

inactive as a coenzyme (Banks et al., 1968).

COB(l)ALAMIN + N^O + H 2 O -  COB(lll)ALAMIN + Ng + 20H (1)

COBdlDALAMIN + COB(l)ALAMIN -  2 COB(ll)ALAMIN (2)

This discovery had significant biological implications because only the 

monovalent (reduced) form of vitamin B̂ g is active in vivo. Unfortunately the 

paper of Banks et al remained unknown to anaesthetists and haematologists 

for nearly 10 years. The oxidation of cobalamin was found to be irreversible, 

and so was its binding to the apoenzyme. Attempts to substitute the 

inactive vitamin B̂ g with methylcob(l)-alamin in the in vitro reaction mixture 

have failed (Deacon et al., 1980). However the equations 1 and 2 still do 

not explain why NgO causes irreversible loss of enzyme activity. Recent 

biochemical studies (Drummond and Matthews, 1994a) suggest that a 

variant of the reaction described by Banks et al might lead to both vitamin 

Bi2  oxidation and enzyme damage. In the following reaction :

COB(l)ALAMIN + N2 O + H+ -  COB(ll)ALAMIN + N2  + OH (3)

a hydroxyl radical is generated which is highly reactive and could proceed 

to alter chemically the adjacent synthase enzyme. This could then explain 

the irreversible loss of enzyme activity. If the reaction 3 was the correct 

mechanism of inhibition, the enzyme reisolated after inactivation should 

show absorbance characteristic of cobdDalamin. Frasca et al (1986) have 

reported that the reisolated inactive enzyme after turnover under N2 O 

showed significant loss of cobalamin as compared to the reisolated active 

enzyme from the N2  control experiment, but that the residual cobalamin 

associated with the inactive enzyme retained the absorbance characteristics 

of cobdDalamin.

48



This work was continued by Drummond and Matthews (1994a,b) whose 

experiments have supported the model that methionine synthase becomes 

inactivated when the highly reduced cob(l)alamin state becomes oxidized by 

NgO to produce nitrogen gas and a damaging oxidant, hydroxyl radical. The 

apparent cobalamin product is cobdDalamin, and no evidence for the 

formation of a cob(lll)alamin species has been observed, nor does it appear 

that the formation of cob(lll)alamin on the enzyme alone is sufficient to 

produce inactivation. Further investigations by the same group have revealed 

that inactivated enzyme suffered oxidative modification, primarily to the 

protein structure, although damage to the cobalamin was also observed. The 

nature of the damage suggested that NgO was reductively degraded to 

release an oxidant, modifying sites proximal to the cobalamin.

Several investigators have shown that the haematopoietic changes 

induced by NgO can be reversed or even prevented by administration of 

appropriate agents. Vitamin given after NgO exposure can at least 

partially offset the effect of NgO as measured by the deoxyuridine 

suppression test (Skacel et al, 1983). Long term administration of NjO to 

monkeys resulted in subacute combined degeneration of the spinal cord, and 

these symptoms could be alleviated by methionine supplementation of the 

diet (Scott et al, 1981). Folinic acid and several analogues (e.g. 

tetrahydrofolate, but not methyltetrahydrofolate) can reverse or even 

prevent disturbances in nucleic acid synthesis (O'Sullivan et al, 1981 ; Skacel 

et al, 1983). However, as in the neuromyopathy of pernicious anaemia, 

folate derivatives have little influence on reactions dependent on methionine 

synthesis.

Ethanol treatment for 22 weeks has been shown to decrease the 

activity of methionine synthase in rat liver and kidney (Finkelstein et al, 

1974; Barak et al, 1985). Acute treatment with ethanol was reported to 

have no affect on methionine synthase activity in the liver, kidney and brain 

(Koblin and Tomerson, 1989). However, Trimble et al (1993) have 

demonstrated an increase in hepatic methionine catabolism after maintaining 

rats for two weeks on ethanol rich diet. This increase in methionine
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catabolism was accompanied by a significant decrease in methionine 

synthase activity and an increase in betaine homocysteine methyltransferase 

activity. Acute and chronic administration of ethanol have resulted in a fall 

of serum folate levels accompanied by elevated excretion of folates in both, 

animals and humans. These changes in folate metabolism would probably 

affect the enzymes involved in transmethylation processes (McMartin et al,

1986).

Because methionine synthase is a sulfhydryl enzyme (Stadtman, 

1971) it is reasonable to suspect that its action could be modified by a 

number of heavy metals that are known to have high affinity for sulfhydryl 

and disulphide bonds. Indeed, it has been shown that methylmercury, an 

environmental toxin used in commercial and industrial applications 

worldwide, inhibits methionine synthase both in vitro (Smith and Smith, 

1990) and in vivo (Brennt and Smith, 1989). The inhibition of methionine 

synthase by methylmercury was more prominent in the brain, kidney and 

ovary than in the liver. Chloroform and carbon tetrachloride were also shown 

to inhibit methionine synthase in vitro in E. Coli (Alston, 1991). The 

inhibition is believed to be due to their ability to covalently modify the cobalt 

atom of cobalamin in the presence of reducing agents (Blaser et al, 1980). 

However, chloroform and carbon tetrachloride are extensively metabolized 

in mammals to chemically reactive products capable of inactivating diverse 

macromplecules in a virtually indiscriminant fashion (Anders and Pohl, 1985) 

so that the inhibition of methionine synthase by these agents is unlikely to 

occur in a highly selective manner in mammals.

1.2.4.1 Nitric oxide and methionine synthase

Over the past several years the so-called L-arginine:nitric oxide (NO) 

pathway has caught the imagination of the scientific community of 

biologists and biochemists. In this biochemical pathway, L-arginine serves 

as the substrate for NO production whereas nitrite/nitrate and citrulline are 

the stable and inactive end products (Hibbs et al., 1987). There are two
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main reasons for the enormous attention NO has been receiving since 1987. 

Before that year nobody even imagined that a gas, commonly known as an 

atmospheric pollutant, could be a biological mediator; but once this was 

recognised, NO turned out to be uniquely ubiquitous, not only playing 

essential roles as a physiological mediator, but also providing a vital part of 

host defence mechanisms. This was an extraordinary achievement for an 

inorganic, radical gas that lacked the sequence-dependent specificity typical 

for macromolecular polymers. NO has the lowest molecular weight of any 

known bioactive mammalian cell secretory product. Its high chemical 

reactivity means that its life is short and the specificity of its interactions is 

negligible. It still does not cease to amaze the wide scientific community, 

how such a simple, transitory and indiscriminate molecule can convey 

enough information in a regulated manner to help control vital 

servomechanisms like vascular tone and neurotransmission. It is equally 

surprising that a molecule with such delicate assignments as these should 

also be empowered to destroy microbes and tumour cells.

Since the late eighties nitric oxide (NO) has become established as a 

diffusible messenger and mediator of cell-cell interactions throughout the 

body, including immune cell mediated cytotoxicity, inhibition of platelet 

aggregation, smooth muscle relaxation, and neuronal signalling (Moncada et 

al., 1991). Up till now our understanding of cell-cell communication was 

dominated by a single paradigm implying that signalling was accomplished 

by molecules that bind noncovalently to specific receptors through 

complementarity of shape. The most surprising insight to arise from NO 

research is that there exists a fundamentally different form of intracellular 

signalling. In this new system, the messenger molecule reacts with its 

targets covalently on the basis of their redox potential (Nathan, 1992). NO 

differs from more conventional neurotransmitters in being able to diffuse 

freely from the point of synthesis to intracellular target sites in neighbouring 

cells and being independent of vesicular release, membrane receptors, or 

lipid cell boundaries. This latter system of intracellular communication may 

turn out to be as ubiquitous and physiologically important as the former.
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Being a free radical, NO forms R-S-NO adducts with amino acids, 

peptides and proteins but it is not yet clear whether or not these adducts play 

an endogenous role in NO signalling, represent simply transport and storage 

forms of NO, or protect cells from NO toxicity. NO is one of the most abundant 

free radicals in the body and is now known to be an important player in both 

vascular physiology and pathology (Moncada and Higgs, 1993). The 

biochemical mechanisms underlying the pathological effects of NO at high 

concentration can, in part, be ascribed to direct actions of the molecule. Thus, 

NO was shown to activate soluble guanylate cyclase by nitrosation of its haem 

(Ignarro, 1990), reaction currently thought to be the cardinal mechanism of NO 

action in the brain and vascular smooth muscle. Other enzymes that can 

directly be affected by NO include ADP-ribosyl transferase (Brune and Lapetina,

1989), superoxide dismutase (Beckman et al., 1990), ferritin (Reif and 

Simmons, 1990) and respiratory chain redox enzymes in mitochondria including 

cytochrome c oxidase (Cleeter et al., 1994). Other haem proteins whose 

nitrosation has long been studied are haemoglobin and myoglobin (Ignarro,

1990).

NO can react with Fe-S groups, forming iron-nitrosyl complexes, 

resulting in the inactivation and degradation of susceptible enzymes. 

Macrophage derived NO inactivated mitochondrial NADH: ubiquinone 

oxidoreductase (Hibbs et al, 1988), and the Krebs cycle enzyme aconitase 

(Hibbs et al, 1987) through formation of iron-nitrosyl complexes (Lancaster and 

Hibbs, 1990).

Some of the pathological effects of NO could be mediated through 

interaction of NO with other free radicals and it is this type of interaction which 

was proposed to be particularly important in cardiovascular disease. 

Peroxynitrate is formed from the reaction of NO with superoxide (Koppenol et 

al, 1992). The biological targets of peroxynitrate include sulphur-containing 

amino acids and metalloproteins. Peroxynitrate causes aggregation of human 

platelets and prevents its regulation by cGMP and cAMP-dependent 

mechanisms (Moro et al, 1994). It has been proposed (Beckaman et al, 1990) 

that peroxynitrite decays to nitrogen dioxide and hydroxyl radical, considered
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the strongest oxidant in biological systems.

Macrophage-derived NO has a conspicuous action on tumour cells, 

causing the inhibition of their DMA synthesis (Hibbs et al, 1990). This appears 

to be due in part to inhibition of the rate-limiting enzyme, ribonucleotide 

reductase (Kwon et al, 1991), through quenching of its tyrosyl radical 

(Lepoivre et al, 1990) and perhaps also through reaction with its non-haeme 

Fe (Nathan, 1992). All of the enzymes affected by the activated macrophages, 

including ribonucleotide reductase (the rate limiting enzyme in DNA replication) 

contain catalytically active non-haem iron coordinated to sulphur atoms (Hibbs 

et al, 1990). It is important to stress that NO is in some cells cytotoxic and in 

others cytostatic (Hibbs et al, 1990) suggesting that the sensitivity to NO 

varies from one cell to another. The reasons for this may be dependent on the 

relative importance of iron-sulphur-centered enzymes in different cells.

A number of cell types, including macrophages (Marietta et al, 1988), 

endothelial cells (Ignarro et al, 1987), cerebellar neurons (Garthwaite et al, 

1988) and neutrophils (McCall et al, 1989) have been shown to produce NO. 

The idea that human cells can produce NO is no longer dismissed. Cancer 

patients undergoing IL-2 immunotherapy develop a significant increase in serum 

and urine nitrate levels, suggesting that a cytokine-induced NO pathway does 

exist in man. A number of different cell types have now been isolated and 

shown to produce NO in response to cytokines and lipopolysaccharide (IPS), 

including human neutrophils, hepatocytes and chondrocytes and the inducible 

NO synthase enzyme has been cloned and sequenced from both human 

hepatocytes and chondrocytes (O'Donnell and Liew, 1994).

Having all this in mind it is not surprising that our research interests have 

also turned towards NO. The propensity of both nitrogen oxides to act as 

ligands for transition state metals, prompted us to compare the effects of NO 

and NjO on methionine synthase (Ast et al, 1994), which contains cobalt in 

the form of a cobalamin prosthetic group, establish dose and time dependent 

studies of its inactivation by NO and NgO and suggest a potential role of 

cobalamin-dependent methionine synthase, its metabolites and related 

metabolic pathways in hepatotoxicity and intracellular communication.

53



1.3 Polyamines as signalling molecules

1.3.1 Introduction to the polyamines

The polyamines are low molecular mass naturally occurring aliphatic 

amines carrying a positive charge on each nitrogen atom at physiological pH. 

The most common are putrescine, spermidine and spermine. Polyamines can 

be synthesized by both prokaryotic and eukaryotic cells. But while

putrescine and spermidine are found in virtually all cell types, plant and 

animal alike, the distribution of spermine is restricted to eukaryotes where, 

to a greater extent than putrescine or spermidine, it tends to be associated 

with the cell nucleus (Mach et al, 1982). The pathway of biosynthesis has 

been well characterized and so have the catabolic reactions which recycle 

spermidine and spermine (Fig 1.7).

The complete metabolism of the polyamines involves some seven 

enzyme reactions, each of which is precisely regulated in order to maintain 

optimum intracellular concentrations. Polyamines accumulate intracellularly 

to millimolar quantities (Cohen, 1971). These intracellular concentrations 

vary greatly with the proliferative status of the cell, and also in response to

a wide variety of stimuli. It has also been shown that polyamine

concentrations in rat liver vary with age, with spermidine decreasing and 

spermine increasing in concentration (Hall et al, 1977). With rare exception, 

polyamines do not incorporate into macromolecules but remain as

metabolically distinct entities within cells. As such, they are presumed to 

associate to different degrees with available anionic binding sites such as 

nucleic acids and membrane phospholipids through electrostatic charge 

interactions. Polyamine binding has been implicated in a wide variety of 

biological effects including: stabilisation of whole cells, organelles, 

membranes and nucleic acids; modulation of protein biosynthesis and certain 

aspects of cellular metabolism; induction of various pharmacological effects 

in whole animals (Pegg, 1986).
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Figure 1.7 Metabolic pathways for polyamine biosynthesis and 
catabolism in mammalian cell systems
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Induction of polyamine biosynthesis is a very early event in cell proliferation. 

Intracellular polyamine levels usually increase before changes in DNA, RNA 

or protein can be detected, and depletion of intracellular polyamines, by 

inhibition of their biosynthesis results in a stop of growth, which can be 

restored by addition of exogenous polyamines to the treated cells.

The intracellular polyamine concentrations in hepatocytes were found 

to be less than 1 nmol per million cells (Kroes et al, 1988). Putrescine 

concentration was the lowest (0.048 nmols/10® cells), while spermidine 

concentrations were always the highest of all three polyamines, 0.74  

nmols/10® cells). Tissue polyamine concentrations (in liver) were reported to 

be 6  nmols/mg DNA for putrescine, about 600 nmols/mg DNA for 

spermidine and about 450 nmol/mg DNA for spermine (Hall et al, 1978).

The question as to whether all of the effects of polyamines on cell 

metabolism can be explained by cationic interactions with macromolecules 

is raised continually and the answer must be emphatically no (Wallace and 

Morgan, 1990). There is no reason why the cell would need to produce 

energetically very expensive polyamines when two calcium or two 

magnesium ions would have the same number of positive charges? Probably 

the major advantage of the polyamine pathway is that the cell can control 

both the synthesis and degradation of the polyamines as required 

independently of the extracellular environment, a situation which is quite 

different from that involved in regulation of calcium and magnesium ions.

Until only recently, polyamines were thought of as nothing more than 

metabolic end products, but it is now known that they have many diverse 

and varied roles of which their role in cell proliferation is the most important.
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1.3.2. Roles of polyamines

1.3.2.1 Cell Growth and Development

Polyamines have a principal role in cell growth and differentiation and 

are necessary for optimal growth (Pegg and McCann, 1982). The enzymes 

which are critically involved in the biosynthesis of polyamines (ornithine 

decarboxylase and S-adenosyl methionine decarboxylase) are unusual 

because they have very short half lives (20-60 minutes), suggesting that 

these enzymes may have special importance in the control of development 

because their activity can be changed so rapidly (Hannonen et al, 1972). 

Many studies have shown that rapidly growing cells have a higher content 

of polyamines and that the activity of ornithine decarboxylase (ODC), the 

key enzyme involved in the biosynthesis of polyamines, is dramatically 

increased in response to a number of stimuli (hormones, drugs and growth 

factors). Polyamine concentrations in cancerous tissue are higher in 

comparison to normal tissue of the same type, suggesting that alterations 

in either polyamine transport and/or polyamine metabolism are strongly 

associated with cell growth (Lamond and Wallace, 1994). This results in 

elevated levels of polyamines in urine, serum and cerebrospinal fluid of 

patients with cancer. With the development of specific inhibitors of 

polyamine biosynthesis it was indeed shown that depletion of putrescine and 

spermidine in eukaryotic cells leads to a prolongation of the cell cycle and 

finally to an arrest of cell proliferation (Morris and Harada, 1980).

1.3.2.2 Nucleic Acid Structure

Polyamines have been found to be associated with nucleic acids 

isolated from viral, bacterial and mammalian cells (Cohen, 1978). Also, in 

cell free systems polyamines are able to precipitate nucleic acids, increase 

their melting point (Tsuboi, 1964) and protect them against enzymatic 

degradation (Bachrach and Eilon, 1969). More recently, it has been
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proposed, on the basis of crystal structure studies with B-form DNA, that 

spermine spans the major groove of the helix in its interaction with the two 

strands of the molecule (Kopka et al, 1983). Similar data were reported for 

tRNA where together with magnesium, spermine has an important role in 

maintaining the overall folding of the tRNA molecule. Indication that the 

various polyamine-DNA interactions might actually be of functional 

significance to the intact cell seems apparent from studies in which the 

sensitivity of DNA to alkylation and breakage by the anticancer drugs, was 

found to be markedly increased by prior depletion of intracellular putrescine 

and spermidine pools (Tofilon et al, 1983).

1.3.2.3 Gene expression

The regulatory effects of polyamines on gene expression, in particular 

on growth related genes are well established. Das and Kamingo (1979) have 

reported the stimulation of acétylation and phosphorylation of histones by 

polyamines, implying the involvement of polyamines in the alteration of gene 

expression during development.

1.3.2.4 Protein Synthesis

The stimulation of the binding of template RNA and aminoacyl RNA to 

ribosomes,* reported by Goertz (1979) implies an important role of the 

polyamines in protein biosynthesis.

1.3.2.5 Modulation of the NMDA receptor

The binding of glutamate to the NMDA receptor opens a cationic channel 

which binds the anticonvulsant MK-801. Glycine acts as an allosteric 

modulator at a distinct site on the NMDA receptor (Johnson and Ascher,

1987). Polyamines spermidine and spermine have been reported to enhance 

[^H]-MK-801 binding to NMDA receptors via a site distinct from those at
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which glutamate and glycine act (Ranson and Stec, 1988). Putrescine 

reversed the stimulation of l^H)-MK-801 binding induced by spermidine. In 

addition, putrescine was a considerably more potent inhibitor of [^H]-MK- 

801 binding when spermidine was present than when glutamate plus glycine 

were present in the binding assay (Robinson et al, 1990) suggesting that 

putrescine is a competitive antagonist of the polyamine site on the NMDA 

receptor complex.

The natural polyamines induce histamine release from rat peritoneal 

mast cells in a concentration and energy dependent process. However, the 

mechanism by which polyamines trigger secretion in this system is not clear. 

It has recently been suggested that spermine induces histamine release from 

rat peritoneal mast cells by interaction with a polyamine site on an NMDA 

receptor macrocomplex (Purcell et al, 1994).

1.3.2.6 Protein Kinases

Cellular responses to extracellular agonists are in general mediated by 

specific receptors and often result in alterations in the intracellular 

concentrations of either cyclic AMP (cAMP), calcium, inositol 

polyphosphates, or diacylglycerol. These intracellular messengers exert their 

effects by mechanisms which often involve covalent phosphorylation of 

appropriate rate limiting-enzymes, ion-channels, or other proteins. Three 

multifunctional protein kinases, cAMP dependent protein kinase, protein 

kinase C and Ca/CAM dependent protein kinase are thought to mediate 

many of these phosphorylation reactions. The activities of these enzymes, 

can, in certain circumstances, be affected by polyamines, but the effect is 

usually inhibitory.

Physiological activation of protein kinase C requires the interaction of 

this enzyme with cellular membranes. It has been shown (Moruzzi et al,

1987) that micromolar concentrations of polyamines greatly interfere with 

the protein kinase C activation process (with spermine being most effective) 

by inhibiting the formation of the active membrane-associated enzyme
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complex. This implicates that these polycations, particularly spermine, may 

act as regulators of protein kinase C function in vivo.

On the other hand, casein kinases I and II are stimulated 5-10 fold by 

millimolar concentrations of polyamines, again with spermine being most 

potent (Cochet and Chambaz, 1983).

Thus, polyamines appear able to modulate protein phosphorylation, 

both positively and negatively, suggesting the existence of a polyamine- 

dependent regulatory mechanism. Such a system, responding to changes in 

intracellular polyamine levels, would be able to produce rapid polyamine 

dependent alterations in the patterns of intracellular protein phosphorylation 

and hence influence subsequent biological events (Morgan, 1990).

1.3.2.7 Modulation of Intracellular Free Câ ^

Calcium ions and cAMP are the predominant messengers involved in 

coupling stimulus to response in most cell types. Polyamines are known to 

activate Ca^  ̂ uptake by mitochondria at concentrations of 12-100 //M in 

yeast (Votyakova et al, 1990) and 500-1000 //M in mammalian cells 

(Nicchitta and Williamson, 1984). It has been shown recently that 

putrescine, besides acting as a precursor of spermidine, may play an 

important role in the control of Ca^^-mediated events at the cellular level. 

Koenig et al (1983) have suggested that putrescine induces change in the 

membrane .permeability to Ca^  ̂ ions following hormonal activation; 

putrescine has thus been considered to be a mediator of transduction and 

transmission of receptor-mediated signals and of stimulus-response coupling. 

The same group has reported (Koenig et al, 1989) that in vascular tissues 

Ca^  ̂ influx in response to a variety of stimuli results in a rapid rise in 

intracellular ornithine decarboxylase activity which is followed by a more 

sustained increase in intracellular polyamine levels. Exposure of intact whole 

endothelial cells to spermine, spermidine or putrescine (25-500 fjW\) resulted 

in a dose-dependent increase in [Ca^^] which was caused by calcium entry 

and not by its release from intracellular stores (Morgan, 1990).
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1 .3 .2 . 8  Gating molecules for channels

Gating of voltage-dependent ion channels is generally believed to be 

an intrinsic property of the channel protein. However, gating may be 

specifically modified by small organic molecules, like ATP (Ashcroft and 

Ashcroft, 1990) or inorganic cations such as Ca^  ̂ or Mg^^ (Matsuda et ai,

1987). It has recently been reported (Picker et al, 1994) that spermine anc; 

spermidine may function as physiological blockers of inward rectifier 

channels and that this "intrinsic" gating may largely reflect voltage- 

dependent block by these cations. Both, spermine and spermidine were able 

to produce time-dependent block at only nanomolar concentrations. By 

contrast, the block by putrescine was time- independent and required 

concentrations a 1000-fold higher than for spermine and spermidine. It still 

remains to be determined whether the kinetics of inward rectifier 

currents are influenced by the physiological fluctuations in spermine and 

spermidine that occur during cell growth and division. Other ion channels 

that are affected by polyamines include calcium channels (Scott et al, 1993) 

and calcium-activated potassium channels (Weiger and Hermann, 1994). 

However, the polyamine concentrations needed to block these channels are 

at least 1 0 0 0 -fold higher then those required for inward rectifier 

channels.

Having in mind this variety of polyamines' roles it seems clear that 

despite our lack of knowledge of the precise molecular mechanism by which 

the polyamines exert their effects they are indeed cellular regulators. In order 

to experimentally support this hypothesis we need to establish the time of 

formation and decay of polyamines upon extracellular stimulation.

1 .3 .3 Polyamines as targets for chemotherapy

The ever increasing attention which the polyamines are now attracting 

derives mainly from the fact that their metabolism was found to be 

enhanced in fast growing tumours (Russell, 1973) and the expectation that
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inhibitors of polyamine synthesis might be useful in the therapy of 

proliferative diseases (Seiler, 1981). The basis of all cancer chemotherapy 

is predicted on the existence of fundamental metabolic or functional 

differences between normal and malignant tissues. With few exceptions, 

these differences are quantitative rather than qualitative, so that none of the 

antineoplastics are wholly selective for cancer tissues.

Inhibitors of polyamine biosynthesis were the first candidates as 

potential anticancer agents related to polyamine metabolism. It has been 

recognised that ornithine decarboxylase (ODC) activity is significantly 

increased in neoplastic tissues relative to the normal surrounding tissue 

(reviewed by Janne et al, 1983) even in the situation where the normal 

tissue, itself, is rapidly proliferating. The specific and irreversible inhibitor of 

ODC, a-difluoromethyl ornithine (DFMO) has achieved benchmark status 

among inhibitors of polyamine biosynthesis (Porter and Surfin, 1986). DFMO 

treatment depletes putrescine and spermidine (but not spermine) pools and 

subsequently inhibits cell proliferation within two cell cycles (Mamont et al, 

1978). Thus far, its usefulness as a single agent has been marginal, since 

tumour growth slows or ceases during treatment but rapidly resumes when 

the drug is removed.

The other enzyme that has been in focus of anticancer drug design 

research is S-adenosylmethionine decarboxylase. The decarboxylation of 

SAM is inhibited by the toxic cytostatic drug methylglyoxal- 

bis(guanylhydrazone), MGBG (Corti et al, 1974). As the impairment of 

cellular proliferation caused by this drug can be prevented by the addition of 

spermidine (Minich, 1963), the inhibition of polyamine biosynthesis is 

considered to be its mechanism of action. The application of MGBG in the 

treatment of cancer is limited by its severe toxicity, which probably relates 

to other metabolic effects of this drug, notably its ability to cause severe 

mitochondrial damage (Mass, 1984).

In addition to obtaining polyamines by intracellular synthesis many 

mammalian cells, including a number of tumour cell types, have been shown 

to possess a specific active transport system for polyamine uptake (Rinehart
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and Chen, 1984).Recently this polyamine transport system has been 

exploited for delivering cytotoxic agents as well as for enhancing their 

cytotoxicity (Cullis et al, 1994). Several naturally occurring, structurally 

complex antitumour antibiotics that contain polyamine conjugates are among 

the relatively small number of highly effective, clinically promising or 

established, anticancer agents currently available.

The latest areas of research include design of polyamine and 

methionine analogs as antiproliferative agents. The results obtained so far 

with polyamine analogs suggest that regulation of polyamine biosynthesis 

by these agents could represent a viable antiproliferative strategy. Such an 

approach might offer certain advantages not available with the use of 

specific enzyme inhibitors : by utilising the polyamine transport system, the 

derivatives should penetrate cells effectively and at relatively low 

concentrations, plus the activity of more than one biosynthetic enzyme may 

be negatively regulated at the same time (Porter and Surfin, 1986). As far 

as methionine analogs are concerned, their unique property in relation to 

polyamine metabolism, is their potential for depleting both spermidine and 

spermine pools, since ultimately, methionine is the source of the 

aminopropyl moieties associated with either molecule.

1.3 .4 Polyamines and nitrous oxide

Nitrous oxide inhibits cellular proliferation in vitro (Kano et al, 83) and 

in vivo (Kroes et al, 1984) and it decreases the intracellular levels of 

methionine and SAM (Lumb et al, 1983). Recent experiments have shown 

that nitrous oxide also causes a decrease in spermine levels in rats exposed 

to 50% nitrous oxide (Kroes et al, 1988). The reduction of spermine levels 

with inactivation of the cobalamin coenzyme of methionine synthase by 

nitrous oxide suggests that the biosynthesis of polyamines is at least to 

some extent dependent on cobalamin. This was the first report relating the 

role of cobalamin to polyamine synthesis and it prompted us to further 

investigate this potential connection. This hypothesis was further supported
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by the observation that the polyamine deprived CHO cells closely resembled 

megaloblastic cells, as described in cobalamin deficiency (Pohjanpelto and 

Knuutila, 1982). Although it is well established that cobalamin deficiency 

leads to a disturbance of folate metabolism (as discussed at the beginning 

of this chapter), it might also be that reduced polyamine synthesis 

contributes to the impairment of cellular proliferation.
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1.4 Research objectives

1. To purify and characterize cobalamin-dependent methionine synthase 

from rat liver.

2. To investigate regulation of methionine synthase activity.

3. To confirm that the purified enzyme is inhibited by NgO in vitro and 

establish if this inhibition is concentration dependent.

4. To examine whether NO has any effect on methionine synthase activity, 

and if so to compare these effects with the ones observed by NgO.

5. To relate the effects of NO and NgO to other methionine synthase 

dependent metabolic pathways, e.g. polyamine synthesis

6 . To find evidence in support of the hypothesis that polyamines are 

intracellular signalling molecules
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Chapter 2.

Materials and Methods



2.1 PURIFICATION AND CHARACTERISATION OF METHIONINE SYNTHASE

2.1.1 MATERIALS

DL-Homocysteine, S-adenosyl-L-methionine (SAM), S-adenosyl-L- 

homocysteine (SAM), 5'-methylthioadenosine (MTA), L-arginine, taurine, 

phosphatidylcholine, adenosine, ATP, cAMP, cGMP, dUMP, 2- 

mercaptoethanol, 5-methyltetrahydrofolate (barium salt), vitamin B̂ g- 

agarose, concavalin A, Blue dextran, protein molecular weight standards and 

lEF standards were purchased from Sigma.

Radiolabelled [^"^C-methyll5-methyltetrahydrofolate (barium salt, 56 

mCi/mmol) was from MEN DuPont.

Bio-Rad AG 1-X8 resin (200-400 mesh, chloride form), Bio-Lyte 3/10  

ampholytes for preparative lEF, acrylamide, bis-acrylamide, TEMED, 

ammonium persulfate and SDS were from Bio-Rad.

Q-Sepharose Fast Flow, Mono Q, Hydroxy-apatite (HTP) and 

Sephacryl S-200 HR were from Pharmacia. High and low molecular weight 

standards were also obtained from Pharmacia. DE-52 cellulose was obtained 

from Whatman. Triazine-activated agarose 4XL was from Affinity 

Chromatography Ltd.

Ultrafiltration membranes XM-50, (cut-off 50 kD), YM-100 (cut-off 

100 kOa) and Centricon 30 microconcentrators (cut-off 30 kOa) were 

purchased from Amicon. Coomassie Blue G-250 was from Aldrich and 

GELCODE colour silver stain kit was from Pierce. NjO and NO gases were 

from BDH.

All salts for buffer preparation were analytical grade and water was 

of Milli Q quality.
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2.1 .2 Preparation of rat liver cytosol

Adult Wistar rats (weighing 200-250g) were sacrificed by COj 

intoxication and their livers quickly removed and homogenised in 5  volumes 

of ice-cold 50 mM potassium phosphate buffer, pH 7.2, containing 0.1 M 

NaCI (no reducing agents or proteinase inhibitors were added) using a Potter- 

Elvehjem homogenizer with a motor driven Teflon pestle or a Moulinex 

blender. All following steps were performed at 4°C with the Beckman 6  LS 

ultracentrifuge equipped with a fixed-angle 60 Ti rotor. The homogenate 

was centrifuged at 1000 g for 15 min at 4°C, and the supernatant further 

centrifuged at 24,000 g for 30 min. The second supernatant was then 

centrifuged at 100,000 g for 1 h. The cytosol fraction thus obtained was 

used as a source of methionine synthase.

2 .1 .3  Methionine synthase assay

Methionine synthase was assayed by a modification (Garras et al, 

1991) of a method derived by Weissbach et al (1963) which measures the 

formation of methionine from N^-lmethyl-^'^C] methyltetrahydrofolate, 

after the separation of radioactive product and substrate on an anion- 

exchange column. The incubation mixture, final volume 300 //I, contained 

400//M DL-homocysteine; 236//M [^^C-methyl]5-methyltetrahydrofolate(2.25 

/yCi/)t/mol); 300 //M  S-adenosylmethionine; 125 mM 2-mercaptoethanol; 50 

mM potassium phosphate buffer, pH 7.2 and 100 /j\ of enzyme sample. The 

blank contained 100 fj\ of buffer instead of the enzyme. When not indicated 

differently, the incubation was performed in stoppered serum bottles which 

were immediately flushed with nitrogen, prior to incubation. The incubation 

was carried out at 37°C in the dark for 60 minutes. The reaction was stopped 

by adding 400 /j\ of ice-cold water to the incubation mixture, and the 

resulting solution immediately applied to a Bio-Rad AG 1-X8 column (1.0 X 

5.0 cm) equilibrated with water. methionine was eluted with 2.0 ml of 

water and collected into scintillation vials. After addition of 12 ml of
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scintillation fluid, the radioactivity was measured by liquid scintillation 

counting (Beckman LS 5000 CE). The methionine synthase activity was 

expressed as nmoles methionine produced per mg protein per hour.

2 .1 .4  Ammonium sulphate precipitation

Solid ammonium sulphate was added gradually to the cytosol fraction 

from the previous step until it was 25% saturated. After 20 min of thorough 

stirring at 4°C, the sample was centrifuged at 16,000 g for 10 min. The pellet 

was discarded, and additional ammonium sulphate was added to the 

supernatant fraction until a final concentration of 50% saturation was 

reached. After stirring for 10 min, the precipitate was collected by 

centrifugation and the ammonium sulphate paste was frozen and stored at - 

20°C. Prior to use, ammonium sulphate pellets were resuspended in a minimal 

volume of 50 mM potassium phosphate buffer (pH 7.2) and dialysed 

overnight in 4L of 10 mM potassium phosphate buffer (pH 7.2). The dialysed 

material was filtered through 0 . 2  jj filter for viscous solutions and used for 

further purification steps. Alternatively, when gel filtration was used as a first 

purification step, the dissolved pellets were applied directly (after filtering 

through 0 . 2  // filter) to a gel filtration column.

2.1 .5 Ion-exchange chromatography on Q-Sepharose Fast Flow

A 1.6 X 32 cm Q-Sepharose column was equilibrated with 20 mM 

sodium phosphate buffer, pH 7.2 and 20 ml of crude rat liver cytosol (or 25- 

50% dialysed ammonium sulfate pellet) were applied. After washing with five 

column volumes of equilibration buffer, the enzyme was eluted utilizing a 

NaCI gradient (1M NaCI in 20 mM sodium phosphate buffer, pH 7.2 ), at a 

flow rate of 2 ml/min. Protein elution was monitored by absorbance at 280 

nm. 5 ml fractions were collected and assayed for methionine synthase 

activity and protein content. The most active fractions were combined and 

concentrated using a 50 kD membrane.
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2.1.6 DEAE -cellulose chromatography

The enzyme solution from the previous step (Q-sepharose 

chromatography) was concentrated and resuspended in 20 mM sodium 

phosphate buffer, pH 7.2 before applying to DEAE-cellulose column 

equilibrated in the same buffer. When enzyme application was completed, 

the column was rinsed with four column volumes of starting buffer, and the 

enzyme was eluted with a linear gradient of 1M NaCI in 20 mM sodium 

phosphate buffer, pH 7.2. 5 ml fractions were collected and assayed for 

methionine synthase activity and protein content. The fractions with the 

highest specific activity were combined and concentrated using a 50 kD 

membrane.

2.1.7 Hydroxyapatite chromatography

The active fraction from the Q-Sepharose (or DEAE) chromatography 

was applied to the HTP column (1.6 x 14 cm) that had previously been 

equilibrated with 20 mM phosphate buffer pH 7.2. The column was washed 

with four volumes of the same buffer (flow rate 0.5 ml/min) and the 

methionine synthase eluted with a gradient of 500 mM phosphate buffer pH 

7.2. The fractions with the highest specific activity were analysed by SDS- 

PAGE and subsequently used for further purification steps.

2.1.8 Affinity chromatography on vitamin B^g-Agarose

Vitamin Big-Agarose, was packed in a small column (2 ml) and 

equilibrated with 10 column volumes of 50 mM phosphate buffer, pH 7.2. 

After the sample was applied (600 //I) the column was closed and left in the 

dark at 4°C for 45 minutes. Following this incubation the column was 

washed with five volumes of equilibration buffer to elute non-specifically 

bound proteins. Methionine synthase was eluted with five column volumes 

of 1M NaCI in 50 mM phosphate buffer, pH 7.2, five volumes of 5mM
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vitamin (cyanocobalamin form) solution in 50 mM phosphate buffer, pH

7.2 and finally with five volumes of 50 mM phosphate buffer, pH 5.0.

2.1.9 Gel filtration chromatography on Sephacryl S 200 HR

The concentrated active sample obtained from HTP-chromatography 

(500 //I) was loaded on to a 1.6 x 13 cm column. The column was 

equilibrated and eluted with 50 mM potassium phosphate, containing 0.15  

M NaCI, pH 7.0, at a flow rate of 0.5 ml/min. 0.5 ml fractions were 

collected and assayed for methionine synthase activity and protein content. 

Blue dextran 2000 was utilized to determine the void volume. The column 

was calibrated with apoferritin (443 kDa), alcohol dehydrogenase (150 kDa), 

bovine serum albumin (67 kDa), carbonic anhydrase (29 kDa) and 

cytochrome c (12.4 kDa). The most active fractions were analysed by SDS- 

PAGE, native PAGE and capillary electrophoresis.

For later studies purification was modified in such a way that gel 

filtration was used as a second purification step (after ammonium sulfate 

precipitation). For this modified procedure, a larger column (1.6 x 87 cm) 

was used, packed with the same material. The experimental conditions were 

the same as above, with the exception that the flow rate was 1  ml/min.

2.1.10 Mono Q chromatography

The enzyme sample obtained from HTP-chromatography was 

concentrated and applied to a Pharmacia Mono Q column (5 ml), equilibrated 

with 20 mM sodium phosphate buffer, pH 7.2. After the column was 

washed with 20 ml of equilibration buffer, the enzyme was eluted with 35 

ml linear gradient of 1M NaCI in 20 mM sodium phosphate buffer, pH 7.2, 

at a flow rate of 1 ml/min. Fractions containing methionine synthase activity 

were pooled and rechromatographed under the same conditions. The active 

fractions obtained after this step were analysed by SDS-PAGE, native PAGE 

and lEF.
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2.1.11 Affinity chromatography on SAH-Agarose

0.2 g of Triazine-activated Agarose 4XL was wetted in water for 30- 

40 min, filtered and dispersed in 4 ml of 100 mM NaHCOg buffer (pH 9). 5 

mg of S-adenosylhomocysteine (SAH) was added to the suspension and it 

was slowly spun for 14-16 hr at room temperature. Excess SAH was 

removed by washing the gel with 20 volumes of 0.5 M KCI. Unreacted 

groups on agarose were blocked by 2 hr incubation with 2M ethanolamine. 

The gel (1 ml) was finally washed with 0.5M  KCI (20 volumes) and then 

equilibrate with 20mM sodium phosphate buffer (pH 7.2), in a small column. 

After the sample (0.5 ml) was applied, the column was closed and left for 

one hour at 4°C. The column was then washed with 15 ml of equilibration 

buffer to elute non-specifically bound proteins. Methionine synthase was 

eluted with five volumes of 1M NaCI in 20 mM sodium phosphate buffer and 

five volumes of 20 mM sodium phosphate buffer pH 5.0.

2 .1 .12 Concavalin A affinity chromatography

In search for an effective affinity-ligand resin, we have tried a couple 

of commercially available "affinity" columns, but since they did not turn out 

to be beneficial for our purification, these experiments will be described just 

briefly.

2 ml of commercially available concavalin A (Sigma) were equilibrated 

with 10 ml of 20 mM sodium phosphate buffer (pH 7.2) containing 0.5M  

NaCI. After the sample (0.5 ml) was applied, the column was closed and left 

for one hour at 4°C. Methionine synthase was eluted with 10 ml of 

equilibration buffer, 10 ml of 0.2M  glucose in starting buffer and 10 ml of 

0.2M mannose in the starting buffer.
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2.1 .13 Blue dextran affinity chromatography

2ml of Blue dextran were packed in a small column and equilibrated 

with 10 ml of 20 mM sodium phosphate buffer (pH 7.2). After the sample 

(0.5 ml) was applied, the column was closed and left for one hour at 4°C. 

Met synthase was eluted with five volumes of 1M NaCI in 20 mM sodium 

phosphate buffer and five volumes of 20 mM sodium phosphate buffer pH 

5.0.

2 .1 .14  Isoelectric focusing of methionine synthase

The Rotofor focusing chamber was cleaned by pre-running with 

deionised water until a reading of 2.0 mA and 2000 volts was obtained. 

Rotofor runs were performed using 2% (w/v) Bio-Lyte ampholytes pH 3-10, 

and 1 0  ^M homocysteine (to preserve enzyme activity) in a total volume of 

50 ml. The solution was flushed with nitrogen for 5 min prior to injection 

into the cell. To minimize the time proteins spent in the Rotofor cell and to 

avoid subjecting the proteins to rapid shifts in pH, as the pH gradient was 

established, the Rotofor cell was prefocused using 12 W constant power at 

4°C for 1 hour before injecting the protein sample. The initial prefocusing 

conditions were 550 V and 25 mA. At equilibrium the values were 1100 V 

and 14 mA. The two ml protein sample (dialysed against 10 mM potassium 

phosphate buffer pH 7.2 following ammonium sulphate precipitation), was 

injected near the middle of the focusing chamber following prefocusing. This 

region was chosen since in this compartment the pH was closest to the 

expected pi of the enzyme. Focusing of proteins was continued for another 

2-3 hours (until the voltage stabilised) by which time the voltage has 

reached 916 V. 20 fractions were harvested, their pH values measured and 

five fractions from the region where methionine synthase activity was 

expected (on the basis of previous experiments) were diluted with deionised 

water up to 50 ml and refractionated in a narrower pH gradient. No 

ampholytes were added prior to refractionation nor was the pH adjusted.
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Focusing was continued for one more hour, by which time the voltage has 

reached 1730 V. Again, 20 fractions were harvested, their pH values 

determined and adjusted to pH 7.2. Removal of ampholytes was 

accomplished by dialysing fractions overnight against 1 0 0  volumes of 1 0  

mM potassium phosphate buffer pH 7.2, containing 0.5 M NaCI. Following 

dialysis enzyme activity was determined in all fractions. The active 

fraction(s) was analysed by SDS and native PAGE and by lEF analytical 

electrophoresis.

2.1 .15 Sample desalting and concentrating

Desalting of the samples after ammonium sulphate precipitation, ion- 

exchange or HTP-chromatography was achieved either by dialysis or using 

an Amicon ultrafiltration cell fitted with a XM-50 membrane. The dialysis 

tubing was submerged in a solution of 2 % (w/v) sodium bicarbonate and 

0.05%  (w/v) EDTA and boiled for 10 min. The solution was discarded and 

the tubing boiled in water for further 10 min. After cooling, the dialysis 

tubing was stored in 20% (v/v) ethanol at 4°C until use.

Sample concentration, prior to SDS or native PAGE, was performed 

with Centricon 30 microconcentrators.

2.1 .16 Protein determination

Protein concentrations were determined either by the method of 

Lowry et al. (1951) or in the final stages of purification (for lower protein 

concentrations) by the method of Bradford (1976) using BSA as a standard.

2.1 .17 SDS and native polyacrylamide gel electrophoresis

Rapid protein gel electrophoresis analysis of the samples was 

performed on Mini-Protean II Cell (Bio-Rad) mini slab gels according to 

Laemmli (1970). Homogenous 7.5 and 7.0%  gels (0.75 mm thick) were

74



used for SDS and native separation in order to determine the molecular 

weight of the enzyme, its subunit composition and the degree of 

purification. The gels were stained with Coomassie Blue G or silver stained 

with the GELCODE colour silver stain kit.The following proteins were utilized 

as standards for determination of Mr: ferritin, catalase, lactate

dehydrogenase and bovine serum albumin. Slab gels were dried in the Easy 

breeze gel dryer, Hoefer Scientific instruments.

2.1.18 Analytical gel Isoelectric focusing

lEF gel electrophoresis was performed on the Pharmacia Phast system 

using 4-6.5 pH range lEF gels. Low pi calibration kit (Pharmacia) was used 

for determination of enzyme's pi. The following proteins were used as 

markers: amyloglucosidase (pi 3.5), glucose oxidase (pi 4.15), soybean 

trypsin inhibitor (pi 4.55), yff-lactoglobulin A (pi 5.2), bovine carbonic 

anhydrase B (pi 5.85) and human carbonic anhydrase B (pi 6.55).

2.1.19 Purity analysis of methionine synthase by capillary electrophoresis

Free flow capillary electrophoresis (CE) was performed on the Quanta 

4000 (Waters) CE system using 60cm capillary (0.75 //m diameter) in 50 

mM phosphate buffer (pH 7.4). The sample was electrophoresed at 15,000  

V for 30 min at room temperature. The protein was detected by absorbance 

at 214 nm (0.005 AUFS) and the results were recorded on an LKB recorder 

with 2 mm/min chart speed.

2.1.20 NO inhibition experiments

The NO solutions were prepared by the method of Ignarro et al. (1987b). 

These solutions are stable for three to four hours, but were always used within 

one hour of preparation. Ice-cold buffer solution (50 mM potassium phosphate, 

pH 7.2) contained in a small tube sealed with rubber serum cap was flushed
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with a fine stream of oxygen-free Ng for 30 minutes. After the solution was 

completely deoxygenated, NO gas was bubbled for another 30 minutes to 

obtain a saturated NO solution (3% or 1.3 mM), which was used immediately. 

Aliquots of 5, 10, 20 and 50 //I were added with a gas tight syringe to the 

incubation mixture previously deoxygenated with oxygen-free nitrogen and 

methionine synthase activity determined after one hour. For the time- 

dependent experiments pure NO gas was introduced into the incubation 

mixture after deoxygenation and enzyme activity was assayed after 5, 15, 30, 

60 and 90 minutes. To confirm that the observed effects were indeed caused 

by NO, these experiments were repeated with sodium-nitropruside in the range 

of concentrations from 50 to 400 //M .

2.1.21 N2O inhibition experiments

The concentration-dependent experiments with nitrous oxide were 

performed by varying the ratio of bubbled Ng/NgO in the incubation mixture. 

The control was flushed with 100% nitrogen as described under the enzyme 

assay section, while the rest of the samples were exposed to the increasing 

concentration of nitrous oxide. The time-dependent experiments were 

performed exactly as with NO.

2.1.22 Laboratory preparation of NO

Nitric oxide was synthesised in the laboratory by the method of 

Blanchard (1946). In this procedure the reaction of acidified iron(ll)sulfate with 

sodium nitrite produces directly almost pure nitric oxide.

2 NaNOs + 2 FeSO^ -H 3 H2 SO4 — > FegiSOJa + 2 NaHSO^ -H 2 HgO + 2 NO

The small amounts of higher oxides of nitrogen and carbon dioxide (from 

sodium carbonate in the nitrite) are removed by the alkali in the levelling bulb 

and the purifying tube.
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2.2 Polyamine analysis

2.2.1 Maintenance of cultured hepatocytes

All procedures were carried out under aseptic conditions in a laminar 

air flow cabinet. Disposal of waste cultures, medium and equipment was 

achieved by autoclaving or decontaminating with sodium hypochlorite 

solution. Human Chang liver hepatocytes were obtained from Flow 

Laboratories Ltd.

Culture medium

The cells were cultured in Falcon flasks (80 cm )̂ and maintained in 

Eagle's Minimum Essential Medium modified with Earle's Salts (EMEM) with 

0.85g/L sodium bicarbonate, 10% foetal bovine serum, 2mM glutamine, 1 % 

antibiotic mixture (penicillin 5000 lU/ml and streptomycin 5 0 0 0 //g/ml) and 

1 % non-essential amino acids concentrate. All components of the medium 

were obtained from Flow Laboratories Ltd., except where otherwise stated 

in the text.

Eagle's Minimum Essential Medium (Modified with Earle's salts)

Ingredient mg/L

L-Arginine MCI 126.4

L-Cystine disodium salt 28.42

L-Histidine MCI HjO 41.9

L-lsoleucine 52.5

L-Leucine 52.5

L-Lysine MCI 73.06
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L-Methionine 14.9 1

L-Phenylalanine 33.02

L-Threonine 47.64

L-Tryptophan 10.2

L-Tyrosine disodium salt 45.02

L-Valine 46.9

D-Ca pantothenate 1.00

Choline chloride 1.00

Folic Acid 1.00

i-lnositol 2.00

Nicotinamide 1.00

Pyridoxal HCI 1.00

Riboflavin 0.1

Thiamine HCI 1.00

Earle's Balanced Salts

Ingredient mg/L

CaClgHzO 264.9

KCI 400.0

MgS047H20 200.0

NaCI 6800

NaHCOg 2000
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NaHzPO^ZHzO 158.3

D-Glucose 1 0 0 0

Phenol red sodium salt 17.00

Non-essential amino acids

Ingredient mg/l

L-Alanine 8.90

L-Asparagine HgO 15.00

L-Aspartic Acid 13.30

Glycine 7.50

L-Glutamic acid 14.7

L-Proline 11.50

L-Serine 10.50

The medium was buffered by sodium bicarbonate at a concentration 

of 0 .85 g/L (10 mM). L-glutamine is omitted from most liquid media because 

of its instability at temperatures above -10°C. Therefore, 2mM L-glutamine 

(BDH Ltd.) was added to the media immediately prior to use.

2.2.2 Subculturing

The medium was decanted from the culture flask and the monolayer 

washed with sufficient trypsinizing solution to cover the cells. The flasks 

were left to incubate at 37°C for approximately 5 mins until the cells 

became detached. Alternatively, the cells were detached by scraping with 

cell scrapers. The resulting cell suspension was transferred to sterile
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centrifuge tubes and spun at 800 rpm for 5 mins. The supernatant was 

discarded and the cells resuspended in complete medium. Any aggregates 

were broken down by pipetting the cell suspension up and down vigorously 

several times. The cells were counted using a haemocytometer and the 

appropriate number of cells added to fresh culture vessels containing 

complete medium. The flasks were stored in 5% CO2  incubator at 37°C.

Trypsinizing solution

A trypsin-EDTA mixture of 0.05%  (w/v) trypsin and 0.02%  (w/v) EDTA in 

a special salt solution was used.

Ingredient mg/L

EDTA disodium salt 2 0 0 . 0

D-Glucose 1 0 0 0

KCI 400.0

NaCI 8000

Phenol red sodium salt 2 . 0 0

NaHCOg 580.0

Trypsin (1:250) 500.0

2.2 .3  Use of the haemocytometer

The chamber of a haemocytometer is divided into 9 large squares by 

triple white lines. The centre square is further divided into 25 squares which, 

in their turn are further sub-divided into 16 small squares. The large squares 

each have an area of Imm^. When the coverslip is passed down over the 

grid so that interference patterns appear, the depth of the chamber is 0 . 1  

mm. The total volume over each large square is thus 0.1 mm^ (or 10"̂  m l).
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An appropriate dilution of the cell suspension was prepared in Trypan 

blue so that, when the suspension was added to the counting chamber, 

approximately 40-80 cells were observed over each large square. In order 

to fill a well of the haemocytometer, the edge of the cover slip was touched 

with the tip of a Pasteur pipette containing a small amount of cell 

suspension allowing the well to be filled by capillary action. Less than a drop 

of cell suspension was sufficient to fill the chamber. Only the cells in the 

centre square and the four large squares were counted. Cells touching the 

upper and right hand perimeter lines were ignored while those touching the 

lower and left hand perimeter lines were counted. In the presence of Trypan 

blue only dead cells are stained. Thus, if the total number of viable cells 

counted was n and the solution was diluted y fold, the number of cells in 

one large square equals n/5. The number of cells per ml diluted suspension 

equals 10W 5, so the number of cells par ml of original suspension equals 

10^ny/5.

2 .2 .4  Cryopreservatlon

On receiving a batch of cells, an aliquot was stored in liquid nitrogen 

for later use. For this, a sub-confluent flask of growing cells was trypsinized 

and resuspended in medium at a concentration of 2.5-4 million viable cells 

per ml. The cell suspension was then cooled on ice and dimethylsulphoxide 

(DMSO) added to give a final concentration of 10% (w/v). One ml aliquots 

were transferred into sterile liquid nitrogen vials. The vials were stored in a 

liquid nitrogen cylinder until further use.

2 .2 .5  Recovery of frozen cells

A liquid nitrogen vial was removed from the cylinder and thawed in 

a water bath at 37°C. The outside of the tube was sterilised with 70% (v/v) 

ethanol, before the contents were aseptically transferred to a culture flask. 

Sufficient complete medium was then added to dilute DMSO at least
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tenfold. The cells were left to incubate in CO2  incubator as described 

previously. After 24 hours the medium was replaced and incubation 

continued until the culture was almost confluent. Subculturing was then 

performed as usual.

2.2 .6 Sample preparation for polyamine analysis

For all the experiments, rapidly growing, subconfluent cultures were 

used. The cells were subcultured by scraping, counted and resuspended in 

serum-free medium at 37°C. Aliquots (2ml) of cell suspension were 

transferred to glass vials, sealed and flushed with Ng (control), NgO or NO 

and incubated at 37°C for different time intervals. The incubation was 

terminated by the addition of 500 //I of ice cold 1.5M PCA and 100 //I of 

internal standard, 1, 6 -diamino-hexane (0.01 mg/ml). Samples were 

subsequently sonicated in ice for 2 min and incubated for further 45 min at 

4°C. When the incubation was completed, the samples were centrifuged for 

1 0  min at 13,000 rpm and the supernatant from each vial was collected and 

pH adjusted to approximately 4.0 with 1M KOH\ Each vial was again 

centrifuged for 10 min at 13,000 rpm and supernatant freeze-dried 

overnight. Powdered sample was redissolved in 300 tj\ of 0.1 M HCI.

2.2 .7 Derivatisation

200 //I of sample solution, 200 //I of saturated NagCOg  ̂ and 200 //I 

of dansyl chloride reagent ( 1 0  mg dansyl chloride/ 1  ml of acetone) were 

mixed in an Eppendorf tube. The tube was sealed and incubated for 10 

minutes at 65°C. 50 //I of the cooled sample solution was injected onto the 

HPLC column.

 ̂ In o rd er to  h av e  th e  am in es  In th e ir  p ro to n a te d  fo rm  

^ It is used fo r  ad ju s tin g  th e  pH  fo r  d a n s y la tio n  reac tio n
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2.2.8 HPLC measurements

A sensitive and specific analytical method is needed for analysis of 

endogenous polyamines as they are present at very low concentrations as 

pointed out in the Introduction. Since they have only one type of functional 

group (amine) and do not have UV absorbance themselves, the selective and 

sensitive detection of the compounds can be achieved only by derivatisation. 

Reversed-phase high performance liquid chromatography was suggested for 

the separation of polyamines with pre-column dansylation and fluorescent 

detection by Kabra et al (1986). This method was slightly modified in our 

laboratory for the determination of the concentration level of polyamines in 

cultured hepatocytes.

All inorganic reagents were analytical grade. Methanol and acetonitrile 

were HPLC grade. Polyamine standards, putrescine, cadaverine, spermidine 

and spermine (all in hydrochloride form) were obtained from Sigma. 0.1 mM 

solutions (in 0.1 M HCI) of standard polyamines were used for calibration.

The HPLC system consisted of a two pump gradient delivery system 

using Gilson M302 pumps. The system was controlled by Gilson 712 data 

acquisition software. The detection was carried out by model 121 Gilson 

fluorescent detector with sensitivity of 0.02 FUF. The column effluent was 

monitored at an excitation wavelength of 356 nm and an emission 

wavelength of 450 nm. A reversed phase Spherisorb 0DS2 (150 x 4.6 mm) 

5 /ym column (PhaseSep, UK) was used for the separation.

The gradient was created by appropriate mixing of solvent A (10 mM 

potassium phosphate buffer, pH 4.5) and solvent B (acetonitrile and 

methanol, 185 : 15) as shown in Table 3. The flow rate was Iml/min.
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Elution 

time (min)

% A % B

0 70 30

20 10 90

35 10 90

40 70 30

45 70 30

Table 3. Composition of the gradient used for the HPLC separation of 
polyamines

Solvent A: 10 mM potassium phosphate buffer, pH 4.5. Solvent B: 
acetonitrile-methanol (185 : 15).
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Chapter 3.

Purification and Characterisation of 
Methionine Synthase



The main reason that the prokaryotic methionine synthase has been 

studied more extensively than the mammalian enzyme, even before it was 

cloned and expressed, is that there is significantly more methionine synthase 

per gram of bacterial cells than per gram of mammalian tissue, and the 

enzyme from bacteria has a higher specific activity. It was believed that the 

information derived from the study of bacterial cobalamin-dependent 

methionine synthase would lead to a further understanding of the 

mammalian enzyme. However, the mammalian enzyme turned out to be 

much more difficult to purify in sufficient amount and appeared to have a 

more complex structure. The literature is brimming with confounding reports 

of the size and subunit composition of this protein. In the work presented 

here, various methods used previously for the purification of methionine 

synthase from both, E. coli and mammalian sources were employed, as well 

as some new ones, in an attempt to purify the enzyme in an adequate 

amount for sequencing, cloning and further characterisation.

During the course of this project three different purification protocols 

were used, and they are summarised in Table 4. The advantages and 

disadvantages of each purification protocol will be discussed later in the 

text. Since protocol 3 includes almost all the methods used in protocols 1 

and 2, the experiments will be described in that order. However, final results 

obtained by using protocols 1  and 2  will be presented at appropriate stages.
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Step Protocol 1 Protocol 2 Protocol 3

1 cytosol

preparation

cytosol

preparation

cytosol

preparation

2 Q-Sepharose

chromatography

Q-Sepharose

chromatography

Ammonium

sulfate

precipitation

3 HTP-

chromatography

HTP-

chromatography

Gel filtration^ or 

dialysis

4 Affinity

chromatography 

on Bi2 -agarose

Gel filtration^ on 

Sephacryl 8-200

Q-Sepharose

chromatography

5 DEAE-

chromatography

6 HTP-

chromatography

7 Mono-Q-

chromatography

Table 4. Summary of different purification protocols employed for 
purification of methionine synthase from rat liver cytosol.

Protocols 1 and 2 were used in the early stage of the project, while protocol 
3 was used in the final stages of the project.

 ̂ Long co lu m n

S h o rt co lu m n
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3.1 Ammonium sulfate fractionation and gel filtration

AH purification steps were performed at 4°C unless otherwise indicated.

Ammonium sulfate precipitation was introduced in the later stages of 

the project in an attempt to increase the enzyme yield. Fig 3.1 illustrates the 

distribution of methionine synthase activity in different ammonium sulfate 

fractions.

2  20000
CLO

1
I
I

E  15000

10000

% 5000 -

25 50 60 60-100
% of saturation of ammonium sulfate

Figure 3.1 The distribution of methionine synthase activity in different 
ammonium sulfate fractions

Crude liver cytosol was precipitated with ammonium sulfate as described 
under Materials and Methods and methionine synthase activity determined in 
all the fractions after dialysis.

The 25-50% saturated (NHJgSO^ pellet was solubilised in assay buffer (50 

mM potassium phosphate pH 7.2) and either dialysed overnight or applied 

directly onto a long (1 . 6  x 30 cm) Sephacryl 3-200 gel filtration column. Gel 

filtration was chosen as a second purification step (in protocol 3) because the 

sample was desalted at the same time, thus avoiding overnight dialysis. The 

other reason for performing gel filtration in the early stage of purification was 

to remove low molecular weight proteases since protease inhibitors were not 

added to the assay buffer. The elution profile and methionine synthase 

activity profile obtained by gel filtration are shown in Fig 3.2.
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Figure 3.2 Gel filtration of 25-50% ammonium sulfate fraction on Sephacryl 
8-200

The 25-50% ammonium sulfate pellet was resuspended in a minimal amount 
of 50 mM potassium phosphate buffer (pH 7.2) and loaded on to a 1.6 x 30 
cm column. The column was eluted with 50 mM potassium phosphate 
buffer (pH 7.2), containing 0.15 M NaCI, at a flow rate of Iml/min. The 
methionine synthase activity (solid squares) was determined in all the 
fractions and molecular weight determined by comparing the elution volume 
with that of standard molecular weight markers (Rg. 3.3).

2.2 alcohol dehydrogenase

2.0

B bdVme serum albumin

CB
O

^arbonic anhydrase

cytohrome c

1.2 1.6 1.8 2.0 2.21.4

Ve/Vo

Figure 3.3 Calibration of long Sephacryl S-200 column

The column was calibrated under the same conditions as described above, 
using Blue dextran 2000 to determine void volume of the column (Vo).
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A broad peak of enzyme activity was observed (Fig. 3.2), starting 

from the fractions that eluted just after the void volume and spreading all 

the way to the region of ca 50 kDa, indicating a great heterogeneity in the 

molecular weight of the enzyme. It is widely accepted that gel filtration 

columns do not have very high resolving power, and the activity is often 

found spread among a range of fractions. Thus our results were not too 

surprising. The maximum peak of activity corresponded to a molecular 

weight of ca 150 kDa. The elution volume of methionine synthase 

(Ve/Vo = 1.21) was almost the same as that for alcohol dehydrogenase 

(Ve/Vo = 1.22) as shown in Figures 3.2 and 3.3.

Similar results were obtained by other groups using different gel 

filtration columns. Frasca et al (1988) have reported a molecular weight of 

153 kDa for the E.coH B enzyme, as determined by gel filtration on a 

Sepharose 12 FPLC column. The enzyme purified from human placenta 

(Utley et al, 1985) was found to have a molecular weight of 160 kDa, using 

gel filtration on Sephadex G-200. In the very recent report about methionine 

synthase purification from pig liver (Chen et al, 1994) the enzyme's 

molecular weight was determined by gel filtration on Superose 12 FPLC 

column and estimated to be between 151 and 155 kDa.

Due to a relatively low capacity of the Sephacryl S-200 gel filtration 

column, this step was repeated at least five times before loading all the 

active fractions to a Q-Sepharose column. In the meantime, active fractions 

from gel Tiltration were stored at 0°C in the presence of 10'^M 

homocysteine. Alternatively, overnight dialysis was sometimes used to 

remove ammonium sulfate.
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3.2 Anion-exchange chromatography on Q-Sepharose column
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Figure 3.4 Ion-exchange chromatography on Q-Sepharose Fast Flow

A 1.6 X 20 cm Q-Sepharose column was equilibrated with 20 mM sodium 
phosphate buffer, pH 7.2 and 20 ml of crude rat liver cytosol were applied 
(protocols 1 and 2). In the later stages of the project (protocol 3), the 25- 
50% ammonium sulfate fraction was applied after desalting. After washing 
with five column volumes of equilibration buffer, the enzyme was eluted 
utilizing a linear NaCI gradient (1M NaCI in 20 mM sodium phosphate buffer, 
pH 7.2 ), at a flow rate of 2 ml/min. 5 ml fractions were collected and 
assayed for methionine synthase activity (solid squares) and protein content 
(open squares). The most active fractions were combined and concentrated 
using a 50 kD membrane.

M e th io n in e  s y n th a s e  a c t iv i ty  w a s  e lu ted  f ro m  th e  a n io n -e x c h a n g e  

c o lu m n  using N aC I g ra d ie n t .  T h e  results  s h o w e d  t h a t  m e th io n in e  s y n th a s e  

a c t iv i ty  cou ld  be d e te c te d  on ly  in th e  b o u nd  f ra c t io n s  (ac id ic  pro te ins )  as 

s h o w n  in Fig. 3 . 4 .  W h e n  a linear, s h a l lo w  g ra d ie n t  w a s  used t w o  p ea ks  of  

a c t iv i ty  cou ld  be d is t in g u is h ed , a t  3 5  and 4 2 %  sa lt  (Fig. 3 . 4 ) .  Th is  f ind ing  

w a s  v e ry  re p ro du c ib le .
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Figure 3.5 SDS-PAGE of two methionine synthase peaks that eluted from 
Q-Sepharose column when the elution was performed with a linear gradient 
(Fig. 3.4)

The samples were denaturated by boiling for 2 min in a solution containing 
5 mM 2-mercaptoethanol, 2% SDS (w/v), 10% glycerol (v/v) and 62.5 mM 
Tris-HCI, pH 6 .8 . Electrophoresis was performed on a 7.5% gel, and the gel 
was silver stained. Lanes A and B, molecular weight standards; Lane C, 
active peak that eluted at 0.35 M NaCI concentration; Lane D, active peak 
that eluted at 0.42 M NaCI concentration. Peaks C and D had the same 
specific activity.
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This p h e n o m e n o n  has b een  o b s e rv e d  p re v io u s ly  by M e l lm a n  e t  al ( 1 9 7 7 ) ,  

w h o  fo u n d  t h a t  bo th  p eaks  c o n ta in e d  l^^CoJ, thu s  e x c lu d in g  the  poss ib il i ty  

th a t  th e y  w e r e  co rres p o n d in g  to  a p o -  and h o lo e n z y m e .  In all our e x p e r im e n ts  

th e s e  t w o  p ea ks  had th e  s a m e  spec if ic  a c t iv i ty  and a p p e are d  to  be v e ry  

sim ilar w h e n  ana ly se d  by S D S -P A G E  (Figure  3 . 5 ,  lanes C and  D). Id entica l  

results  w e r e  re p o r te d  by C h en  e t  al (1 9 9 4 )  ju s t  a m o n th  ago . Both o f  th e s e  

a c t iv e  peaks  h a v e  b een  used  for  fu r th e r  p u rif ica t io n  s tep s  and  th e  sa lt  

g ra d ie n t  w a s  m o d if ied  in such  a w a y  th a t  all th e  e n z y m e  a c t iv i ty  w a s  e lu te d  

w ith  0 . 5  M  N aC I (Fig. 3 . 6 ) .  Th is  s tep  has resu lted  in a 1 0  to  1 3  fo ld  real 

im p ro v e m e n t  (Tab les  5 , 6  and  7 ) .
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Figure 3.6 Ion-exchange chromatography on Q-Sepharose Fast Flow

A 1.6 X 20 cm Q-Sepharose column was equilibrated with 20 mM sodium 
phosphate buffer, pH 7.2 and 20 ml of crude rat liver cytosol were applied 
(protocols 1 and 2). In the later stages of the project (protocol 3), the 25- 
50% ammonium sulfate fraction was applied after desalting. After washing 
with five column volumes of equilibration buffer, the enzyme was eluted 
utilizing a modified NaCI gradient (1M NaCI in 20 mM sodium phosphate 
buffer, pH 7.2 ), at a flow rate of 2 ml/min. 5 ml fractions were collected 
and assayed for methionine synthase activity (solid squares) and protein 
content (open squares). The most active fractions were combined and 
concentrated using a 50 kD membrane.

93



The elution profiles shown in figures 3.4  and 3.6 were obtained when 

crude liver cytosol was applied to the column. In the later stages of the 

project (protocol 3) Q-Sepharose chromatography was preceded by 

ammonium sulfate precipitation. Application of 25-50% ammonium sulfate 

pellet (after desalting by gel filtration or dialysis) to the Q-Sepharose column 

gave an almost identical elution profile, only the unbound fraction was of a 

slightly lower intensity. However, when employing this method, the column 

could be used couple of times consequently, while when crude cytosol was 

applied, the column had to be cleaned thoroughly after each experiment. 

Thus, ammonium sulfate precipitation reduced the amount of contaminating 

proteins and enabled faster purification.

The active fraction obtained after Q-Sepharose chromatography (Fig. 

3.6) was analysed by SDS-PAGE under reducing and non-reducing 

conditions as shown in Fig. 3.7. The effects of jg-mercaptoethanol and 

boiling were examined. The latter did not seem to have a significant effect 

on the SDS pattern, while in the absence of yff-mercaptoethanol an intensive 

band around 400 kDa was observed (Lanes D and F, Fig. 3.7). The same 

band was later frequently encountered on native gels. When yff- 

mercaptoethanol was added to the sample buffer (Lanes C and E, Fig. 3.7) 

disappearance of the ca 400 kDa band was accompanied by an increased 

intensity of a ca 100 kDa band. This ca 100 kDa band was the most 

intensive band in all the fractions, regardless of sample preparation method. 

These results suggested that the ca 400 kDa protein could be broken down 

under reducing conditions, resulting in a ca 100 kDa subunit(s) and possibly 

some lower molecular weight protein fragments.
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Figure 3.7 SDS-PAGE demonstrating the effect of reducing conditions on the 
methionine synthase fraction obtained after Q-Sepharose chromatography 
(Fig. 3.6)

The molecular weight standards (Lanes A and B) were prepared in the usual 
way, by boiling for 2 min in a solution containing 5 mM 2-mercaptoethanol, 
2% SDS (w/v), 10% glycerol (v/v) and 62.5 mM Tris-HCI, pH 6 .8 . Lanes 
C,D,E and F represent the same sample (methionine synthase fraction 
obtained after Q-Sepharose chromatography. Figure 3.6) prepared under 
different conditions. Lane C: the sample was not boiled, but 2- 
mercaptoethanol was present along all the other components of the sample 
buffer as listed above. Lane D: the sample was not boiled and 2- 
mercaptoethanol was omitted from the sample buffer. Lane E: the sample 
was boiled in the buffer containing 2-mercaptoethanol. Lane F: the sample 
was boiled, but 2 -mercaptoethanol was omitted from the sample buffer. 
Electrophoresis was performed on a 7.5% gel, and the gel was silver 
stained.
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3.3 Anion-exchange chromatography on a DEAE-column

Anion exchange resins with different functional groups usually have 

different specificities for binding proteins. Anion exchange chromatography 

on DE 52 was chosen as our next purification step, and indeed it resulted 

in further separation of the active peak obtained from Q-Sepharose 

chromatography (Fig. 3.8).
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Figure 3.8 Ion-exchange chromatography on DE-52 column following 
ammonium sulfate precipitation, gel filtration and Q-Sepharose 
chromatography (protocol 3)

The enzyme fractions from the previous step (Q-Sepharose chromatography. 
Fig. 3.6) were concentrated under nitrogen in an Amicon ultrafiltration cell 
fitted with a XM 50 membrane, desalted and resuspended in 20 mM sodium 
phosphate buffer, pH 7.2 before applying to DE-52 column equilibrated in 
the same buffer. The enzyme was eluted with a linear gradient of 1M NaCI 
in 20 mM sodium phosphate buffer, pH 7.2. 5 ml fractions were collected 
and assayed for methionine synthase activity (solid squares) and protein 
content (open squares). The fractions with the highest specific activity 
were combined and concentrated.
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Almost all the proteins bound to the column, with a fraction 

containing methionine synthase binding with the highest affinity. The 

enzyme was eluted at about 0.5 M NaCI. This method was inserted into the 

purification procedure only in the last stages of the project (protocol 3). It 

resulted in almost 40-fold improvement (table 8 ) with quite a good yield 

(70%). Unfortunately, the physical properties of the packing material (it 

shrunk significantly after each experiment, so the column had to be 

repacked prior to each experiment) made this method inconvenient for use.

Figure 3.9 shows an SDS-PAGE of the first three purification steps 

(according to protocol 3). It was difficult to observe any pattern at this 

stage, maybe only that the bands were getting denser in the 100 kDa region 

and thinner in a high molecular weight region as the enzyme was being 

purified. However, considering that all three samples (lanes C, D and E on 

Fig. 3.9) have undergone gel filtration which was supposed to eliminate low 

molecular weight proteins, it was surprising to see so many bands in the low 

molecular weight region in all three samples. This could be due to existence 

of subunits, dissociated in the presence of SDS and reducing agent or due 

to proteolytic degradation. The attempt to remove low molecular weight 

proteases by using gel filtration at the beginning of purification procedure 

should have been accompanied by the addition of protease inhibitors. That 

way, it would be easier to interpret the appearance of low molecular weight 

protein bands on SDS gels.
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Fig. 3.9 SDS-PAGE of methionine synthase at different stages of 
purification (protocol 3)

The samples were denaturated by boiling for 2 min in a solution 
containing 5 mM 2-mercaptoethanol, 2% SDS, 10% glycerol and 
62.5 mM Tris-HCI, pH 6.8. Electrophoresis was performed on a 
7.5% gel, and the gel was stained with Coomassie Blue. Lanes A 
and B, molecular weight standards; Lane C, active fraction 
obtained after ammonium sulfate fractionation, gel filtration, Q- 
sepharose chromatography and DEAE-chromatography, Figure 
3.8 (in that order); Lane D, active fraction obtained after 
ammonium sulfate fractionation, gel filtration and Q-sepharose 
chromatography (Figure 3.6); Lane E, active fraction obtained 
after ammonium sulfate fractionation and gel filtration (Figure 
3.2).
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3.4 Hydroxyapatite-chromatography

Other groups (Frasca et al 1988; Fuji and Huennekens, 1974) have 

used hydroxylapatite (HTP) to purify methionine synthase from E.coli. In this 

study a modification of their method was used. Increasing ionic strength of 

phosphate buffer was employed to elute the enzyme from the HTP-column. 

It was discovered that five different peaks, two of which had methionine 

synthase activity, could be eluted from the column if the gradient was kept 

isocratic at appropriate concentrations as shown in Fig 3.10.
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Figure 3.10 HTP chromatography

The active fractions from the DEAE chromatography (Fig 3.8) were pooled, 
desalted and concentrated under nitrogen in an Amicon ultrafiltration cell 
fitted with a XM 50 membrane. Concentrated enzyme solution was brought 
to 20 mM phosphate concentration and applied to the HTP-column that had 
previously been equilibrated with 20 mM phosphate buffer pH 7.2. The 
methionine synthase was eluted with a gradient of 500 mM phosphate 
buffer pH 7.2 (flow rate Iml/min). 2 ml fractions were collected and assayed 
for methionine synthase activity (solid squares) and protein content (open 
squares). All the individual peaks (labelled G, F, E, D and 0) were analysed 
by SDS-PAGE (Fig 3.11).
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The fractions containing methionine synthase activity eluted as two 

separate peaks (D and C) from the H IP  column. The first peak (D) eluted at 

about 175 mM phosphate concentration, while the second peak eluted close 

to 300 mM phosphate concentration. As mentioned earlier, this property of 

methionine synthase to elute in two peaks when chromatographed on anion 

exchange columns has been observed before. However, unlike the two 

peaks obtained after Q-Sepharose chromatography, the peaks from HTP 

chromatography had different specific activities. The first active peak 

(labelled D in Fig. 3.10) always had a significantly higher specific activity. 

This finding was very reproducible. There are several possibilities that could 

explain this appearance of two enzyme forms. The most logical one is that 

methionine synthase exists in different isoforms which bind with different 

affinity to the HTP column. The enzyme could also be present in different 

phosphorylation forms which would have different affinity for the HTP 

column. The molecular weight heterogeneity has already been demonstrate : 

(Fig. 3.2). Different molecular weight forms (or active subunits) of 

methionine synthase could also result in two active peaks. Alternatively the 

enzyme could simply be associating with other proteins present in the 

enzyme mixture. Finally, it is also likely that the enzyme is undergoing partial 

proteolysis, and that some of these proteolytic fragments retain enzymatic 

activity. The most recent publication (Chen et al, 1994) on this subject, has 

shown that these two active peaks appeared to be identical by SDS-PAGE. 

In this study that was the case only for fractions eluted from Q-Sepharose 

chromatography (as shown in Fig. 3.5), but not for the ones eluted from the 

HTP column. When analysed on SDS-PAGE these two peaks revealed quite 

different protein composition (Fig 3.11).

On the gel shown in Fig. 3.11, lane D (sample with higher specific 

activity) has a prominent band around 110 kDa, plus several lower molecular 

weight bands, bellow 70 kDa. These low molecular weight bands are 

present in all the inactive peaks (E, F and G), thus implying that the enzyme 

is not one of those bands. Still it is unclear, why there is such an abundance 

of low molecular weight bands (Mw less than 40 kDa) when these proteins
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should have been removed by gel filtration and ultrafiltration through the 50 

kDa membrane. These experiments were later repeated (by other colleagues 

in the lab and will be published separately) in the presence of serine protease 

inhibitors, but the same results were obtained, shedding doubt on the 

hypothesis that the low molecular weight bands were due to proteolytic 

degradation. The 110 kDa band is also present in lane C, although with 

much lower intensity (in agreement with lower specific activity of this 

fraction). However, there is a very strong band around 100 kDa which does 

not seem to be present in lane D. As stated earlier, this could be the 

different isoform, different phosphorylation form or even the degradation 

product. Lane C contains quite a number of bands in the range 60-100 kDa.

For further purification and characterization of methionine synthase 

both active fractions were applied separately to either gel filtration or affinity 

chromatography.
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Fig. 3.11 SDS-PAGE of different fractions eluted from the HTP-column, 
following ammonium sulfate fractionation, gel filtration, Q-Sepharose 
and DEAE-chromatography

All five fractions that eluted from the HTP-column (Fig. 3.10) were 
concentrated using Centricon 30 microconcentrators (Amicon). The 
samples were denaturated by boiling for 2 min in a solution containing 5 
mM 2-mercaptoethanol, 2% SOS, 10% glycerol and 62.5 mM Tris-HCI, pH
6.8. Electrophoresis was performed on a 7.5% gel, and the gel was silver 
stained. Lanes A and B, molecular weight standards; Lane C, fraction 
that eluted at 300 mM phosphate concentration (lower specific activity); 
Lane D, fraction that eluted at 175 mM phosphate concentration (higher 
specific activity); Lane E, fraction that eluted at 100 mM phosphate 
concentration (no methionine synthase activity detectable); Lane F, 
fraction that eluted at 50 mM phosphate concentration (no activity); 
Lane G, unbound fraction (no activity).
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3.5 Affinity chromatography on vitamin Big-agarose

To further characterise the enzyme, the HTP fraction with higher 

specific activity was applied to various commercially available affinity 

columns. The enzyme did not bind to Blue dextran affinity column, almost 

all the applied activity was recovered in the unbound fractions. When 

analysed by SDS-PAGE, the protein composition of these unbound fractions 

was identical to the protein composition of the sample that was applied to 

the column, implying that none of the proteins from the applied mixture 

bound to the column. Thus, this technique could not be used even as a 

negative purification step.

Concavalin A affinity columns separate glycoproteins on the basis of 

their different sugar composition. Unfortunately, the same results were 

obtained as with blue dextran affinity column, suggesting that methionine 

synthase does not have a high sugar content.

Vitamin 8 , 2  affinity columns have not been used previously for 

purification of methionine synthase, although methylmalonyl-CoA mutase, 

the other vitamin Big-containing enzyme, has been purified by vitamin B̂ g- 

Sepharose affinity column (Kolhouse et al, 1980). The same column (vitamin 

Big covalently bound to Sepharose) has successfully been used for isolation 

of the granulocyte vitamin Big-binding protein (Allen and Majerus, 1972). In 

this study (protocol 1 ) commercially available vitamin Big-agarose was used 

and 2030 fold overall purification of methionine synthase was achieved 

(Table 5, page 113).

Fig. 3.12 summarizes the affinity chromatography on Vitamin Big- 

agarose experiment. It shows that all methionine synthase activity could be 

eluted with 1M NaCI. However, less than 20% of activity applied on the 

column was recovered. Since no activity eluted with further elution (5 mM 

vitamin Big solution and 50 mM phosphate buffer pH 5.0) it was suspected 

that the enzyme lost activity while incubated on the column or it did not 

elute off completely.

103



CVJ

100000
CM

80000

SÜmQ 60000

40000

20000

Fraction number

Figure 3.12 Affinity chromatography of the more active HTP-fraction (obtained 
following Q-sepharose chromatography, according to protocol 1 ) on vitamin 
Bi2-agarose

The column was packed with 2ml of vitamin B^g-agarose (as described under 
Materials and Methods) and equilibrated with 50 mM phosphate buffer, p H  
7.2. The more active fraction after HTP-chromatography was concentrates 
under nitrogen in an Amicon ultrafiltration cell fitted with a XM50 membrane. 
600 //I were applied and the column was closed and left in the fridge for 45 
minutes. Following this incubation the column was washed with three 5 ml 
aliquots of equilibration buffer to elute non-specifically bound proteins. The 
enzyme was then eluted with the equivalent volumes of 1M NaCI in 50 mM 
phosphate buffer, pH 7.2, 5 mM vitamin B̂ g (cyanocobalamin form) solution 
in 50 mM phosphate buffer, pH 7.2 and finally with 50 mM phosphate buffer, 
pH 5.0. All the fractions were analysed by SDS-PAGE (Fig. 3.13) and the 
active fraction was applied to capillary electrophoresis (Fig. 3.19)

When analysed by SDS-PAGE, the active fraction contained just one 

major band, at 100 kDa (Fig 3.13). The experiment was repeated with a 

second fraction from HTP chromatography and exactly the same result was 

obtained. However, it was never possible to obtain a native gel of this fraction, 

since the protein concentration was far to low and it was impossible to detect 

any protein staining bands. Total protein recovery after this experiment was 

usually less than 1 %. Unfortunately, the binding of the enzyme to vitamin B̂ g- 

agarose was not highly specific, and if more heterogenous samples were 

applied (e.g. active fraction from Q-Sepharose chromatography) activity eluted 

from the column resulted in multiple bands of similar intensity on SDS-PAGE.
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Fig. 3.13 SDS-PAGE of methionine synthase purified by Q-Sepharose, 
HTP and vitamin Bi2-agarose affinity chromatography (according to 
protocol 1)

5 ml fractions obtained after affinity chromatography (fractions 4, 7 and 
10 Fig 3.12) were concentrated to 250 pi and denaturated by boiling for 2 
min in a solution containing 5 mM 2-mercaptoethanol, 2% SOS, 10% 
glycerol and 62.5 mM Tris-HCI, pH 6.8. Electrophoresis was performed 
on a 7.5% gel, and the gel was silver stained. Lane A, methionine 
synthase fraction obtained after elution with 1M NaCI; Lane B, fraction 
obtained after elution with 5 mM vitamin B12; Lane C, fraction that eluted 
with 50 mM phosphate buffer pH 5.0; Lanes D and E, molecular weight 
standards.
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3.6 Gel filtration on Sephacryl S-200 as a final purification step (protocol 2)

In an attempt to confirm the molecular weight of the enzyme, the 

active fractions after HTP-chromatography were applied to a short gel 

filtration column. Although shorter gel filtration columns have lower 

resolution power, their advantage is that the enzyme spends less time on the 

column. During the final stages of purification this was an extremely 

important element. The resolution was enhanced by decreasing the flow 

rate.

When gel filtration on the short Sephacryl 8-200 column (1.6 x 13 

cm) was used as a last purification step (Fig. 3.14), the elution profile was 

similar to the one obtained when the longer column was used as a first 

purification step after ammonium sulfate precipitation (Fig. 3.2). Again, a 

broad peak of enzyme activity (solid squares) was obtained, but the 

molecular weights distribution was different.
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Figure 3.14 Gel filtration on short Sephacryl S-200

The concentrated more active sample obtained from HTP- chromatography 
(500 //I) was loaded on to a 1.6 x 13 cm column. The column was 
equilibrated and eluted with 50 mM potassium phosphate, containing 0.15M 
NaCI, pH 7.0, at a flow rate of 0.5 ml/min. 0.5 ml fractions were collected 
and assayed for methionine synthase activity (solid squares) and protein 
content (open squares). The most active fractions were analysed by SDS- 
PAGE, native PAGE and capillary electrophoresis.
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Figure 3.15 Calibration of short Sephacryl S-200 column

The column was calibrated with molecular weight standards under the same 
conditions as described above, using Blue Dextran 2000 to determine the 
void volume of the column (Vo). Protein elution (Ve) was monitored by 
absorbance at 280 nm.

Fig. 3.14 shows that methionine synthase activity was again (as in 

Fig. 3.2) present right after the void volume, but the activity was almost 

undetectable in the range of 100 kDa proteins. Calibration curve (Fig. 3.15), 

obtained by running molecular weight standards, was used for determining 

the apparent molecular weight of the native methionine synthase. The most 

active fraction corresponded to a molecular weight of 200 kDa. When 

analysed on SDS-PAGE, fractions that corresponded to lower molecular 

weights (between 100 and 150 kDa) showed just one major band around 

95 kDa (Fig 3.16), while the fractions from the higher molecular weight 

region (between 400 and 150 kDa) showed two major bands, at 95 kD and 

200 kD and one faint band around 140 kDa (Fig 3.17). Application of these 

fractions to native PAGE resulted in two bands, one around 160 kD and the 

other one around 400 kDa (Fig 3.18). Almost identical results were obtained 

if a minor HTP fraction was applied on the column, or if a mixture of both 

active fractions was used. This would suggest that the "two forms" of 

methionine synthase do not differ in size but more likely in charge. However,
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the very broad protein and activity profile for methionine synthase obtained 

in Fig. 3.14 are difficult to explain, considering that the standard proteins 

used for the calibration of gel filtration column eluted as well separated 

sharp peaks. The analysis of methionine synthase on the SDS and native- 

PAGE revealed the presence of very few protein staining bands, suggesting 

that the broad peak of activity might be due to aggregation of methionine 

synthase molecules. The enzyme could also be associating with other 

proteins present in the reaction mixture, resulting in broad elution profile. 

Since this broad activity profile was repeatedly obtained, resulting in poor 

yield as well, gel filtration was abandoned as a final purification step and it 

was replaced with Mono Q chromatography (section 3.7).
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Figure 3.16 SDS-PAGE of lower molecular weight methionine synthase 
fractions (Fig. 3.14) purified by Q-Sepharose, HTP and gel filtration 
chromatography on Sephacryl S-200 (according to protocol 2)

The active fractions obtained after gel filtration chromatography were 
separated into two groups, according to their elution volumes and 
concentrated using an Amicon ultrafiltration cell fitted with a XM 50 
membrane. Samples were denaturated by boiling for 2  min in a solution 
containing 5mM 2-mercaptoethanol, 2% SDS, 10% glycerol and 62.5 mM 
Tris-HCI, pH 6 .8 . Electrophoresis was performed on a 7.5% gel, and the 
gel was stained with Coomassie Blue. Lane A, molecular weight 
standards; Lane B, pooled methionine synthase fractions that 
corresponded to lower molecular weight region (between 100 and 150 
kDa).
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Figure 3.17 SDS-PAGE of higher molecular weight methionine synthase 
fractions (Fig. 3.14) purified by Q-Sepharose, HTP and gel filtration 
chromatography on Sephacryl S-200 (according to protocol 2)

The active fractions obtained after gel filtration chromatography were 
separated into two groups, according to their elution volumes and 
concentrated using an Amicon ultrafiltration cell fitted with a XM 50 
membrane. Samples were denaturated by boiling for 2 min in a solution 
containing SmM 2-mercaptoethanol, 2% SDS, 10% glycerol and 62.5 mM 
Tris-HCI, pH 6 .8 . Electrophoresis was performed on a 7.5% gel, and the 
gel was stained with Coomassie Blue. Lane A, pooled methionine 
synthase fractions that corresponded to higher molecular weight region 
(between 150 and 250 kDa); Lane B molecular weight standards.
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Figure 3.18 Native-PAGE of methionine synthase fractions purified by Q- 
Sepharose, HTP and gel filtration chromatography on Sephacryl S-200 
(according to protocol 2 )

Both, the high and the low molecular wieght samples obtained after gel 
filtration chromatography (Fig. 3.14) were concentrated, resuspended in 
nondenaturating sample buffer and run on a 7% native gel. After 
electrophoresis the gel was silver stained. Lane A, pooled methionine 
synthase fractions that corresponded to higher molecular weight region 
(between 150 and 250 kDa); Lane B, pooled methionine synthase 
fractions that corresponded to lower molecular weight region (between 
100 and 150 kDa). Lanes C and D, molecular weight standards.
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Active fractions obtained after affinity and gel filtration 

chromatography were tested for purity using capillary electrophoresis (3.19). 

Capillary electrophoresis was performed under non-reducing conditions. Only 

one major peak of absorbance was observed at very high sensitivity (0.005  

AUFS). These results suggested that the enzyme was either a tight complex 

of similarly sized proteins which could be broken down with SDS and 

disulfide bond-reducing agent resulting in the appearance of multiple bands 

on the SDS-gel or that methionine synthase molecules form aggregates 

resulting in one broad peak on capillary electrophoresis and only two bands 

on native-PAGE (Fig. 3.18). The attempt to calibrate the capillary

electrophoresis column had not been successful; the standard proteins used 

for calibration of gel filtration columns were not eluting as predicted by their 

molecular weights. It seems that there are other factors, apart from 

molecular weight that influence the elution of proteins by capillary 

electrophoresis. Since the capillary electrophoresis instrument was available 

only for the short period of time (demonstration of a new product) we were 

not able to pursue with these experiments. However, the fact that all three 

samples (two of which were obtained after gel filtration and one was the 

active fraction after affinity chromatography) had identical retention times 

indicated that all the samples contained the same protein.
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Figure 3.19 Capillary electrophoresis of the active fractions obtained after 
gel filtration (Fig. 3.14) and affinity chromatography (Fig. 3.12), following 
Q-Sepharose and HTP-chromatography

Free flow capillary electrophoresis (CE) was performed on the Quanta 4000  
(Waters) CE system using 60 cm capillary (0.75 //M diameter) in 50 mM 
phosphate buffer (pH 7.2). The sample was electrophoresed at 15 000 V for 
30 min at room temperature. The proteins were detected by absorbance at 
214 nm (0.005 AUFS) and the results were recorded on an LKB recorder 
with 2mm/min chart speed. Chromatogram 1, active fraction after gel 
filtration chromatography (low molecular weight region); chromatogram 2 , 
active fraction after gel filtration chromatography (high molecular weight 
region); chromatogram 3, active fraction after affinity chromatography on 
vitamin Big-agarose.
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Table 5 summarizes the purification of methionine synthase from rat 

liver cytosol according to protocol 1. Only 20 ml of cytosol were used as a 

starting material in attempt to establish a good purification procedure that 

could later be applied for larger scale purification. Working with smaller 

volumes of starting material had the advantage of shorter experimentation 

time, which proved to be crucial for preserving enzyme's activity. The 

purification method summarized in Table 5 could be completed in two days. 

Even under those conditions, the enzyme was loosing activity rapidly. The 

active fraction after Q-Sepharose chromatography would retain the same 

specific activity for up to a week, while the sample obtained after affinity 

chromatography had to be assayed the same day, otherwise no activity 

could be detected the following day. The addition of homocysteine did not 

improve enzyme's stability. It is very likely that since the enzyme was very 

pure at this stage, it easily stuck to the walls of test tubes resulting in the 

huge decrease in yield. If this method is to be used in the future, thorough 

stability studies would need to be performed.

After the final purification step, the enzyme had a specific activity of 

16 160 nmol/h/mg protein at 37°C. The specific activity of this enzyme was 

higher than that reported for the enzyme isolated from human placenta (840 

nmol/h/mg protein at 37°C, Utley et al, 1985) and hog liver (990 nmol/h/mg 

protein at 37°C, Loughlin et al, 1964) but lower then the one reported for 

pig kidney (54 419 nmol/h/mg protein at 37°C, Mangum and North, 1971) 

and pig liver (96 000 nmol/h/mg protein at 37°C, Chen et al, 1994).

The overall yield of the active fraction after affinity chromatography 

was 3%. However, the total amount of protein was so low (about 10 |/g) 

that we realised the need for larger scale purification and introduction of 

new techniques. One of the main long term goals of this study was to 

investigate the regulation of this enzyme, thus larger amounts of it were 

needed. As mentioned in the introduction, the approach that was adopted 

in our laboratory was to purify the significant amount of enzyme that would 

enable the production of antibodies to methionine synthase. Once the 

antibodies are readily available, the enzyme could be purified in large
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quantities by imunoaffinity chromatography.

Protocol 2 was exactly the same as protocol 1 up to step 3. The only 

difference was that in the protocol 2  gel filtration was used as a last 

purification step instead of affinity chromatography. The results obtained by 

this method are summarized in Table 6 , and are in good agreement with 

those obtained after analysing affinity chromatography fractions. Analysis 

of these samples by SDS-PAGE has always (table 8 ) revealed the presence 

of a band around 95 kDa _±_ 5 kDa. After affinity chromatography there was 

a single band present in majority of experiments, while after gel filtration this 

95 kDa band was often accompanied by a band around 200 kDa ±_ 5 kDa. 

This has been shown to be more prominent for the fractions corresponc; 

to higher molecular weight region (Fig 3.9). The analysis of gel filtration 

fractions under native conditions revealed a strong band around 160 kDa _±_ 

10 kDa, plus a band at very high molecular weight, close to 400 kDa.

The specific activity of the most active gel filtration fraction was very 

close to that one obtained by affinity chromatography (14 950 nmol/h/mg 

protein at 37°C) as was the real improvement (1 878), but the yield was 

even lower, only 1.4%. The price for purity was obviously a decrease in 

yield.

At the time when these experiments were performed ( 1993) very little 

was known about the nature and structure of mammalian methionine 

synthase (table 2). The most detailed purification report was the one by 

Utley et al (1985). They purified methionine synthase from human placenta 

and suggested that the subunit composition of the enzyme was very 

complex. They reported an apparent molecular weight of 160 kDa for a 

native enzyme, by gel filtration (same as the value obtained in this study by 

native gel electrophoresis and very close to the value obtained by gel 

filtration when the long Sephacryl S-200 column was used). On the SDS- 

PAGE under non reducing conditions the placenta enzyme showed a major 

band at 160 kDa, plus two minor bands at 80 and 70 kDa. When the protein 

was reduced by boiling in 2 -mercaptoethanol, these bands disappeared and 

three new band appeared on 90, 45 and 35 kDa. These authors were unable
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to produce a native gel of purified methionine synthase. Thus, it seemed 

clear that the mammalian methionine synthase did not have nearly as simple 

structure as the one isolated from E.coli.

In an attempt to obtain more convincing results about the structure 

of methionine synthase and larger amount of pure enzyme, a new 

purification protocol (protocol 3, Table 4) was developed, keeping some of 

the old techniques that produced satisfactory results, but also introducing 

a few new ones.
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STEP VOLUME TOTAL PROTEIN SPEC. YIELD REAL
[ml] ACTIVITY CONTENT ACTIVITY [%] IMPROVEMENT

[nmol/h] [mg] fnmol/mg/h] [X]

RAT LIVER 2 0 5 333 670 7.96 1 0 0 1

CYTOSOL

Q-SEPHAROSE 2 0 4 566 58.75 77.72 85.6 1 0

CHROMATOGRAPHY

HTP
major 2 1 040 1.5 693 19.5 87
minor 5 1 914 5.8 330 35.9 41

b,2 -a g a r o s e 1 . 0 161.6 0 . 0 1 16 160 3.0 2 030

Table 5. Purification of methionine synthase from rat liver cytosol according to protocol 1

Only the major fraction from HTP chromatography was loaded on to the B^g-agarose affinity column
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STEP VOLUME
[ml]

TOTAL
ACTIVITY
[nmol/h]

PROTEIN
CONTENT

[mg]

SPEC.
ACTIVITY

[nmol/mg/h]

YIELD
[%]

REAL
IMPROVEMENT

[X]

RAT LIVER CYTOSOL 2 0 5 333 670 7.96 1 0 0 1

Q-SEPHAROSE
CHROMATOGRAPHY

2 0 4 566 58.75 77.72 85.6 1 0

HTP
major 2 1 040 1.5 693 19.5 87
minor 5 1 914 5.8 330 35.9 41

SEPHACRYL S-200 0.5 74.7 0.005 14 950 1.4 1 878

Table 6. Purification of methionine synthase from rat liver cytosol according to protocol 2 

Only the major fraction from HTP-chromatography was loaded on to the Sephacryl S-200 column.



3.7 Mono-Q anion-exchange chromatography

Since the purification of bacterial methionine synthase was 

successfully accomplished using chromatography on a Mono Q column as 

a last purification step (Frasca et al, 1988), during the later stages of the 

project (protocol 3) this method was adopted as a final purification 

technique. The chromatogram in Fig 3.20 shows that when the more active 

fraction from HTP-chromatography was applied onto the column, just four 

sharp peaks were eluted, and only the third peak had methionine synthase 

activity.
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Figure 3.20 Mono Q chromatography (following ammonium sulfate 
precipitation, gel filtration, Q-Sepharose, DEAE and HTP-chromatography)

The more active fraction obtained from HTP-chromatography was 
concentrated and applied to a Pharmacia Mono Q column (5 ml), equilibrated 
with 20 mM sodium phosphate buffer, pH 7.2. After the column was 
washed with 20 ml of equilibration buffer, the enzyme was eluted with 35 
ml linear gradient of 1M NaCI in 20 mM sodium phosphate buffer, pH 7.2, 
at a flow rate of 1 ml/min. 2 ml fractions were collected and assayed for 
methionine synthase activity (solid squares) and protein content (open 
squares). Fractions containing methionine synthase activity were pooled and 
rechromatographed under the same conditions (Fig 3.21).
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Figure 3.21 Refractionation on Mono Q chromatography

The active fraction obtained from Mono Q chromatography (Fig 3.20) was 
rechromatografed on the same column, under the same conditions in order to 
obtain more pure sample. The active fraction obtained after this step was 
analysed by SDS-PAGE, native PAGE and lEF.

When the active sample obtained after the second Mono Q 

chromatography step was analysed by SDS-PAGE there was a strong band 

on 95 kDa and a range of intensive bands in the area from 65 to 75 kDa (Fig 

3.22). No bands at all could be detected in the high molecular weight region. 

Native gel shows four bands: first ca 110 kDa, second ca 200 kDa, third ca 

280 and a doublet around 400 kDa (Fig 3.23, lane E). The doublet at 400 

kDa was present on all the native gels, regardless of the samples applied. The 

possibility of impurities being present in the sample buffer, was ruled out 

since application of sample buffer alone did not result in any protein staining 

bands. These results confirmed the earlier hypothesis, that mammalian 

methionine synthase may not have nearly as simple structure as the bacterial 

enzyme and suggested a complex subunit composition.

Analysis of the Mono-Q purified sample on the lEF Phast gel resulted 

in one major band with a pi around 5.2 (Fig 3.24), suggesting that the native 

enzyme was a single polypeptide chain and that multiple bands on native- 

PAGE might be a result of aggregation of methionine synthase molecules.
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Figure 3.22 SDS-PAGE of methionine synthase fraction purified by 
ammonium sulfate fractionation, gel filtration, Q-Sepharose, DEAE, HTP 
and Mono Q chromatography, in that order (protocol 3)

The active fraction obtained after second Mono Q chromatography (Fig.
3.21) was concentrated using Centricon 30 microconcentrators. The 
sample was denaturated by boiling for 2  min in a solution containing 5 
mM 2-mercaptoethanol, 2% SDS, 10% glycerol and 62.5 mM Tris-HCI, pH
6 .8 . Electrophoresis was performed on a 7.5% gel, and the gel was silver 
stained. Lane A, methionine synthase fraction obtained after second 
Mono Q chromatography; Lanes B and C, molecular weight standards.
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Figure 3.23 Native-PAGE of methionine synthase fraction purified by 
ammonium sulfate fractionation, gel filtration, Q-Sepharose, DEAE, HTP 
and Mono Q chromatography, in that order (protocol 3)

The samples obtained after Mono Q chromatography (Figs. 3.20 and
3.21) were resuspended in nondenatu rating buffer and applied to 7% 
native gel. The gel was stained with Coomassie Blue. Lanes A and B, 
molecular weight standards; Lane 0, active fraction after first Mono Q 
chromatography (Fig 3.20); Lane D, the same as 0  but lower 
concentration; Lane E, active fraction after second Mono Q 
chromatography (Fig. 3.21).
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Figure 3.24 lEF Phast gel of Mono Q and Rotofor lEF purified methionine 
synthase

lEF gel electrophoresis was performed on the Pharmacia Phast system 
using 4-6.5 pH range lEF gels. Low pi calibration kit (Pharmacia) was 
used for determination of enzyme’s pi. The following proteins were used 
as markers: amyloglucosidase (pi 3.5), glucose oxidase (pi 4.15), 
soybean trypsin inhibitor (pi 4.55), p iactoglobulin A (pi 5.2), bovine 
carbonic anhydrase B (pi 5.85) and human carbonic anhydrase B (pi
6.55). The gel was silver stained. Lane A, active fraction after second 
Mono Q chromatography; Lane B, Active fraction after Rotofor lEF 
(discussed in Section 3.8); Lane C, pi markers; Lane D, active fraction 
after first Mono Q chromatography; Lane E, pi markers.
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Table 7 summarizes the improved procedure for purification of 

methionine synthase from rat liver cytosol (protocol 3). More than ten fold 

greater amount of starting material was used. This has resulted in much 

longer chromatography times that were accompanied by significant losses of 

enzyme activity. Ammonium sulfate fractionation was introduced as a first 

purification step. The advantage of this method was that ammonium sulfate 

pellets retained activity for months and that by performing this step prior to 

Q-sepharose chromatography, the contamination of the column was greatly 

reduced. Chromatography on DEAE-cellulose was also a new step. Although 

it has resulted in satisfactory increase in specific activity, this method was 

very time consuming because of poor physical properties of DEAE-cellulose 

as already pointed out earlier. This is probably the reason why many other 

groups recommend batch chromatography with this resin.

Introduction of Mono-Q chromatography as a final purification step has 

resulted in a major advancement, both as far as real improvement and yield 

were concerned. This column has very high resolution power which enabled 

us to recover methionine synthase activity in a single fraction (1.5 ml) after 

refractionation. After this step, the enzyme had a specific activity of 12 470  

nmol/h/mg of protein, which was slightly lower than the values obtained after 

affinity and gel filtration chromatography. The overall yield of the active 

fraction was 7.4%  and the real improvement was 3 767. Total protein 

amount was about 0.1 mg. It is interesting to compare these results with the 

latest publication on mammalian methionine synthase purification. Chen et al 

(1994) have purified methionine synthase 8  600 fold from four pig livers 

(about 1-1.5 kg each) with less than 1% yield. The total protein amount of 

0.59 mg was only six fold higher than the value obtained in this study from 

sixty fold smaller amount of starting material. These results imply that the 

abundance of methionine synthase per gram of mammalian tissue is indeed 

very low, thus causing great difficulties in isolating sufficient quantities of the 

enzyme necessary for either production of antibodies or sequencing and 

cloning.
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STEP VOLUME
[ml]

TOTAL
ACTIVITY
[nmol/h]

PROTEIN
CONTENT

[mg]

SPEC.
ACTIVITY

[nmol/mg/h]

YIELD
[ % 1

REAL
IMPROVEMENT

[X]

RAT LIVER CYTOSOL' 232 16 896 5 104 3.31 1 0 0 1

25-50%  (NHJSO^ 150 14 278 2 460 - 5.8 84.5 1.75

Q-SEPHAROSE
CHROMATOGRAPHY 125 14 084 325 43.3 83.3 13.1

DEAE-CELLULOSE 71 11 972 92.3 129.7 70.8 39.18

HTP
major
minor

1 2

34
3 027 
5 940

6 . 2

2 2

488
270

17
35

147.4
81.6

MONO-Q 2 
CHROMATOGRAPHY 

1

5 1 735 0.5 3 470 7.9 1 048

MONO-Q
CHROMATOGRAPHY

II
1.5 1 247 0 . 1 1 2470 7.4 3 767

hJ
CJ1

Table 7. Purification of methionine synthase from rat liver cytosol according to protocol 3

 ̂ This amount of cytosol was obtained from 85g of raw rat livers

 ̂ Only the major fraction from HTP-chromatography was loaded on to the Mono 0  column



3.8 Isoelectrofocusing of methionine synthase

Separation of proteins on a basis of their isoelectric points over pH 

gradient is a powerful method of protein analysis. The Rotofor cell employs 

isoelectric focusing in solution to purify proteins from complex mixtures. 

Protein purification by focusing has the advantage of being a non- 

denaturating technique, so enzymes usually retain their biological activity. 

Fractions of interest can be pooled and refractionated over the much 

narrower pH range permitting separation of proteins with very subtle pi 

differences, into their isoforms. There have been only few reports in the 

literature so far regarding the pi of methionine synthase. Frasca et al (1988) 

have determined the pi of the E.coli enzyme to be about 5.2 by running two- 

dimensional gels. The most recent report (Drummond et al, 1993) based on 

the enzyme's sequence analysis by a specialised software package, 

predicted the pi for the same enzyme to be 4.8. There were no publications 

so far concerning the pi or potential isoforms of the mammalian enzymes. 

Since two peaks of activity were repeatedly obtained following ion-exchange 

chromatography, the existence of isoforms of methionine synthase seemed 

a reasonable idea to examine.

Initial attempts to use isoelectrofocusing as a first purification step 

failed due to excessive precipitation of raw liver cytosol. This doesn't 

always have to be fatal for the recovery of enzyme activity (as proved on 

different enzymes in our laboratory), but no methionine synthase activity 

was detected at all after cytosol lEF fractionation. The first successful 

enzyme recovery was obtained after focusing the dialysed 25-50%  

ammonium sulfate fraction, as described under Materials and Methods. 

Many attempts to repeat the experiment on more purified enzyme samples 

(e.g. after Q-Sepharose or HTP-chromatography) have resulted in a huge 

loss of total activity (giving unreliable and irreproducible data) and quite 

often in complete loss of activity. Removal of salts from fractions obtained 

after ion-exchange chromatography by ultrafiltration was not sufficient to 

reduce this loss of activity. The loss of activity was most likely due to
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methionine synthase sticking to the membrane and walls of the Rotofor cell. 

Thus, this method was not suitable for including into general purification 

scheme, but could still be used as an invaluable analytical tool, providing 

very important data regarding enzyme's pi, Mw and subunit composition. 

The results obtained using the Rotofor lEF cell indicated that analytical gel 

lEF would give accurate data regarding the enzyme's pi and that eventually 

2D gels could provide precise Mw and subunit composition.

The data shown in Fig 3.25 indicated that the isoelectric point of 

methionine synthase was in the region of pH 5. This single peak of activity 

obtained after lEF fractionation implied that the existence of isoforms was 

unlikely. However, this conclusion needed to be confirmed by refractionation 

over a narrower pH gradient (4-6). Isoforms could have very close pi values 

and therefore were not separated by the fractionation in this pH gradient (3- 

10). From the chromatographys performed on the anion exchange columns 

it was known that methionine synthase activity was present only in the 

acidic region. Thus, all the potential isoforms of the enzyme, if present, 

would also have to be in the acidic region. Refractionation over a narrower 

pH gradient should also provide a more accurate value for the enzyme's pi.

The results obtained following refractionation (Fig 3.26) confirmed 

that there was a single peak of activity (fraction 3). However, there was 

little activity in two neighbouring fractions as well (fractions 2 and 4). The 

most active fraction (fraction 3) had a pH of 5.0 _±. 0.2. It would appear 

from these results that methionine synthase does not exist in different 

isoforms, or that these isoforms have very close pi values that could not be 

separated by this technique. The preparative isoelectrofocusing experiment 

would need to be successfully performed on the very pure sample in order 

to provide more accurate answer to this question. However, more 

convincing evidence that methionine synthase does not have different 

isoforms was obtained from analytical lEF gels.
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Figure 3.25 Preparative isoeiectric focusing of methionine synthase

Rotofor runs were performed as described under Materials and Methods. 
The two mi protein sampie (diaiysed after ammonium sulphate 
precipitation), was injected near the middle of the focusing chamber 
foilowing prefocusing. Focusing of proteins over the pH range 3 to 10 was 
continued until the voltage stabilised. 20 fractions were harvested, their pH 
values measured (solid squares) and methionine synthase activity (bars) 
determined after adjusting their pH value to 7.2 and removing ampholytes 
by dialysis. The results shown here represent a mean of three experiments 
performed under identical conditions. For refractination experiments the 
fractions from the pH range 4 to 6 were immediately diluted with deionised 
water after harvesting and refocused over the 4 to 6 pH gradient, without 
further addition of ampholytes (Fig. 3.26)
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Figure 3.26 Refocusing of methionine synthase

Fractions over the pH range 4 to 6 obtained from the experiment shown in 
Fig. 3.25 were immediately diluted with deionised water up to 50 mi and
refractionated in a narrower pH gradient (4 to 6)1, without further addition 
of ampholytes. After the voltage has reached 1730 V, 20 fractions were 
harvested, their pH values determined (solid squares) and methionine 
synthase activity (bars) assayed after adjusting their pH value to 7.2 and 
removing amphoi^es by dialysis.

^The reason for pH gradient rapidly increasing after fraction 15 was leakage in tfie basic electrode 
compartment.
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The analytical lEF gel (Fig. 3.27, lane B) of the most active fraction 

obtained from refractionation (fraction 3) showed two bands, one around

4.8 and the other around 5.2. These results were in quite a good agreement 

with those obtained from the Mono-Q purified sample, where a single band 

around 5.2 was obtained (Fig. 3.27, lane A).

When analysed by SDS-PAGE (Fig. 3.28) the most active fraction 

obtained from refractionation (fraction 3) produced one major band around 

70 kDa, and couple of minor faint bands, one around 100 kDa and the rest 

at lower molecular weights ( <  50 kDa). This SDS-PAGE profile suggests that 

there might be quite a few proteins with a pi around 5.0 present in this 

enzyme fraction. Native PAGE of the same fraction also had a 70 kDa band, 

plus one at 200 kDa and one above 400 kDa (Fig. 3.29). This native gel of 

the active fraction obtained by Rotofor lEF resembles closely the one 

obtained by the same method (native-PAGE) for the Mono-Q purified sample 

(Fig. 3.23, lane E). Both samples show intensive bands on 200 and 400  

kDa. In addition to those, Mono-Q sample has two more bands around 100 

and 280, while the Rotofor sample has a strong band at 70 kDa.

By this stage of the project it was quite clear that the apparent 

inconsistency in the data regarding molecular weight of methionine synthase 

was most likely due to partial proteolysis or some other kind of degradation. 

Detailed studies on the stability of methionine synthase would need to be 

performed in the future in order to achieve more successful purification. 

These studies should include addition of various protease inhibitors to 

enzyme preparation in order to find out if they could preserve enzyme's 

activity for longer periods of time (and increase the yield) or at least reduce 

the appearance of multiple bands on SDS-PAGE. The addition of reducing 

agents, like DTT or 2-mercaptoethanol, to all running buffers is another 

possibility that would need to be explored.
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Figure 3.27 1ER Phast gel of Mono Q and Rotofor lEF purified methionine 
synthase

lEF gel electrophoresis was performed on the Pharmacia Phast system 
using 4-6.5 pH range 1ER gels. Low pi calibration kit (Pharmacia) was 
used for determination of enzyme’s pi. The following proteins were used 
as markers: amyloglucosidase (pi 3.5), glucose oxidase (pi 4.15), 
soybean trypsin inhibitor (pi 4.55), p-lactoglobulin A (pi 5.2), bovine 
carbonic anhydrase B (pi 5.85) and human carbonic anhydrase B (pi
6.55). The gel was silver stained. Lane A, active fraction after second 
Mono Q chromatography (discussed in Section 3.7); Lane B, Active 
fraction after Rotofor 1ER; Lane C, pi markers; Lane D, active fraction 
after first Mono Q chromatography; Lane E, pi markers
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Figure 3.28 SDS-PAGE of the active fraction obtained after two Rotofor 
lEF runs, first in the pH range 3-10 and second in the pH range 4-6.

The active fraction obtained after refractionation (fraction 7, Fig. 3.25) 
was concentrated using Centricon 30 microconcentrators. The sample 
was denaturated by boiling for 2 min in a solution containing 5 mM 2- 
mercaptoethanol, 2% SOS, 10% glycerol and 62.5 mM Tris-HCI, pH 6 .8 . 
Electrophoresis was performed on a 7.5% gel and the gel was silver 
stained. Lane A, active fraction obtained after refractionation; Lanes B 
and C, molecular weight standards.
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Figure 3.29 Native-PAGE of the active fraction obtained after two Rotofor 
lEF runs (the same fraction as in Fig. 3.27)

The active fraction obtained after refractionation (fraction 7, Fig. 3.25) 
was concentrated using Centricon 30 microconcentrator. The sample 
was resuspended in nondenaturating sample buffer and applied to a 7% 
native gel. The gel was silver stained. Lane A, the active fraction 
obtained after refractionation; Lanes B and C, molecular weight 
standards.
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It is important to point out here that it was possible to recover 

methionine synthase activity in only about 50% of preparative 

isoelectrofocusing experiments. This suggests that the enzyme is extremely 

sensitive to pH and voltage changes. One Rotofor run took on average up 

to 6 h to complete (including refractionation), so although care was taken to 

perform as manysteps as possible in the dark and cold environment, huge 

losses in activity were always encountered. Addition of homocysteine 

(believed to be beneficial for preserving enzyme's activity) was once 

accidentally omitted, but nevertheless activity was recovered. Thus, it 

seems that the crucial factors for retaining activity during and after 

isoelectrofocusing are time, temperature and proper removal of ampholytes. 

No activity could be detected if the ampholytes were not removed by 

overnight dialysis.

Table 8  summarizes the results that were obtained by different 

methods, regarding the molecular weight of the enzyme. After careful 

consideration, the initial diversity of molecular weight values has started to 

form a pattern. The figure most often encountered when analysing SDS- 

PAGE data was 90-95 kDa. When the purification protocol consisted of only 

three major steps (protocols 1 and 2), this 90 kDa band was often 

accompanied by few more bands at higher molecular weights (140, 2 0 0  

kDa). As the purification procedure was extended to six steps (protocol 3), 

high molecular weight bands have disappeared, giving place to numerous 

low molecular weight bands. The fact that 90-95 kDa band was never 

observed on native gels indicated that it is either a degradation product or 

a subunit. Limited proteolysis of methionine synthase by trypsin (Banerjee 

et al, 1989) resulted in two fragments with apparent molecular masses of 

95 and 35 kDa. 95 kDa peptide was further cleaved to 6 8  and 28 kDa 

fragments. Thorough examination of our gels led us to believe that the 

bands we were observing were actually proteolytic fragments. This 

hypothesis could also explain the fact that after longer purification 

procedures, greater heterogeneity of bands was observed. However this 

hypothesis would need to be confirmed by the addition of serine protease
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inhibitors to the enzyme preparation. As pointed out earlier, judging from the 

recovery of enzyme activity, preparative isoelectrofocusing seemed to be the 

most destructive technique. SDS-PAGE analysis of active fraction obtained 

after this step resulted in a 70 kDa band, plus numerous bands lower than 

50 kDa.

The conclusion that we are dealing with various proteolytic fragments 

still leaves open the question of molecular weight and subunit composition 

of the native enzyme. The literature had several contradictory answers even 

about E.coli enzyme, before it was cloned and sequenced. The situation with 

mammalian enzymes is definitely more complex and the correct answer will 

probably be revealed only after the protein has been sequenced. A summary 

of the reports in this field so far was presented in Table 2 (page 41). The 

data obtained in this study suggest that the native enzyme is a high 

molecular weight protein with a Mw of more then 100 kDa. The frequent 

appearance of bends at 200 and 400 kDa implies that the native enzyme 

might be forming complexes. The 160 kDa band was regularly encountered 

in the early stages of the project, when short purification procedures were 

used. This value is in good agreement with the molecular weight proposed 

for the native enzyme isolated from human placenta (Utley et al, 1985) as 

well as the native enzyme purified from pig liver (Chen et al, 1994). It is 

possible that longer purification time has caused the degradation of 160 kDa 

polypeptide, resulting in 95 kDa fragments that formed 200, 280 and 400  

kDa complexes under native (nonreducing) conditions.
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Purification protocol Mw determined 
by SDS-PAGE [kDa]

Figure No Mw determined by 
Native-PAGE [kDa]

Figure No pi determined 
by analyt. lEF

Q-sepharose
HTP
Gel filtration

90
90, 140, 200

3.16
3.17

160, 400 
160, 400

3.18
3.18

not
determined

Q-sepharose
HTP
Affinity chromât.

95 - 3.13 not determined ■ not
determined

Ammonium sulfate . 
Gel filtration 
Q-sepharose 
HTP
Mono-Q (two times)

95, many in the 
range 65-75

3.22 110, 200, 280, 400 3.23 5.2

Ammonium sulfate 
Gel filtration 
Rotofor lEF

70, many faint 
lower than 50 kDa

3.28 70, 200, 410 3.29 5.2, 4.8
wO)

Table 8. The summary of molecular weight data for methionine synthase obtained by various techniques



Chapter 4.

Regulation of Methionine Synthase 
Activity



4.1 Cofactor requirements for methionine synthase

The activity of bacterial methionine synthase in the in vitro assay 

system was shown to be absolutely dependent on the presence of reducing 

agent and SAM, which is required during reductive activation (Taylor and 

Weissbach, 1967). However, Mangum and North (1971) have reported that 

the highly purified methionine synthase from pig kidney showed an absolute 

dependency upon a reducing system, but was only partially stimulated by 

SAM. This finding represented a fundamental difference in the mechanism 

of methionine biosynthesis between the mammalian and bacterial enzyme, 

suggesting that further evidence was needed about the effect of SAM on 

the crude and purified methionine synthase from rat liver.

The results of this work (Table 9) demonstrated that the rat liver 

methionine synthase, like the bacterial enzyme, requires SAM for reductive 

activation. This same finding was reported recently for the isolated pig liver 

enzyme (Chen et al, 1994).

Sample activity of liver cytosol 

[nmol/h/mg]

activity of purified 

enzyme [nmol/h/mg]

Control 3.31 3470

without SAM 0.08 35.1

without

2 -mercaptoethanol

0.13 31.4

Table 9. Dependence of methionine synthase activity on SAM and 2- 

mercaptoethanol
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Crude placental methionine synthase was reported to be stimulated 

by the addition of 40 jjM cyanocobalamin to the enzyme assay (Utley et al, 

1985). In this work, the effect of cyanocobalamin (from 10 to 200 //M) was 

investigated on both crude and purified enzyme from rat liver and no change 

in activity was observed at any concentration (the effect of 

hydroxycobalamin was not assessed in this study). Similar findings were 

reported for the enzyme from human malarial parasite, Plasmodium 

falciparum (Krungkrai et al, 1989). This enzyme was not stimulated, either 

by hydroxycobalamin or cyanocobalamin. The most recent report by Chen 

et al (1994) showed that the enzyme purified from pig liver was activated 

by hydroxycobalamin. It seems that methionine synthases from different 

sources have different cofactor requirements and are stimulated by different 

agents.

4.2 Stability of purified rat liver methionine synthase

The modified purification procedure, as summarized in Table 7, took 

one week to complete. Over this period no activity was lost from the crude 

liver cytosol, nor the ammonium sulfate pellets stored at -20°C. Once the 

enzyme had undergone the third purification step (Q-Sepharose 

chromatography), activity was lost at a rate of about 50% per week (Fig

4.1 ) when the enzyme was stored at -80°C. Mangum and North (1971) have 

reported that the enzyme isolated from pig kidney was stabilized by 

homocysteine (Hey). Thus, Hey (at 10^ to 10 ^M concentration) was added 

to all partially purified fractions which were stored overnight between 

purification steps. Fig 4.1 shows that in the presence of Hey, the enzyme 

lost activity more slowly, at a rate of about 25-30%  a week. During the first 

48 hours, the activity remained the same when the samples were stored 

with Hey. After 4 weeks no methionine synthase activity could be detected 

in the control fractions while more than 30% of the original activity was 

measured in the fractions supplemented with Hey. Homocysteine could be 

preserving enzyme's activity by acting either as a substrate or allosteric
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stabiliser or red uc in g  a g e n t .  H o w e v e r ,  a n o th e r  red uc in g  a g e n t  th a t  w a s  

tes te d  as a p o ten tia l  s tab iliser o f  m e th io n in e  s y n th a s e  a c t iv i ty ,  2 -  

m e rc a p to e th a n o l ,  did n o t  h a v e  a n y  e f fe c t ,  th a t  is, th e  e n z y m e  lost a c t iv i ty  

at  th e  s am e  ra te  as w i th o u t  a n y  add it iv es .  A s  m e n t io n e d  p rev io u s ly , m o re  

d eta iled  s tab ility  s tud ies  w o u ld  be n e c e s s a ry  in o rder to  im p ro v e  th e  

purif ica t ion  p ro ce d u re  and in c rease  th e  e n z y m e  y ie ld .

It w a s  also o b se rve d  th a t  th e  purif ied  e n z y m e  w a s  m o re  s tab le  w h e n  

stored  a t  4 °C  th a n  a t  - 2 0 ° C  or - 8 0 ° C .  S im ilar f in d in gs  w e r e  re p o r te d  for the  

h u m a n  p la ce n ta  e n z y m e  (U t le y  e t  al, 1 9 8 5 ) .

control
with Hoy

200000

100000

Figure 4.1 The effect of 10'^M homocysteine on methionine synthase 
activity

The stability study was performed on the partially purified enzyme (after Q- 
sepharose chromatography). All the fractions were stored at -80°C for the 
stated length of time. Control fractions had no preserving agents added, 
while the rest of the samples were supplemented with 1 0  homocysteine. 
Separate aliquots were assayed for activity each week, ensuring that the 
observed loss of activity was not due to repeated thawing and freezing.
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4.3  Effect of divalent cations

Partially purified enzyme (after HTP chromatography) was used to 

determine the effect of Ca^+ and on enzyme's activity. As shown in 

Fig 4.2, CaCl2  had no effect on methionine synthase activity under standard 

assay conditions, suggesting that the enzyme is not controlled by Ca^  ̂ as 

a second messenger. However Ca^  ̂ could also be acting through a protein 

kinease (see section future work).

30

20

10 -

control 10* -3 10" -4 10* -5

CaCI2 concentratiom [M]

Figure 4.2 The effect of CaClg on methionine synthase activity

The same assay conditions were used as described under Methionine 
synthase assay (section 2.1.3), only different amounts of CaClg solution 
were added to the assay mixture in order to produce final concentrations 
between 10//M and ImM. The control sample had equivalent amount of 
assay buffer (50 mM phosphate, pH 7.2).

However, MgClj caused stimulation of the enzyme (Fig. 4.3), which 

was most significant at 1 mM concentration of MgClg (62% stimulation) but 

still noticeable at 1 0 //M  (18% stimulation).
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Figure 4 .3  The effect of IVIgClg on methionine synthase activity

The same assay conditions were used as described under Methionine 
synthase assay (section 2.1.3), only different amounts of MgClg solution 
were added to the assay mixture in order to produce final concentrations 
between 10//M and In iM .
The control sample had equivalent amount of assay buffer (50 mM 

phosphate, pH 7.2).

Since no reports have been made previously about any methionine 

synthase requirement for Mg^^, and the concentration needed to produce 

significant stimulation was too high to be physiologically relevant (more than 

1 0 0  j j M )  we have not continued to add Mg^^ to the standard assay 

mixture. It seems unlikely that methionine synthase is controlled by Mg^^ 

intracellularly, although the effect of Mg^^ could be linked to the enzyme's 

regulation by phosphorylation (see section future work).
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4.4 The effect of pH on methionine synthase activity

Fig. 4 .4  shows the dependency of the methionine synthase reaction 

upon pH. There was an almost complete loss of activity at pH values lower 

than 6.0 and about 70% activity loss at pH 9.0. Maximal activity was 

obtained when the assay was performed at pH 7.2, and that value was used 

for the standard assay of methionine synthase activity throughout this 

study.
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Figure 4.4 Dependency of methionine synthesis on pH

All the reagents required for methionine synthase assay (as described under 
materials and methods) were prepared in phosphate buffers of adequate pH, 
from 5.0 to 9.0. Partially purified methionine synthase solution (after HTP 
chromatography) was used for this experiment. Buffer exchange was 
performed by passing aliquots of this solution through a Sephadex G-25 
column and eluting with phosphate buffer of appropriate pH. The pH of 
resulting assay mixture was confirmed with narrow range pH indicating 
paper.

This study would have been much more accurate if single buffer 

system (in this case 50 mM phosphate) was not used over such a wide 

range of pH values. However, the problem was that methionine synthase 

was inactive or only partly active in all the other buffers examined (see 

Appendix 1) so the compromise had to made.
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4.5 Allosteric regulation of methionine synthase

Various metabolic products of methionine biosynthesis (Fig. 1.4, page 

25) were examined as potential allosteric regulators of methionine synthase. 

The following compounds were tested: S-adenosylhomocysteine, adenosine, 

phosphatidyl choline, arginine, taurine, ATP, dUMP, cAMP, cGMP and the 

naturally occurring polyamines. All the compound were tested in the range 

of concentrations from 0.1 /yM to 1 mM. None of the above compounds had 

any effect on methionine synthase activity under standard assay conditions 

(phosphate buffer, pH 7.2). Thus, it appeared that the enzyme was not 

regulated by any of these metabolites, although as it will be discussed later 

(Chapter 5), the polyamine synthesis is significantly affected by agents 

which inhibit methionine synthase activity. As a part of future work in the 

area of regulation of mammalian methionine synthase, the effects of 

cystathionine, cysteine and glutathionine should be investigated.

At about the same time, parallel experiments performed in our 

laboratory, on methionine synthase regulation by phosphorylation (Kenyon 

et al, 1994), revealed that the enzyme was greatly stimulated by spermine 

when the assay was performed in Tris buffer (50mM, pH 7.2). Interestingly, 

the starting (control) methionine synthase activity was much lower when 

assayed in Tris buffer, than when assayed in phosphate buffer. This effect 

has been reported before (Frasca, 1986) and it showed that methionine 

synthase was only 35% as active in Tris buffer compared to phosphate 

buffer. Concentration dependentstudies with all three polyamines (Appendix 

1  ) showed that both, spermine and spermidine have a stimulatory effect on 

methionine synthase activity in Tris buffer. In order to confirm which of 

these two effects was physiologically relevant the experiment was repeated 

in different buffer systems. The results of these experiments are enclosed 

in Appendix 1.
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4 .6  Effects of nitrous and nitric oxide on methionine synthase activity

As stated in the introduction, exposure of experimental animals to NgO 

can adversely affect bone marrow function, the cell-mediated immune 

system, liver function, the nervous system and the reproductive system. 

Similar serious toxic side effects have been demonstrated in humans. Most, 

if not all of the known toxic effects of NgO can be accounted for by the 

inactivation of methionine synthase. Studies from several laboratories have 

demonstrated that methionine synthase activity is markedly decreased in 

tissue extracts from rats exposed to NgO and that recovery of activity 

requires 2-3 days after termination of exposure to NgO (Deacon et al, 1982; 

Kondo et al, 1981). Despite a wealth of experimental information on the 

effects of NgO in vivo, the direct demonstration that methionine synthase is 

inactivated in vitro has been limited to a single communication showing that 

the partially purified mammalian enzyme, or the purified enzyme from E.coli 

is irreversibly inhibited during turnover in buffers saturated with NgO (Frasca 

et al, 1986). Inactivation by nitrous oxide occurred only in the presence of all 

components required for turnover: homocysteine, 5-methyltetrahydrofolate, 

SAM, and a reducing system. This report has postulated that NgO acts by 

one-electron oxidation of the cob(l)alamin form of the enzyme which is 

generated transiently during turnover with the formation of cob(ll)alamin, Ng 

and hydroxyl radical. Generation of hydroxyl radical at the active site of the 

enzyme was thought to be responsible for the observed irreversible loss of 

enzyme activity. This hypothesis has been experimentally verified recently by 

the same group (Drummond and Matthews, 1994a,b). Krungkrai et al (1989) 

have reported that the partially-purified enzyme from the human malarial 

parasite, Plasmodium falciparum, also exhibits irreversible loss of activity 

when preincubated with NgO. To our knowledge, no further papers were 

published in this field regarding the mammalian enzyme. Also, the action of 

NgO has not been confirmed to be concentration-dependent in vitro, either on 

the E.coli or on the mammalian enzyme, although it is known that NgO- 

induced anaesthesia is concentration dependent.
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Curran et ai (1989) have discovered that two cell types from the liver, 

Kupffer cells and hepatocytes, produce NO from L-arginine in vitro. 

Associated with the production of NO in hepatocytes, there was a 

significant decrease in total protein synthesis. The same group (Billiar et al, 

1990) has shown that it is possible to induce the hepatocyte NO synthase 

in vivo and that the in vivo production of NO is associated with a similar 

decrease in hepatocyte total protein synthesis. It was subsequently 

demonstrated (Curran et al, 1991) that authentic NO also inhibits total 

protein synthesis in hepatocytes without affecting cell viability. The 

inhibition was evident after only 2 min of NO exposure and was maximal by 

5 and 10 min. NO-induced inhibition of hepatocyte protein synthesis was 

also shown to be concentration-dependent. The minimal NO concentration 

needed to produce the inhibitory effect was 0.16 mM. It is important to 

point out that even at 0.63 mM NO concentration viability of hepatocytes 

was not affected (during 1 0  min exposure) as indicated by both the release 

of the intracellular hepatocyte enzyme, aspartate aminotransferase, into the 

culture supernatant and the trypan blue exclusion. Thus, the decrease in 

protein synthesis could not be attributed to toxicity (cell death).

Physiological concentrations of nitric oxide are likely to be, at most, 

1-5 /yM (Beckman and Tsai, 1994). After physiologically relevant 

stimulation, the concentrations of nitric oxide produced by endothelium or 

by isolated slices of cerebellum in vitro are around 100 nM (Shibuki and 

Okada, 1991). However, pathological conditions (e.g. cerebral ischaemia) 

can greatly increase the synthesis of nitric oxide (Malinski et al, 1993), 

generating micromolar concentrations of NO in the brain. It is now 

recognised that most tissues can induce the macrophage-like or inducible 

nitric oxide synthase to produce nitric oxide at 1 0 0  to 1 0 0 0  fold greater 

quantities than normally formed by the endothelium for signal transduction 

(Beckman and Tsai, 1994) resulting in 10 to 100 //M  concentrations of NO.

Although there have not been any explicit correlations between NgO 

and NO so far, regarding their influence on biochemical processes, the ability 

of both gasses to act as ligands for transition state metals, prompted us to
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compare their effects on methionine synthase. These studies were initiated 

to demonstrate inactivation of methionine synthase by NgO and NO in vitro, 

both in a time- and in a concentration-dependent manner and also to 

examine any similarities in the mode of action of these two gases (Ast et 

al,1994). All the inhibition experiments were performed on the partially 

purified enzyme, after HTP chromatography. The reason for this was the 

fact that after complete purification the amount of pure enzyme was very 

small, not nearly enough to perform all the inhibition experiments. The time- 

dependent studies (Figures 4.5 and 4.6) showed that inhibition by both 

gases occurred instantly. After just 5 min there was 50% inhibition by NgO 

and 85% inhibition by NO.
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Figure 4 .5  Time-dependent study of methionine synthase in the presence of 
Ng and NgO

The assay mixture was fiushed with pure Ng gas (soiid squares) or pure NgO 
gas (open squares) for 60 sec and methionine synthase activity determined 
after 5, 15, 30, 60 and 90 min as described under Materials and Methods.
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Figure 4.6 Time-dependent study of methionine synthase in the presence of 
Ng and NO

The assay mixture was flushed with pure Ng gas for 2 min. After the 
solution was completely deoxygenated, control samples (solid squares) were 
left to incubate, while the rest of them (open squares) were bubbled with 
pure NO gas for 60 sec. Control samples were the same for Fig. 4.5 and Fig. 
4.6. The samples were incubated for 5,15, 30, 60 and 90 min prior to 
determining methionine synthase activity.

After 90 min incubation (with both, NgO and NO), methionine 

synthase was routinely reduced to about 10% of the initial activity. This 

residual activity was commonly observed when the enzyme was assayed in 

crude extracts obtained from mammals exposed to NgO (Koblin et al, 1982 

and references cited therein). Drummond and Matthews (1994b) have 

suggested that this could reflect the presence of more than one form of 

methionine synthase, including one that is not inactivated by nitrous oxide. 

As stated earlier, some of our purification results have lead to the same 

hypothesis.

The results presented in Figs. 4.5 and 4.6 were very reproducible, 

indicating that flushing the assay mixture for 60 seconds with either NgO or 

NO resulted in saturated solutions. The saturated solution of NgO had a 25 

mM concentration, while the saturated NO solution had 1.3 mM
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concentration, according to the solubility of these two gasses (Weast, 1987; 

Ignarro et al, 1987b). This implies that nitric oxide is a significantly more 

potent inhibitor of methionine synthase than nitrous oxide since it produced 

greater inhibition (85% after 5 min incubation compared to 50% produced 

by NgO) at even lower concentration. 1.3 mM concentration of NO is 

notably higher than the in vivo reported NO concentrations (up to 100 //M, 

Beckman and Tsai, 1994) but the concentration-dependent study (Fig. 4.8) 

showed that nitric oxide inhibited methionine synthase in vitro even at 

much lower concentrations.

The short time intervals in which inhibition of methionine synthase 

took place, by both NgO and NO, suggested that the changes observed may 

be attributable to cell signalling; that is, that methionine synthase activity 

could be changed rapidly in response to external stimuli. This could imply 

that some of the numerous roles of nitric oxide in cellular signalling may be 

mediated intracellularly by methionine synthase, as well as by guanylate 

cyclase. However it remains to be investigated whether methionine synthase 

activity is affected by NO in vivo and at what concentration.

As stated earlier, Frasca et al (1986) have suggested that NgO inhibits 

methionine synthase by one-electron oxidation of the cob(l)alamin form of 

the enzyme which is generated transiently during turnover with the 

formation of cob(ll)alamin, Ng and hydroxyl radical. Generation of hydroxyl 

radical at the active site of the enzyme is responsible for the irreversible loss 

of enzyme activity. Nevertheless, the mechanism of NO inhibition of 

methionine synthase remains to be deduced.

Concentration dependent studies (Figures 4.7 and 4.8) showed even 

more clearly that NO was a more potent inhibitor of methionine synthase 

than was NgO.
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Figure 4.7 The effect of nitrous oxide concentration on methionine synthase 
activity

The concentration-dependent experiments with nitrous oxide were performed 
by varying the ratio of bubbled Ng/NgO (using an anaesthetic trolly) in the 
incubation mixture. The control was flushed with 100% nitrogen as described 
under the enzyme assay section, while the rest of the samples were exposed 
to the increasing concentration of nitrous oxide for 60 sec. The enzyme 
activity was determined after one hour. 100% nitrous oxide concentration 
resulted in 72% inhibition of methionine synthase.

Although a report has been made previously (Frasca et al, 1986) of 

methionine synthase inhibition in NgO saturated buffer, all the attempts made 

in this study, to inhibit the enzyme by addition of aliquots of NgO saturated 

solution (as with NO saturated solution) have failed. Enzyme's activity was 

unaffected by the addition of NgO saturated buffer solution. The reason for this 

is still not completely clear, since NgO has much higher solubility in water (25 

mM at 25°C, (Weast, 1987)) than NO. The dose-dependent study could thus 

only be performed by varying Ng/NgO ratios. Although it is difficult to determine 

accurately the minimal NgO concentration that causes methionine synthase 

inhibition, it is clear that this inhibition is concentration-dependent. To our 

knowledge this finding has not been reported before.
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Figure 4.8 The effect of nitric oxide concentration on methionine synthase 
activity

The NO solutions were prepared by the method of Ignarro et al (1987). Ice cold 
buffer solution contained in a small tube sealed with rubber serum cap was 
flushed with a fine stream of oxygen free nitrogen for 30 minutes. After the 
solution was completely deoxygenated, NO gas was bubbled for another 30 
minutes to obtain a saturated NO solution (approx. 1.3 mM), which was used 
immediately. Aliquots of 5, 10, 20 and 50 //I were added with a gas tight 
syringe to the incubation mixture previously deoxygenated with nitrogen and 
methionine synthase activity determined after one hour. 45% inhibition was 
obtained at only 16.7 //M concentration of NO. 0.167 mM NO resulted in 
complete inhibition of methionine synthase.

When aliquots of NO saturated solution (approx. 1.3 mM) were added 

to methionine synthase incubation mixture, 45%  inhibition was obtained at 

only 16.7 jjM concentration, while a 10-fold higher concentration of NO 

resulted in a complete inhibition of methionine synthase. However, these 

values should be taken as an upper concentration limit for enzyme inhibition, 

since nitric oxide is highly reactive and can be oxidised readily even in the 

presence of trace amounts of oxygen. The addition of cyanocobalamin in the 

range of concentrations from 20 to 100 //M could restore activity neither to 

NgO nor NO inhibited methionine synthase, implying that the inhibition was 

irreversible in both cases.

151



An attempt has been made to use laboratory-produced NO gas instead 

of the commercially available one. Unfortunately the results obtained with 

this gas were not in agreement with those obtained using commercial NO 

(Fig. 4.9).
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Figure 4.9 The effect of laboratory produced NO on methionine synthase 
activity

The NO gas was always synthesised fresh as described in Materials and 
Methods. The NO solutions were prepared by the method of Ignarro (1987) 
as described in Fig 3.29. Aliquots of 10, 50, 100 and 200 //I were added 
with a gas tight syringe to the incubation mixture previously deoxygenated 
with nitrogen and methionine synthase activity assayed after one hour.

Significant stimulation was observed at low concentrations (33 //M  

NO resulted in 45 % stimulation), while the inhibitory effect became evident 

only at very high concentrations, more than 300 fjM. This stimulation was 

probably due to decomposition of NO at low concentrations or due to 

impurities present in the laboratory-produced gas. It is interesting to point 

out, that the samples that exhibited stimulation by NO, developed an 

intensive brown colour upon contact with air, characteristic for NgO; (the 

rest of the samples remained clear solutions). This phenomenon was not 

investigated further, and commercial NO gas was used for the rest of the 

time.
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In order to confirm that the inhibitory effects of commercial gas were 

indeed due to NO action (and not due to its decomposition products), the 

experiments described above were repeated with a well known NO-releasing 

substance, sodium nitroprusside (SNP) as shown in Fig. 4.10.

I ■
concentration of SNP [uM

Figure 4.10 The effect of sodium nitroprusside (SNP) on methionine 
synthase activity

SNP solution was prepared in 50 mM phosphate buffer, pH 7.2, immediately 
prior to the experiment. Aliquots of this solution were added to the 
deoxygenated assay mixture and methionine synthase activity assayed after 
one hour. « 50 //M SNP caused 45 % inhibition, while at 400 //M  
concentration of SNP there was less than 10 % of control activity left.

The inhibition of methionine synthase by SNP has also been shown 

to be dose-dependent. The IC5 0  for SNP inhibition of methionine synthase 

was about 50 //M , while gaseous NO inhibited the enzyme with an apparent 

IC5 0  of 20 //M  (Fig. 4.8). This experiment confirms that the earlier observed 

inhibition of methionine synthase was indeed due to NO action.

The inhibitory effect of NgO was identical regardless of the sample 

purity. However the attempt to inhibit crude methionine synthase by NO has
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produced irreproducible and ambiguous results. Under the same experimental 

conditions NO would sometimes inhibit the enzyme and sometimes 

stimulate. This was most likely due to other cytosolic proteins reacting with 

NO (e.g. haemoglobin). Haemoglobin and methionine synthase could easily 

be separated on the basis of charge by anion-exchange chromatography. As 

expected, after Q-Sepharose chromatography (haemoglobin was eluted with 

the unbound fractions) no more problems were encountered, and the 

enzyme preparation could only be inhibited by NO. Interestingly, when the 

experiments were performed with sodium nitroprusside, the cytosolic 

enzyme was inhibited in the same way as purified enzyme.

NjO inhibition of methionine synthase leads to increase in 

homocysteine and oxidized sulphur amino acids concentrations, including 

taurine, and lowering of the levels of methionine, SAM, decarboxylatedSAM 

(Vina et al, 1986; Dorris, 1991) and polyamines (see Chapter 5). NO 

inhibition of methionine synthase could therefore produce similar effects 

since it was shown that polyamine levels decrease rapidly after NO exposure 

(Anderson et al, 1994; also Chapter 5). This decrease in the concentration 

of SAM produces a concomitant drop in the méthylation of proteins, nucleic 

acids, phospholipids and folates. By lowering the concentration of folates, 

NgO suppresses the conversion rate of dUMP to dTMP, a necessary step in 

DNA biosynthesis which accounts for hepatotoxicity of NgO. Inhibition of 

methionine synthase by NO may turn out to have similar cytotoxic effects.

This inhibition of purified methionine synthase by NO provides a 

complementary explanation for the signal transduction and cytotoxic effects 

of nitric oxide. A parallel also exists between the effects of NO on liver, 

platelets, leucocytes, neurodegenerative and neuromuscular diseases, 

epilepsy and neurotransmission and similar suggested roles for vitamin 

in such diseases. Both, vitamin B̂ g and NgO have been shown to be involved 

with hepatotoxicity and growth inhibition. Many groups have recently 

associated vitamin B̂ g with neuropathology, specifically, multiple sclerosis 

(Reynolds, 1987), Alzheimer's disease (Levitt and Karlinsky, 1992; 

Kristensen et al, 1993) and Down's syndrome (Hestnes et al, 1991). This
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is not surprising in light of the importance of vitamin in normal cell

growth. Since NO has also been implicated in neurological disorders, the 

observation put forward here, that the NO/methionine synthase system may 

be relevant to neurology, neuropathology and neurotoxicity seems 

appropriate. Thus, NO mediation of the vitamin Big-dependent conversion of 

homocysteine to methionine and S-adenosylmethionine provides a metabolic 

framework for explaining the cell signalling, cytotoxic and disease-associated 

effects of vitamin B̂ g and NO, and demonstrates that NgO activity is, at 

least in part, associated with its reacting with NO target enzymes.

The molecular mechanism by which NO induces the inhibition of 

hepatocyte total protein synthesis has not yet been identified. It has been 

established that the known biological effects of endothelial-derived NO on 

smooth muscle cells (Ignarro et al, 1987; Palmer et al, 1987) and platelets 

(Radomski et al, 1987) are mediated through its activation of soluble 

guanylate cyclase and the production of cGMP. However, Curran et al

(1991) have produced evidence that elevations in cGMP alone do not 

account for the NO-induced suppression of protein synthesis. Exposure to 

NO saturated medium was also found to inhibit hepatocyte mitochondrial 

respiration. However, NO inhibition of mitochondrial respiration recovered 

within 3h and did not occur after maximal induction of endogenous 

hepatocyte NO production, indicating that it was not responsible for the 

inhibition of protein synthesis (Curran et al, 1991). If NO Inhibition of 

methionine synthase was to be shown to produce analogous effects to 

nitrous oxide, this mechanism could possibly account for NO-induced 

suppression of hepatocyte protein synthesis.

The peripheral analgesic effect of acetylcholine has been proposed to 

be mediated via NO (Duarte et al, 1990). Acetylcholine, L-arginine and 

sodium nitroprusside induced analgesia in experimental animals. L-NMMA (N- 

monomethyl-L-arginine, a specific inhibitor of NO synthase (Palmer and 

Moncada, 1989)) prevented the analgesia induced by both acetylcholine and 

L-arginine. Since methionine synthase is known to be affected in NgO- 

induced analgesia it would be of great interest to reveal whether the same

155



enzyme might be involved in the NO mediated analgesic effects of 

acetylcholine. The inhibition of methionine synthase by nitrous oxide has 

provided a biochemical basis for NgO cytotoxicity and analgesia. It seems 

reasonable to suggest that by analogy, a similar mechanism could be used 

to explain the role of NO in cytotoxicity and analgesic events.

It is becoming evident that not all of the numerous NO functions can 

be explained simply by its activation of soluble guanylate cyclase and the 

production of cGMP. Southam and Garthwaite (1993) have also pointed out 

that definitively more than one NO-dependent mechanism will be needed to 

account for the diversity of NO. The answer to this problem may turn out 

to be as multifaceted as NO itself.
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Chapter 5.

Effects of NgO and NO on polyamine 
synthesis in cultured hepatocytes



5.1 Effects of nitrous oxide and nitric oxide on polyamine synthesis 

in cultured hepatocytes

Although it has been known for over ten years that nitrous oxide 

inhibits cellular proliferation in vitro (Kano et al, 1983) and in vivo (Kroes et 

al, 1984) almost no work has been done so far that would establish a causal 

relationship between inhibition of cobalamin metabolism and polyamine 

biosynthesis. Various investigators have reported that short-term exposure 

of rodents to 50-80%  NgO decreases methionine synthase activity in several 

tissues (Koblin et al, 1981; Lumb et al, 1983). Inactivation of methionine 

synthase also causes a decline in tissue methionine and SAM levels (Lumb 

et al, 1983; Vina et al, 1986). This effect was much more prominent in liver 

than in the brain (Lumb et al, 1983). Because SAM is a precursor of dcSAM, 

which serves as the aminopropyl group donor in the synthesis of spermidine 

and spermine, it seems reasonable to expect that a decrease in tissue levels 

of methionine and SAM, could eventually lead to diminished levels of 

polyamines. By all indications, dcSAM is a rate-limiting substrate in 

polyamine biosynthesis (Tofilon et al, 1983). According to the biosynthetic 

pathway of polyamines (Fig. 1.7, page 55) it was expected that the levels 

of spermidine and spermine would be more affected by NgO than would the 

levels of putrescine. The in vivo experiments of Kroes et al (1988) where 

NgO was used in combination with the toxic cytostatic drug methylglyoxal- 

bis(guanylhydrazone) (MGBG) in order to achieve more specific and less 

toxic effects, have revealed that NgO, and NgO + MGBG caused a decrease 

in spermine levels only. This selective effect on spermine may be explained 

by the fact that the synthesis of this polyamine requires a two-fold 

aminopropyl donation from dcSAM. As stated earlier, this was the first 

report relating the role of cobalamin to polyamine synthesis and it initiated 

further research in that direction.

The aim of this study was to show that NgO also inhibits polyamine 

synthesis in vitro (in single cells) and to establish how quickly do these 

events occur. The time scale on which these changes take place would
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p ro v ide  an a n s w e r  to  th e  still v e ry  m u c h  o p en  q u es tio n  of w h e th e r  

p o lya m in e s  a c t  as in trace l lu la r  s ignalling m o le c u le s .  T im e -d e p e n d e n t  s tud ies  

w e r e  p e r fo rm e d  by in c u b a tin g  c u ltu re d  h e p a to c y te s  in th e  a tm o s p h e re  of  

N 2 O w ith  a specia l e m p h a s is  on f irs t c ou p le  o f  m in u te s  of in c u b a tio n .  If 

p o lya m in e s  really  h av e  a role in cellu lar  s igna lling , th e n  the ir  in trace l lu la r  

levels  will c h a n g e  rap id ly  in resp o n se  to  e x trac e l lu la r  s tim uli.  M in im u m  

in c u b a tio n  t im e  had to  be 2  m in , du e  to  th e  c o m p le x  n a tu re  of th e s e  

e x p e r im e n ts .  S ince  g re a t  s im ilar ity  w a s  d e m o n s tr a te d  in th e  e f fe c ts  of N 2 O 

and N O  on m e th io n in e  s y n th a s e  a c t iv i ty  (sect io n  4 . 6 ) ,  it w a s  o f  in te re s t  to  

estab lish  w h e th e r  th e s e  t w o  gases  w o u ld  h a v e  c o m p a ra b le  e f fe c ts  on  

p o ly a m in e  b io syn th es is  in c u ltu re d  h e p a to c y te s .

□  putrescine 
a  spermidine 
s  spermine

U>

Incubation time [min]

Figure 5.1 The effect of NgO on polyamine levels in human Chang liver cells

Human Chang liver hepatocytes were cultured as described under Materials 
and Methods. For all experiments, rapidly growing, subconfluent cells were 
used. After subculturing by scraping, the cells were counted and 
resuspended in serum-free Eagle's Minimum Essential medium at 37°C. 2 ml 
aliquots of cell suspension, each containing ca 5 million cells were 
transferred to glass vials, sealed and flushed with pure nitrogen (control) and 
nitrous oxide for 1 minute. Excluding the control, the vials were 
subsequently incubated for 2, 5, and 10 minutes at 37°C. The incubation 
was terminated by the addition of 500 //I of ice-cold 1.5M PCA and the 
polyamine levels determined by reverse phase HPLC as described under 
Materials and Methods. The data shown above represent an average value 
of three experiments performed under the same conditions.
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The levels of spermidine were higher than the levels of spermine and 

putrescine in both the control and nitrous oxide treated hepatocytes. The 

results presented in Fig. 5.1 showed that the levels of all three polyamines, 

putrescine, spermidine and spermine were lowered after cell's exposure to NgO. 

Figs 5.2 and 5.3 show the original chromatograms obtained after analysing the 

polyamine samples by reverse-phase HPLC. After only two minutes incubation 

in the NgO saturated media putrescine and spermidine levels dropped 64%, 

while spermine levels decreased almost 70%. After ten min exposure to NgO 

the levels of all three polyamines were less than 1 0  % of control levels with 

spermine again showing the highest susceptibility to NgO. The fact that 

spermine is more affected by NgO seems logical, because the synthesis of this 

polyamine requires a two fold aminopropyl donation from dcSAM. On the other 

hand, the synthesis of putrescine does not involve dcSAM, implying that there 

might be another mechanism of action for NgO inhibition of polyamine 

synthesis, in addition to the reduction of SAM and dcSAM levels. However, the 

interconversion of the polyamines, i.e., the formation of spermidine from 

spermine, and of putrescine from spermidine has been shown to take place in 

vivo, via monoacetylation (Halliday and Shaw, 1976).

It has been mentioned earlier that the attempts to inhibit purified rat liver 

methionine synthase with aliquots of NgO saturated solution have failed. The 

same problem was encountered when the effects of this gas on polyamine 

synthesis in cultured hepatocytes were investigated. Injections of aliquots of 

NgO saturated medium into the assay mixture did not have any effect on 

polyamine levels. Thus it is difficult to quantitatively express the effect of NgO 

on polyamine synthesis. To our knowledge no experiments of this kind have 

been reported so far. Most of the known effects of nitrous oxide come from 

in vivo experiments, and no records could be found in the literature regarding 

the use of NgO saturated solutions. Nevertheless, these data conclusively prove 

that NgO inhibits polyamine biosynthesis in a time-dependent manner. The 

mechanism of this process is most likely via inhibition of methionine synthase 

and in turn the production of SAM and dcSAM. However, this would need to 

be confirmed by directly measuring methionine synthase activity in the same 

samples.

160



IS

1

II
11
:|

1 iiII
I i
II1

4
-j

-i

11
11
11
11

i i
11
I i

i !
1 ;

_i

_i *
41
■In ) ;

[ 1
I I 
i I 
i ' . 1

4 -  l\ 4 1 1
1 I
i ;

2 ' . 0 0

S D
S M

tJIC
1

4

90 y 

90 _j

0̂ J
j

cn i

I'.;i
A , ' i

5.CJ ç.aa
'Z rar . ' ie  I 4  , ! 4.. 2

Figure 5.2 HPLC chromatogram of the dansylated derivatives of poiyamines 
from cultured human Chang liver hepatocytes

Lower chromatogram shows poly amine levels in control cells, while upper 
chromatogram represents polyamine levels after 2 min incubation under 
nitrous oxide. Column: reverse phase Spherisorb ODS2 150 x 4.6 mm; flow 
rate; Iml/min; mobile phases: A was 10,mM phosphate buffer pH 4.5, B 
was acetonitrile : methanol mixture, 185 : 15; gradient : from 30% B to 
90% B in 20 minutes, then 90% B up to 35 min. P - putrescine, IS - internal 
standard (1,6 - diaminohexane), SM - spermine, SD - spermidine
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Figure 5.3 HPLC chromatogram of the dansylated derivatives of polyamines 
from cultured human Chang liver hepatocytes

Lower chromatogram shows polyamine levels after 5 min incubation under 
nitrous oxide, while upper chromatogram represents poly amine levels after 
10 min incubation under nitrous oxide. Column: reverse phase Spherisorb 
0DS2 150 X 4.6 mm; flow rate; Iml/min; mobile phases: A was 10 mM 
phosphate buffer pH 4.5, B was acetonitrile : methanol mixture, 185 : 15; 
gradient : from 30% B to 90% B in 20 minutes, then 90% B up to 35 min. 
P - putrescine, IS - internal standard (1,6 - diaminohexane), SM - spermine, 
SD - spermidine

162



Although the effect of polyamines on NO synthesis has recently been 

demonstrated (Morgan and Baydoun, 1994) the opposite question, whether NO 

affects polyamine biosynthesis has not been addressed so far. Morgan and 

Baydoun (1994) have shown that in vascular endothelial cells, arginine acts as 

a main precursor for polyamine biosynthesis. Therefore there are, potentially, 

two arginine-requiring pathways in these cells (see Fig. 1.7, page 55), the 

second one being the conversion of arginine to nitric oxide by NO-synthase 

(Moncada et al, 1991). This enzyme is Ca^^/calmodulin-sensitive, and releases 

NO for short periods in response to receptor or physical stimulation. Exposure 

of cultured cells to polyamines was shown to increase intracellular calcium 

(Morgan et al, 1990). This increase in free calcium, which appears to be 

dependent on polyamine uptake, may be sufficient to stimulate the release of 

nitric oxide.

Since NO has been shown to inhibit methionine synthase in an even 

more powerful way than NgO (section 4.6) the natural question that arouse 

following these experiments was, would NO also inhibit polyamine 

biosynthesis? The experiments with nitric oxide were performed in an 

analogous way to those with nitrous oxide and, interestingly, NO also inhibited 

polyamine biosynthesis.

The general inhibition pattern (Fig. 5.4) showed striking similarity with 

the one obtained after the same cells were exposed to nitrous oxide. All the 

polyamines were inhibited by nitric oxide, though a longer incubation time was 

required than was needed with nitrous oxide. The levels of putrescine were 

virtually unaffected after 2  min exposure, but after 1 0  min they dropped to 

35%  of the control value. Spermidine and spermine were inhibited after only 

two minutes, 2 0 % and 15% respectively, while after 1 0  min incubation these 

levels dropped to 50% and 22% of control values. As with NgO, spermine 

levels were the most affected of all three polyamines. This effect should be 

related to methionine synthase activity in order to establish the mechanism of 

polyamine biosynthesis inhibition by NO.
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Figure 5.4 The effect of NO on polyamine levels in Human Chang liver cells

Human Chang liver cells were cultured as described under Materials and 
Methods. For all the experiments, rapidly growing, subconfluent cells were 
used. After subculturing by scraping, the cells were counted and resuspended 
in serum-free Eagle's Minimum Essential medium at 37°C. 2 ml aliquots of cell 
suspension, each containing ca 8  million cells were transferred to glass vials, 
sealed and flushed with nitrogen for two minutes to completely remove any 
traces of oxygen. Excluding the control, the vials were subsequently flushed 
with NO for further two minutes and then incubated for 2, 5 and 10 minutes 
at 37°C. The experiment was terminated by the addition of 500 /t/l of ice cold 
1.5M PCA and the polyamine levels determined by reverse phase HPLC as 
described under Materials and Methods. The data shown above represent an 
average of three experiments performed under the same conditions.

A p a r t  f ro m  being a n a lo g o u s  to  th e  e f fe c t  o f  n itrous  o x id e ,  th e  e f fe c t  o f  

nitric o x id e  on p o ly a m in e  s yn thes is  w a s  in g o o d  a g r e e m e n t  w i th  th e  n u m ero u s  

reports  su g g e s t in g  th a t  th e re  w a s  a s ig n if ica n t  d e c re a s e  in to ta l  p rote in  

syn th e s is  ass o c ia te d  w ith  th e  p ro d u c t io n  of N O  in h e p a to c y te s  (C urran  e t  al, 

1 9 9 1  ; Billiar e t  al, 1 9 9 0 ) .  T h e  im p o r ta n t  role o f  p o ly a m in e s  in p ro te in  syn thes is  

w a s  re co g n is ed  s o m e  t im e  ago  (G o e r tz ,  1 9 7 9 ) .  A s  p o in ted  o u t  earlier , e v id e n c e  

has b een  p ro d u ce d  (C u rran  e t  al, 1 9 9 1 )  th a t  e le v a t io n s  in c G M P  a lone  do no t  

a c c o u n t  for th e  N O - in d u c e d  sup p re ss io n  o f  p ro te in  s yn th e s is .  H o w e v e r ,  fu r th e r  

e v id e n c e  is n e e d e d  in o rd er  to  u n d e rs ta n d  w h e th e r  N O  e x e rts  its role on prote in  

syn th e s is  via inh ib ition  o f  m e th io n in e  s y n th a s e  and  p o ly a m in e  syn thes is  or 

th e re  are  s o m e  o th e r  m e c h a n is m s  in v o lve d .
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These results can further support the earlier suggested hypothesis that 

NgO and NO share some common molecular targets, mainly those related to 

cobalamin metabolism and function i.e. methionine synthase and polyamines, 

whose biosynthesis is directly dependent on metabolites of the methionine 

synthase reaction. Another question that this study has attempted to answer 

was whether polyamines are involved in cellular signalling. The short time- 

course in which changes in polyamine levels took place after exposure to both 

nitrogen oxides, are typical for events characteristic for cell signalling. Whether 

NO could be an intracellular modulator in this signalling pathway remains to be 

answered.

165



Chapter 6.

Summary and Future Work



It is difficult to overemphasize the importance of mammalian 

methionine synthase. Impairment of its activity has been associated with 

various haematologic and neuropsychiatrie disorders. Among those are 

megaloblastic anaemia, multiple sclerosis, Alzheimer's disease, 

carcinogenesis and cardiovascular diseases. It is known that inhibition of 

methionine synthase leads to redistribution of cellular folate derivatives and 

a decline in the total intracellular folate level (Banerjee and Matthews, 

1990). This relationship between impaired methionine synthase activity and 

decrease of cellular folate pools makes it an attractive chemotherapeutic 

target. Rapidly dividing cells have an elevated requirement for folate uptake 

from the blood and they would be especially hard hit by the inhibition of 

methionine synthase. This would consequently result in the inhibition of 

nucleotide biosynthesis. Several other enzymes participating in the folate 

metabolism have already been recognised as chemotherapeutic targets.

The main aim of this project was to purify mammalian methionine 

synthase from rat liver and to establish its properties and intracellular 

regulation.

The abundance of methionine synthase in mammalian tissues is not 

very high, and its specific activity is much lower then that of bacterial 

cobalamin-dependent methionine synthase. The enzyme rapidly lost activity 

during purification resulting in a low final yield.

The purification of rat liver methionine synthase to near homogeneity 

is reported in this study. Namely, a 3 767-fold purification was achieved 

with a 7.4 % yield. Several methods not previously used for purification and 

characterisation of methionine synthase were employed: affinity

chromatography on Vitamin Bij-agarose, preparative isoelectrofocusing and 

capillary electrophoresis.

When applied to anion-exchange columns methionine synthase could 

be eluted as two separate fractions, suggesting the existence of at least two 

different forms, possibly isoforms. This hypothesis could not be supported 

by the results obtained after preparative isoelectrofocusing, implying that the 

"two isoforms", if they exist, have very close pi values. However, there are
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several other possibilities that could explain this behaviour of methionine 

synthase. One is that the enzyme is present in different phosphorylation 

forms which bind with different affinity to the anion-exchange columns or 

that the enzyme associates with some other proteins resulting in two active 

peaks. Another possibility is that two active fractions actually correspond 

to different proteolytic or smaller chemical decomposition fragments which 

retained their catalytic activity.

Affinity chromatography on vitamin Bi2 -agarose has not been used 

previously for the purification of methionine synthase. The binding of the 

enzyme to this column was not very specific, and only the application of 

highly purified enzyme fractions resulted in a homogenous enzyme as 

determined by SDS-PAGE. The enzyme purified by this method had a 

molecular weight about 100 kDa (Fig 3.13) and a specific activity of 16 160 

nmol/h/mg protein. However it was not possible to obtain a native gel of this 

fraction due to its very low protein content.

When gel filtration on Sephacryl S-200 was used as a final purification 

step, molecular weight of 160 kDa was obtained for the native enzyme (Fig.

3.18). Specific activity of this enzyme preparation was 14 950 nmol/h/mg 

protein. Analysis of these fractions on SDS-PAGE resulted in three bands: 

200, 140 and 95 kDa, with 95 kDa band being the most prominent one 

(Figs 3.16 and 3.17).

Active enzyme fractions obtained after affinity chromatography and 

gel filtration were tested for purity using capillary electrophoresis and only 

one major peak of absorbance was recorded on the chromatogram (Fig.

3.19). These results indicated that methionine synthase might be a tight 

complex of similarly sized proteins which could be broken down with SDS 

and disulfide bond-reducing agents.

Although preparative isoelectrofocusing is a non-denaturating 

technique, some enzymes are sensitive to high voltages and pH fluctuations. 

Methionine synthase proved to be one of them. The activity could be 

recovered after isoelectrofocusing only if the partially purified enzyme (after 

Q-Sepharose chromatography) was applied. The activity could never be
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detected when this technique was used either as a first or last purification 

step. However this method did enable determination of the enzyme's pi, 

which was found to be 5.0 ±_ 0.2. This value was later more accurately 

determined by analytical lEF gels and found to be 5.2. SDS-PAGE analysis 

of the active fractions obtained after preparative isoelectrofocusing resulted 

in multiple protein staining bands, with 70 kDa band being most prominent 

(Fig. 3.28). Native-PAGE of the same fraction also had a strong 70 kDa 

band, plus one around 200 kDa and one above 400 kDa (Fig. 3.29). These 

results suggested that the apparent inconsistency in molecular weight data 

might be due to partial proteolysis of the enzyme. The fragments most 

frequently observed, 70 and 95 kDa, had the same molecular weight as the 

polypeptides obtained by limited tryptic digestion of the E.coli methionine 

synthase (Banerjee et al, 1989). Drummond et al (1993b) demonstrated that 

this 95 kDa fragment retained full enzymatic activity.

When a large scale, seven-step purification method was employed, 

Mono-Q chromatography was used as a last purification step. This resulted 

in a major advancement, both as far as real improvement (3 767-fold 

purification) and yield (7.4%) were concerned. After this step the enzyme 

had a specific activity of 12 470 nmol/h/mg protein. The molecular weight 

of the enzyme purified by this method was determined by SDS- and native - 

PAGE. The first method revealed a strong band at 95 kDa, plus a range of 

bands in the area from 65 to 75 kDa (Fig. 3.22). The corresponding native 

gel contained four bands: ca 110 kDa, ca 200  kDa, ca 280 kDa and a 

doublet above 400 kDa. Longer purification procedures always resulted in 

increased heterogeneity of SDS and native gels, supporting the hypothesis 

that this was due to proteolysis.

In summary, it is proposed that the native methionine synthase from 

rat liver has a molecular weight ca 160 kDa in intact form, but is easily 

degraded by proteolysis to lower molecular weight fragments of around 95- 

70 kDa. These proteolytic fragments retained catalytic activity and were 

believed to be capable of forming complexes, resulting in high molecular 

weight (200, 280 and 400 kDa) bands on native gels. The uncertainty about
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mammalian enzyme's molecular weight will probably not be resolved until 

the genes coding for methionine synthase have been cloned and sequenced. 

The pi for the mammalian methionine synthase has not been reported before 

and it was found by this study to be 5.2 for the rat liver enzyme.

Bearing in mind the special importance of methionine synthase 

dependent metabolic pathways in the brain, one of the future research 

projects will involve the purification of this enzyme from mammalian brain.

Most of the published work regarding the regulation of mammalian 

methionine synthase has been confined to debates whether the enzyme was 

(or was not) absolutely dependent on SAM. The results of this study 

conclusively showed that rat liver methionine synthase, like the bacterial 

enzyme, requires SAM for reductive activation. Divalent cations were not 

found to have a significant effect on methionine synthase activity at 

physiologically relevant concentrations. In this study, various metabolic 

products of methionine biosynthesis were examined as potential allosteric 

regulators of methionine synthase. The effects of the following compounds 

were examined: SAH, adenosine, phosphatidyl choline, arginine, taurine, 

ATP, dUMP, cAMP, cGMP and the naturally occurring polyamines in the 

range of concentrations from 0.1 //M  to 1 mM. None of the compounds had 

any effect on methionine synthase activity under standard assay conditions 

(phosphate buffer, pH 7.2).

Future research, related to the regulation of methionine synthase 

activity, will ascertain the effect of protein kinases on this enzyme. 

Preliminary studies have shown (see Appendix 2, Kenyon et al, 1994) that 

methionine synthase could be regulated by phosphorylation by protein kinase 

A.

This study has also demonstrated the in vitro inhibition of rat liver 

methionine synthase by two different nitrogen oxides, anaesthetic gas 

nitrous oxide and ubiquitous signalling molecule, nitric oxide. Both gases 

were found to inhibit the enzyme in a time- and concentration-dependent 

manner, with NO being a more potent inhibitor. The short time intervals in 

which inhibition of methionine synthase took place, by both NgO and NO,
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suggested that the changes observed may be attributable to cell signalling. 

This could imply that some of NO roles in cellular signalling may be mediated 

intracellularly by methionine synthase, as well as guanylate cyclase.The 

inhibition of the purified enzyme by NO provided a complementary 

explanation for the signal transduction and cytotoxic effects of this gas. A 

parallel also exists between the effects of NO on liver, platelets, leucocytes, 

neurodegenerative and neuromuscular diseases, neurotransmission and 

similar suggested roles for vitamin in such diseases. Thus, the 

hypothesis is put forward, that NO and NgO share some common molecular 

targets.

In order to further support this hypothesis the effects of NgO and NO 

on polyamine synthesis in cultured human hepatocytes were examined and 

compared. It was shown that both gases inhibited polyamine biosynthesis 

in vitro, in a time-dependent manner. These changes occurred in the first 

couple of minutes of incubation. The short time-course in which changes in 

polyamine levels took place after exposure to both nitrogen oxides, were 

typical for events characteristic of cell signalling, supporting the hypothesis 

that polyamines act as intracellular signalling molecules (Wallace and 

Morgan, 1990). Although the effect of NO on these two biochemical 

processes (methionine and polyamine biosynthesis) has been conclusively 

demonstrated, it still remains to be investigated whether this molecule could 

be an intracellular modulator of these pathways.
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Appendix 1



Effect of polyamines on methionine synthase activity

The experiments described here were performed in collaboration with 

Miss Susan Kenyon, and will be published elsewhere in more detail.

As mentioned in section 4.5, although none of the polyamines had 

any effect on methionine synthase activity, under standard assay conditions 

{50 mM phosphate buffer, pH 7.2), when assayed in the presence of Tris 

buffer (50 mM, pH 7.2), spermine greatly enhanced methionine synthase 

activity. Concentration-dependent studies performed with all three 

polyamines (Figures A.1-A.3) showed that both spermine and spermidine 

had a stimulatory effect on methionine synthase activity in Tris buffer. In 

attempt to answer the question, which of the observed effects were 

physiologically relevant, the same experiments were performed in different 

buffer systems.

Unfortunately, the enzyme was inactive in both triethanolamine and 

imidazole buffers, but exhibited 50% activity in HEPES buffer (50mM, 

pH7.2). Addition of polyamines to the HEPES buffered assay, also caused 

stimulation of methionine synthase activity, to the extent very similar to that 

observed in Tris buffer (Figures A.4-A.6).
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A.1 The effect of spermine on methionine synthase activity in Tris

The assay was performed under the same conditions as described under 
Materials and Methods, except that Tris buffer (50 mM. pH 7.2) was used 
instead of phosphate. At 1//M concentration spermine appeared to have no 
effect on methionine synthase activity, while 10 pM concentration caused 
143% increase in activity. 100 //M concentration of spermine resulted in 402% 
increase in activity.
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Figure A . 2 The effect ot spermidine on methionine synthase activity in Tris 
buffer

At 1//M concentration spermidine caused 15% increase in methionine synthase 
activity, while 10 //M concentration caused 85% increase in activity. 100 /iM 
concentration of spermine resulted in 311% increase in activity.
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Figure A 3 The effect of putrescine on methionine synthase activity in Tris 
buffer

The effect of putrescine seemed to be significant only at 100 //M  
concentration, although even then just 35% stimulation was obtained.
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Figure A.4 The effect of spermine on methionine synthase activity in HEPES 
buffer

The assay was performed under the same conditions as described under 
Materials and Methods, except that HEPES buffer (50 mM. pH 7.2) was 
used instead of phosphate. At 1//M concentration spermine already 
stimulated methionine synthase 80%, while 10 //M  concentration caused 
312% increase in activity. 100 |/M concentration of spermine resulted in 
392% increase in activity.
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Figure A .5 The effect of spermidine oi met synthase activity in HEPES 
buffer

Spermidine had very low effect at 1//M oncentration, but at 1 0 /l/M caused 
119% stimulation of methionine syntiase. 100 //M concentration of 
spermidine resulted in 305% increase in activity.
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Figure A .6 The effect of putrescine on met synthase activity in HEPES buffer

Putrescine exhibited stimulatory effect on methionine synthase activity only 
at 100 >l/M concentration, when assayed in HEPES buffer. Still, this effect 
was quite low (47% increase in activity) comparing with that produced by 
spermine and spermidine.

From  th e s e  results  it w a s  c o n c lu d ed  th a t  p o ly a m in e s  do h av e  a 

s tim u la t in g  e f fe c t  on m e th io n in e  s y n th a s e  a c t iv i ty ,  w i th  s p e rm in e  being the  

m o s t  p o te n t  a g o n is t .  T h e  e f fe c t  o f p u tre s c in e  w a s  o n ly  n o tic e a b le  a t  1 0 0  

/vM c o n c e n tra t io n ,  and  e v e n  th e n  it w a s  far  less p o te n t  th e n  th e  o th e r  t w o  

p o ly a m in e s . N e v e r th e le s s ,  th e  q u es tio n  re m a in s ,  w h y  w e r e  th e s e  e f fe c ts  no t  

o b s e rv e d  in p h o s p h a te  bu ffer?  T h e  a n s w e r  is m o s t  like ly , th a t  the  

p o ly a m in e s  a re  d i f fe re n t ly  c h a rg e d  in d i f fe re n t  b u ffe r in g  s y s te m s .  T he ir  

c h a rg e  is o b v io u s ly  im p o r ta n t  fo r  s t im u la t io n  o f  m e th io n in e  s y n th a s e ,  s ince  

s p e rm in e  w h ic h  has fo u r  p o s it ive  c h a rg es  s t im u la te s  th e  e n z y m e  m u c h  m o re  

th a n  p u tre s c in e  w h ic h  has ju s t  t w o  p o sit ive  c h a rg e s  or sp e rm id in e  w h ic h  has  

th re e  p o s it ive  c h a rg e s . H o w e v e r ,  it re m ain s  to  be s h o w e d  w h e th e r  

p o lya m in e s  a c t  as m e th io n in e  s y n th a s e  reg u la to rs  in v ivo .
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PURIFICATION, PROPERTIES AND INHIBITION OF RAT 
LIVER CYTOSOLIC V ITA M IN  312-DEPENDENT 
METHIONINE SYNTHASE

Tamara Ast, Anna Nicolaou, Margaret M Anderson, Colin James 
and William A Gibbons

University-Industry Centre for Pharmaceutical Research, School 
of Pharmacy, 29 Brunswick Square, London WCIN lAX

Methionine synthase which catalyses the méthylation of 
homocysteine to methionine is a key link between two important 
cycles: one is involved in the synthesis of S-adenosylmethionine- 
required for methyl and aminopropyl transfer reactions; the other 
is involved with the tetrahydrofolic acid cycle. Inactivation of 
methionine synthase can bring both cycles to a halt.

The in vitro inactivation of methionine synthase (isolated from E. 
Coli and pig liver) by N,0 has already been demonstrated (1). 
Here we report: (a) The purification to electrophoretic
homogeneity of B 12-methionine synthase from rat liver to cytosol 
using Q-sepharose anion exchange chromatography and Sephacryl 
S-2(X) gel filtration.to give a protein of mass 180 kda. (Fig. 1 and 
2). The purity was monitored by capillary electrophoresis and 
SDS-PAGE A second form of B 12-MS was eluted from the Q- 
Sepharose column but was not studied, (b) The inhibition of the 
cytosolic and partially purified enzyme by NjO and NO. (Fig. 3 
and 4).
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Figure 1. Q-sepharose chromatography
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Figure 3. The effect of N^O on Met synthase activity 
Met synthase was assayed by a slightly modified method of 
Weissbach(2) which measures the formation of ['̂ C] mediionine 
from mcthyltetrahydrofolatc, after the
separation of product and substrate on an anion-exchange 
column. 200
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Figure 4. The effect of nitric oxide on Met synthase activity 
The NO solutions were prepared by the method of Moncada 
(3). Aliquots of 10, SO, 100 and 200 ul were added with a gas 
tight syringe to the incubation mixture previously deoxygenated 
with nitrogen.

Although the effects of NjO on liver metabolism, cell growth and 
differentiation and hepatotoxicity have been repeated, detailed 
studies of NO effects on hepatocytes have not been repeated. NO 
does however affect liver mitochondrial functions.

This parallel between the effects of NO and N,0 on B 12-MS was 
expected since both form ligands with transition metals especially 
Fe and Co. However,it remains to establish that NO affects the 
same liver cell metabolic pathways in vitro and in vivo.

Nitrogen oxides (NO and N,0 are therefore both proposed to act 
by inhibiting the conversion of homocysteine to methionine and 
hence S-adenosyl methionine thus affecting metabolic pathways 
and metabolite levels that mediate signal transduction, namely, 
phospholipid méthylation, phospholipases, poiyamine biosynthesis, 
sulphur amino acid and nucleoside pathways, folate and eicosanoid 
pathways.

1. Frasco, V ., Stephenson Riazzi, B. and Matthews, R.G. (1986) 
J. BioL Chem. 261, 15823-15826
2. Weissbach, H., Peterkovsky, A., Redfield, B.G. and 
Dickermann, H. (1963)7. Bioi. Chem. 238, 3318-3324
3. Palmer, R.M.J., Ferrige, A.G. and Moncada, S. (1987) Nature 
32, 524-526
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Figure 2. Gel filtraiion on Sephacryl S-200
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ROLE OF VITAMIN B12 ENZYMES IN PLATELET CELL 
SIGNALLING, ADHESION AND AGGREGATION

Anna Nicolaou, Tamara Ast, Margaret M Anderson, Wolfgang 
Schmidt, Francis A Yeboah and W A Gibbons.

University-Industry Centre for Pharmaceutical Research, School 
of Pharmacy, University of London, WCIN I AX.

Platelet aggregation is inhibited by nitric (NO) and nitrous 
(N,0) oxides. The former has been proposed to stimulate guanyl 
cyclase and hence to increase the intracellular cGMP 
concentration. Different mechanisms for N,0 have been proposed 
from studies in E. coli, liver and brain(l] where it inhibits both 
the cytosolic and purified forms of vitamin Bl2-dependent 
methionine synthase[2] (B12-MS), equation (1).

B12-MTHF ATP
Homocysteine -----------► Methionine  » S-adenosyl

methionine (I)

Figure 1 shows that both N.O and NO inhibit platelet cytosolic 
B12-MS in a dose-dependent manner as measuredpl, by transfer 
of the radiolabelled methyl group from the cofactor [*CH,]- 
methyltetrahydrofolate to homocysteine; NO, from Fig. 1, is a 
stronger inhibitor B 12-MS than NjO.

The two facts, (a) N,0 and NO inhibition of B12-MS and (b) N,0 
and NO inhibition of platelet aggregation [3],strongly suggest that 
B 12-MS and the metabolic pathways that depend upon it (Fig. 2) 
could be involved in cell signalling, cell excitation and platelet

Modulation of platelet functions by synthetic inhibitors of enzymes 
of Fig. 2 that are involved in polyamine biosynthesis (DFMO), 
phospholipid méthylation (deaza-adenosine) phospholipases 
(indomethacin) cyclooxygenases and lipoxygenases (aspirin), can 
also be explained by this hypothesis. The above data can 
therefore be construed as supponing the proposal that vitamin 
B 12-dependent methionine synthase, an intracellular cytosolic 
enzyme, and the metabolites whose cellular concentrations depend 
upon B 12-MS activity and the formauon of S-adenosyl 
methionine, are involved m platelet cell signalling and 
aggregation. The principal pathways are trans-sulphuration, 
transmethylation, aminopropyl transfer and folate production.

aUMP ->  dTMP

DNA/UNA
Melhylallon

Figure 2: Metabolic pathways and signal transduction metabolism 
related to B12-MS.
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F%ure I ’.Dose dependence study of the inhibition of platelet 
methionine synthase by NjO (A) and NO(B). Authentic gas 
(FLO/NO) was bubbled for 30 min through buffer deoxygenated 
with N.O to produce saturated gas solutions. Aliquots were 
introduced into the assay mixture.

aggregation? This hypothesis is strengthened by: (a) the known 
cellular effects of N,0, which decreases cellular folate levels in 
liver and microorganisms and hence is cytostatic and cytotoxic. 
These can be overcome by addidon of methionine and other 
metabolites from Fig. 2 pathways, (b) The sensitivity of platelet 
aggregation to a variety of metabolites in Fig. 2. As a corrollary 
an explanation is provided for the modulation of platelet 
aggregation by exogenously administered homocysteine 
(substrate), methionine (product), taurine, polyamines, 
arachidonaie, eicosanoids, phospholipid metabolites [4.5].

It has not escaped our notice that polyamines, oxidized sulphur 
amino acids, SAM metabolites and choline phospholipids are now 
being proposed as intracellular signalling molecules.
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Nitric oxide (NO) is a widely studied molecule. Among other 
functions it has been implicated in synaptic transmission, 
neurodegeneration and long term potentiation (1). Its production 
by the NO-synihase (NOS), a Ca  ̂ dependent enzyme, is 
believed to be regulated through a rise in Ca  ̂influx caused by 
activation of NMDA recepton. Various isoforms of NOS have 
been isolated from different brain compartments.

CN-Cobalamine Me-Cobalamine

B„-MS
Homocysteine Methionine

Methyltetiahydrctfĉ ate Tetrahydrofolate

The B,j dependent enzyme, methionine synthase (B,j-MS), 
regulates homocysteine, methionine and S-adenosylmethionine 
(SAM) levels and is implicated in méthylation reactions, through 
its producQ and in the folate cycle through the ççKactor methyl 
tetrahydrofolate.
We report here the detection of B,)-MS in rat brain 
synaptosomal cytosol (fig 1). It exhibits a specific activity of 180 
X 10̂  dpm / mg of protein. The enzyme assay is based on the 
measurement of the radiolabeled product '*C -methionine (2) and 
was performed under N% and in light protected vials. This 
synaptosomal enzyme is inhibited by N%0 (2).
We also report that the inhibition of the synaptosomal B„-MS 
by authentic NO gas, is rapid and has a time dependency (fig.l).
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Figure 1. Tune dependence study of the synaptosomal cytosolic 
enzyme B,yMS (A) and its inhibition by NO (B).
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Figure 2. Dose dependence study of the inhibition of the 
synaptosomal cytosolic enzyme B,;-MS by NO.

Using aliquots of a 3% NO solution in deoxygenated buffer, we 
established a dose dependent inhibition (fig.2).
These results are in accordance with our earlier findings for liver 
(3) and platelet B„-MS (4). We consider them of significance 
because, in the first place, they link the intracellular analgetic 
mechanism of N,0 and its inhibition of the synaptosomal B,2- 
MS to the action of NO. Since, as we prove, NO acts at B,2-MS, 
this implies that both the action of NO and NjO in analgesia 
may be due to a similar mechanism. It remains however to 
compare the inhibition of B,2-MS by NO and N%0 with any 
corresponding activation of guanylate cyclase by NO. Another 
important implication is that, in synaptosomes and neurons, B,;- 
MS plays a role in intracellular mechanism of neuronal 
signalling. This B,,-MS inhibition could be another relevant 
factor in the role of NO in long term potentiation and 
neurodegeneration. Suppwt for this comes from the published 
reports of correlations between the levels of vitamin B,2  in body 
fluids and a variety of diseases. As previously pointed out (4) 
the B,2-MS network of metabolites and pathways involves 
polyamines, sulfur aminoacids etc. Pot example polyamines 
affect kinases, Ca2+ channels and NMDA channels and sulfur 
aminoacids (S) have been proposed as neuromodulators and 
neurotransmitters (6). These facts therefore implicate B,;-MS, its 
pathways and metabolites in synaptosomal intracellular signalling 
and diseases.
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Fig. 3 Typical Chromatogram of polyamines obtained from human 
hépatocytes. Column: Spherisorb 0DS2 150 x 4.6mm; Flow rate: 
l.OOml/min; Mobile phases: A is lOmM phosphate bugger pH 
4.5. B is acetonitrile-methanol 185:15, gradient: From 30% B to 
90% B in 20 min, then 90% B up to 35 min. Fluorescence 
detection 0.02FUF. Sample: 1: Putrescine. 2: 1,6-diaminohexane; 
3: Spermidine, 4: Spermine.

Vitamin B 12-dependent methionine synthase has been shown to be 
inhibited by nitric oxide in a time dependent and dose-dependent 
manner in vitro [1]. This enzyme is the first step in decarboxy S- 
adenosyl methionine (dcSAM) formation and hence should affect 
polyamine levels in cells. It is important therefore, in correlating 
in vitro and cellular effects of NO to establish in a single cell 
system that NO affects those metabolic pathways that use dcSAM 
as cofactor (see Fig. 1).
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Here we report that NO decreases the levels of putrescine, 
spermidine and spermine in cultured human hepatocytes. Time- 
dependent studies established that this inhibition takes places in 
the first 2 minutes following incubation with NO. (see Fig. 2).

Fig. 2: Time dependence study of Nitric Oxide on the production 
of polyamines in human hepatocytes.
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Since polyamines have been shown to be ligands for 
neurotransmitter receptors, affect Ca channels in mitochondria, 
and cellular kinases, these data have relevance to the role of 
polyamines as intracellular signals as well as their more 
established effects on cell growth and differentiation.

1. T Ast, A Nicolaou, M M Anderson, C James and W A 
Gibbons, Biochem. Soc. Trans. (1994) 22 217S
2. P M Kabra, H K Lee, W P Lubich and L J Manon, J 
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control NO (2 min*) NO (Smins)

Human Chang Liver cells were subcultured, counted and 
resuspended in serum-free Eagle’s Minimum Essential medium at 
37*C. Aliquots (2ml) of cell suspension, each containing ca 8 x 
10* cells were transferred to glass vials, sealed and flushed with 
N. (g) for 2 mins. Excluding the control, the vials were 
subsequently flushed with NO for 2 and 5 mins respectively and 
the experiment terminated by the addition of ice cold PGA.

Polyamine concentration determination was by reverse-phase 
HPLC of pre-column dansylated products with fluorescence 
detection [2].
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Methionine synthase(L-homocysteine-S-methyltransferase) 
is a cytosolic enzyme catalysing the formation of methionine and 
tetrahydrofolate from homocysteine and methyltetrahydrofolate. 
It is one of two vitamin B,; (cobalamin) dependent enzymes, in 
mammals, the other being methylmalonyl CoA mutase. In bacteria 
a cobalamin independent form of methionine synthase also exists'.

In vitamin B,; deficiency methionine synthase activity is 
affected. Symptoms of vitamin B,2 deficiency include; pernicious 
anaemia, neurological and psychiatric abnormalities^ Inhibition 
of methionine synthase is considered to be important in producing, 
at least some, of these symptoms as it stands at the convergence 
point of the folate metabolic pathway as well as the sulphur amino 
acid pathway. Inactivation of methionine synthase will thus affect 
folate metabolism, methionine, polyamine &  S-adenosylmethionine 
production (and hence méthylation reactions) and homocysteine 
metabolism^

It can be seen that methionine synthase is biologically 
important. So it was of interest to us to study the regulation of this 
enzyme.

There are a couple of reports about the regulation of gene 
transcription in bacterial It has also been suggested that enzyme 
activity could be regulated by controlling the avaliability of 
cobalamin. This seems unlikely as most of the body's vitamin B,, 
is stored in the enzyme bound form’ .

Nitric oxide has been shown to inhibit methionine synthase, 
although it is uncertain whether this could be a physiological or 
toxic effect^

A logical first step to initiate studies on possible 
mechanisms for regulating methionine synthase was to ascertain 
whether protein kinases changed the activity of the enzyme, as 
kinases are well known regulators of many enzymatic processes.

Here we report preliminary investigations into the possible 
regulation of methionine synthase by protein kinase A.

Methionine synthase activity was assayed for, using a 
modified version of the method of Weisbech et a f  and incubating 
for various times up to 30 mins. Protein kinase A. 5 picounits 
(from Sigma 1.3 pmolar units is equivalent to Ipg) was introduced 
into the standard assay mixture, along with Im M  ATP, 2.2mM 
MgCl; and 12.6pM cAMP. Control assays contained all elements 
except the kinase, to account for the magnesium induced 
stimulation of the methionine synthase. A time dependent study 
was performed and can be seen in figure 1.

The experiment was performed on two methionine synthase 
samples at different stages of purification*. The purer sample 
showed a four fold increase in stimulation (table 1).
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It would appear from these results that methionine synthase 
could be physiologically regulated by protein kinase A. .As the 
enzyme sample used was not pure, it could be that methionine 
synthase is not directly phosphorylated by protein kinase A. but 
that some intermediate protein, co-purified with methionine 
synthase is activated which then stimulates methionine synthase. 
However this could also be the method of physiological control. 
We have tried to show that the kinase induced stimulation could 
be reversed using the peptide protein kinase inhibitor. However 
this peptide was found to independently cause stimulation of 
methionine synthase.

In conclusion we propose that methionine synthase could 
be regulated by phosphorylation by protein kinase A. We are now 
investigating this phenonomen further.

We thank Dr M. Munday and Dr A. Nicolaou for 
assistance with this project.
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Table 1. The difference in protein kinase stimulation upon different 
purity enzyme samples.
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Polyamines can regulate vitamin dependent 
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Vitamin B,j dependent methionine synthase (L- 
homocysteine-s-methyltrahsferase) is a pivotal enzyme of the 
folate and the sulphur amino acid pathways; convertihg 
homocysteine (Hey) and methyl tetrahydrofolate into 
methionine (met) and tetrahydrofolate Ml. The effect of non
functioning methionine synthase is seeh ih vitamin B12 
deficiency and nitrous oxide toxicity; symptoms include 
anaemia, neurological and psychiatric problems 121. Thus it is 
important to understand the regulation of this enzyme in 
health and disease.

we have already shown that, ih vitro, methionihe 
syhthase activity can be modified by protein kinase A 131, and 
nitric oxide (4). Here we report stimulation of met. synthase 
activity by polyamines.

Polyamine formation is dependent upon methionine 
synthase activity as shown in the followihg pathway 151:

Hey -  Met -  SAM -  dCSAM -  MTA
/  \

Put spermidine/spermine 
(SAM is s-adenosyl methionine, dcSAM is decarboxylated SAM, 
MTA is methylthioadenosine, Put is putrescine.)

It was logical to suppose that some feedback control by 
polyamines of enzymes earlier in the pathway (such as 
methionine synthase) could occur.

Assays were performed using a modified version of 
weisbach et al 16) adding various concentrations of polyamines 
and incubating for 30 minutes. Enzyme sample was buffer
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exchanged from phosphate to tris or hepes buffer using a 025 
column. When the assay was performed ih phosphate buffer, 
the polyamines appeared to have ho effect, but ih tris or 
hepes buffer a change in enzyme activity was noted.

The addition of spermine and spermidine an gave 
increase in enzyme activity in the order of 400% with 100 
spermine was observed. Putrescine and cadaverine appeared 
to have limited effects see figs. 1& 2.

Increasing the purity of the enzyme to a mono-Q 
sample (five step purified) from a Q-sepharose sample (three 
step purified) 171 had little effect on the degree of increase of 
enzyme activity. This would suggest that the interaction 
between methionine synthase and the polyamines was guite 
specific.

Polyamines may provide another method for regulating 
methionine synthase activity, probably by aliosteric feedback 
control.
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Methionine synthase which catalyses the méthylation of 
homocysteine to methionine is a key link between two important 
cycles: one is involved in the synthesis of S-adenosylmethionine- 
required for methyl and aminopropyl transfer reactions; the other 
IS involved with the tetrahydrofolic acid cycle. Inactivation of 
methionine synthase can bring both cycles to a halt.

The in viiro inactivation of methionine synthase (isolated from E. 
Coli and pig liver) by NjO has already been demonstrated (I). 
Here we report: (a) The purification to electrophoretic 
homogeneity of B 12-methionine synthase from rat liver to cytosol 
using Q-sepharose anion exchange chromatography and Sephacryl 
S-200 gel filtration.to give a protein of mass 180 kda. (Fig. I and 
2). The punty was monitored by capillary electrophoresis and 
SDS-PAGE A second form of B12-MS was eluted from the Q- 
Sepharose column but was not studied, (b) The inhibition of the 
cytosolic and partially purified enzyme by N,0 and NO. (Fig. 3 
and 4).
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Figure 1. Q-sepharose chromatography
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Figure 3. The effect of NjO on Met synthase activity 
Met synthase was assayol by a slightly modified method of 
Weissbach(2) which measures the fonnatioo of ['*C] methionine 
from N'-[mefAy/-'*C] methyltetrahydrofolate, after the 
separation of product and substrate on an anion-exchange 
column. 200
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Figure 4. The effect of nitric oxide oo Met synthase activity 
The NO solutions were prepared by the method of Moncada 
(3). Aliquots of 10, 30, 100 and 200 ul were added with a gas 
tight syringe to the incubation mixture previously deoxygenaied 
with nitrogen.

Although the effects of N̂ O on liver metabolism, cell growth and 
differentiation and hepatotoxicity have been repeated, detailed 
studies of NO effects on hepatocytes have not been repeated. NO 
does however affect liver mitochondrial functions.

This parallel between the effects of NO and NjO on B12-MS was 
expected since both form ligands with transition metals especially 
Fe and Co. However,it remains to establish that NO affects the 
same liver cell metabolic pathways in vitro and in vivo.

Nitrogen oxides (NO and N.O are therefore both proposed to act 
by inhibiting the conversion of homocysteine to methionine and 
hence S-adenosyl methionine thus affecting metabolic pathways 
and metabolite levels that mediate signal transduction, namely, 
phospholipid méthylation, phospholipases, polyamine biosynthesis, 
sulphur amino acid and nucleoside pathways, folate and eicosanoid 
pathways.
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Figure 2. Gel filtration on Sephacryl S-200


