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__________________________________________________________________________________ Abstract.

Abstract.

Vitamin Bi2-dependent methionine synthase activity is important for the 

functioning of the folate and sulphur amino acid pathways. Inappropriate methionine 

synthase activity has been associated with: macrocytic anaemia, neurological 

degeneration, psychological problems, cancer and atherosclerosis.

This study reports the effects of various physiological and non-physiological 

compounds upon methionine synthase activity in vitro.

Vitamin B 12-dependent methionine synthase activity was purified from rat liver; 

its molecular weight was estimated to be 160 kDa by gel filtration. On a denaturing SDS 

PAGE two protein bands of approximately 95 kDa and 60 kDa were seen.

Highly purified enzyme was shown to be irreversibly inhibited by nitric oxide; 

the IC50 was 3 pM. Sodium nitroprusside, a nitric oxide donor also inhibited methionine 

synthase, the IC50 was 10 pM in vitro and 170 pM, for cytosolic methionine synthase 

from isolated rat hepatocytes. The viability of the hepatocytes, measured by ATP levels 

was not compromised during the experiment, suggesting that methionine synthase 

activity was more sensitive to the effects of NO. Cyanide was found not to affect 

enzyme activity at relevant concentrations.

Polyamines stimulated vitamin B 12-dependent methionine synthase activity. A 

rank order of potency was established in which spermine > spermidine > putrescine = 

cadaverine. The ECso’s for spermine and spermidine were determined and found to be 8 

pM and 40 pM respectively in hepes buffer, within reported physiological concentration 

ranges. The stimulation of the enzyme was found to be uncompetitive and reversible.



__________________________________________________________________________________ Abstract.

A preliminary study examining the effect of protein kinases upon partially 

purified methionine synthase indicated that enzyme activity increased. In contrast some 

phospholipids were found to inhibit partially purified methionine synthase.

Magnesium (but no other ion tested) reversibly and uncompetitively stimulated 

methionine synthase activity (similar to the effect of spermine). The EC50 was 260 pM, 

within reported physiological concentrations.

Alcohol was reported to inhibit methionine synthase activity in vivo, but not in 

vitro, this was confirmed, and acetaldehyde discovered to inhibit enzyme activity in 

vitro. The IC50 was 2.2 mM, higher than reported in vivo concentrations.

A series of substrate analogues were tested as potential specific inhibitors of 

methionine synthase; the results failed to identify a potent inhibitor, but will form a basis 

for further design.
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Chapter 1.__________________________________________________________________ Introduction.

1.1.1. Vitamin Bn

Vitamin Bn (cobalamin) is essential for growth and maintenance of health. 

It is a complicated molecule and can only be synthesised by certain prokaryotic cells 

[Beck 1990; Barley et al 1992]. Thus, it is an important component of the diet of 

animals and many mechanisms have been devised by mammals to enable efficient 

absorption from the gastrointestinal tract and storage of the vitamin in the body 

[Pezacka 1993].

Vitamin Bn is essential as a cofactor for various enzymes including: 

glutamate mutase, ribonucleotide reductase and dioldehydrase, methionine synthase 

and methyl malonyl CoA mutase of which, only the latter two, have been found in 

mammals [Beck 1990].

1.1.1.1. Cobalamin structure and function

Cobalamin contains a cobalt ion co-ordinated by four nitrogen ligands in a 

ring system called the corrin ring. The lower axial position is occupied by a nitrogen 

from a substituent of the corrin ring, a dimethylbenzimidazole nucleotide. In the 

adenosylcobalamin form, (the cofactor for the mutase enzyme) the upper axial 

position is taken by an adenosyl group. In methyl cobalamin (the methionine 

synthase cofactor), the upper axial position is occupied by a methyl group. 

Cobalamin can be present in different oxidation states: cob(I)alamin, cob(II)alamin 

and cob(III)alamin the former being the most reduced form. All these forms of 

cobalamin can be distinguished by their UV and visible electronic absorbance spectra 

[Banetjee & Matthews 1990].

Cobalamin is extracted from the gastrointestinal tract of mammals after first 

binding to a protein, haptocorrin, in the mouth. It is later transferred to another
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Chapter 1. Introduction.

protein, intrinsic factor, in the stomach; it is absorbed in the distal ileum [Nex0  et al. 

1994].

H2NOÇ
CONH2

H2NOÇ

H 3 C ........

C O N H 2  

C H 3

H 2 N O C  ^  

H 3 C ^

CONH

O  O
Figure 1.1. The structure of vitamin B12 (cobalamin). The cobalt ion is represen ted in 

red; the benzim idazole nucleotide is in green  and  the functional group R is in blue. The R group is a 

cyano (CN) group in vitamin B 12; a  5 '-deoxyadenosyl group in coenzym e B 12 and  a methyl group in 

methylcobalamin.
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Chapter 1.__________________________________________________________________ Introduction.

The cobalamin is transferred, after absorption, to a protein called transcobalamin II,

which transports the cobalamin to the rest of the body. Intracellular metabolism of

cobalamin in normal mammalian cells occurs after receptor mediated adsorptive

endocytosis of the transcobalamin II-B^^ complex. Cellular uptake has been found to

be two to three times higher in glial cells from the CNS than from fibroblasts [Pezaka

etal 1992].

There are at least four steps involved in the process of forming cobalamin 

cofactors from cyanocobalamin (CN-cbl) these are: a) décyanation (removal of upper 

axial ligand), b) reduction of internalised cobalamin, c) synthesis of methylcobalamin 

(Me-cbl) in the cytosol, d) synthesis of adenosylcobalamin (Ado-cbl) in the 

mitochondria. The early enzymatic steps are believed to be the same. Six 

intracellular forms of cobalamin have been identified: cyanocobalamin (CN-cbl), 

aquacobalamin, (Aq-cbl), glutathionylcobalamin (Gs-cbl), sulphatocobalamin 

(HSO]-cbl), Me-cbl and Ado-cbl. Gs-cbl appears to be one result of removal of the 

upper axial ligand by cyanocobalamin p-ligand transferase and it may be that this is 

the form which can be reduced in the second step [Pezaka et al 1990]. There are two 

reductases in the cell: one concerned with the synthesis of Me-cbl is located in the 

microsomes (microsomal cob(III)alamin reductase). The other is found in the inner 

mitochondrial membrane: mitochondrial cob(III)alamin reductase. Both reductases 

require NADH and NADPH as substrates [Pezaka 1993; Begley et al 1993].

Most of the vitamin B12 storage ability of the body is due to the enzyme 

bound form [KoUiouse et al 1991]. Unbound cobalamin tends to leave the cell, and 

thus, high serum levels may be found in vitamin B 12 deficiency [Kolhouse et al 

1978].

20
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There are several genetic disorders associated with cobalamin metabolism. In

the disorders termed cblA and cblB defective Ado-cbl synthesis is foimd. CblA is 

thought to be due to a mutation in the mitochondrial cobalamin reductase and cblB is 

due to a defect in cobalamin adenosyltransferase. Another disorder, cblC is due to

cob(III)alamin reductase deficiency. CblE and cblG cause methylcobalamin 

deficiency. CblE results in a defect in the methionine synthase-cobalamin reducing 

system and is fatal. CblG is a defect in vivo of methionine synthase activity. Finally, 

cblF is a defect which causes lysosomal accumulation of free cobalamin inside 

fibroblasts [Rosenblatt et al 1992].

1.1.1.2. Disease states linked to vitamin Bn deficiency.

Vitamin B n deficiency is usually associated with macrocytic anaemia, 

although this can also be due to folate deficiency. Of those patients with macrocytic 

anaemia 75-90% will also have neurological complaints. However, not all people 

with vitamin Bn deficiency develop anaemia and up to 25% of patients will present 

with neurological complaints. 4-16% of cobalamin deficient patients will have 

mental and psychiatric abnormalities [Green & Jacobsen 1990]. In a consecutive 

study of patients with neuropsychiatrie abnormalities 28% had cobalamin deficiency, 

but no anaemia or macrocytosis [Lindenbaum et al 1988].

Symptoms of vitamin Bn deficiency can include: lack of concentration, poor 

memory, dizziness, anxiety, irritability, confusion, apathy, mood fluctuations, 

intellectual impairment, depression, paranoid psychosis, peripheral neuropathy, 

decreased sensation, difficulty in walking, loss of bowel and bladder control, optic 

atrophy and dementia [Allen et al 1993; Green & Jacobsen 1990]. In children, bom to 

vegetarian vitamin B12 deficient mothers symptoms include: apathy, developmental
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regression and involuntary movements of head, trunk and limbs [Green & Jacobsen

1990]. Electro-physiological abnormalities have been demonstrated in B n deficiency;

these include: slowed nerve conduction, abnormal electroencephalogram tracings,

delayed visual evoked responses and sensory evoked responses [Green & Jacobsen

1990].

There is some evidence to link AIDS related dementia [Bottiglieri et al 1994], 

Alzheimer’s disease [Ikeda et al 1990], depression, mental retardation, some 

symptoms of Downs syndrome, Parkinson’s [Regland & Gottfries 1992], multiple 

sclerosis [Reynolds et al 1992], neural tube defects [Scott et al 1990], tumour 

formation [Hoffman 1984], liver disease [Marchensini et al 1992], infertility [Kawata 

et al 1992], heart disease and atherosclerosis [McCully 1993] to a lack of B 12 or a 

defect in a related or dependent pathway. The possible mechanisms by which lack of 

cobalamin may lead to some of these disease states is discussed later (section 1.1.4).
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1.1.2. Methionine synthase.

Methionine synthase (EC 2.1.1.13) catalyses the conversion of homocysteine 

to methionine and methyltetrahydrofolate to tetrahydrofolate (figure 1.2.). The 

enzyme requires vitamin B12 as a prosthetic factor and S-adenosylmethionine as a 

cofactor [Banetjee & Matthews 1990].

SH

(CHzh

H2 N  C  H

COOH

Homocysteine

CHj

r(CH2>2

H2 N c   H

COOH

Methionine

+

■C N '

COOH

C  (CH2)2 COOH

Methyltetrahydrofolate 

Vitamin 8 , 2 -  methionine synthase

+

HM

O COOH

C N C  (CH2)2 COOH

Tetrahydrofolate

Figure 1.2. The methionine synthase reaction. The diagram  show s the substrates and  

produ cts o f  the methionine synthase reaction and  indicates the movement o f  the methyl group which is 

shown in red.

The enzyme has been purified from: E. coli [Paessens & Rudiger 1980; Frasca et al

1988], Plasmodium falciparum [Krungkrai et al 1989], pig kidney [Magnum & North 

1971], pig liver [Chen et al 1994], human placenta [Utley et al 1985] and rat liver 

[Ast 1995].
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The E.coli form of the enzyme is the most extensively studied, and is

considered to provide a model for mammalian forms. There are in fact two 

methionine synthases in E. coli, both have been cloned and sequenced. One is 

vitamin B 12 and SAM dependent, the other requires and for activity. The 

primary structures of these two enzymes are very different and they appear to have 

arisen by convergent evolution [Gonzalez et al 1992].

The reported molecular weight of methionine synthase appears to vary 

according to the source from which it is obtained. The E. coli, wild form, has a mass 

of 133 kDa [Frasca et al 1988], recombinant enzyme is 136.1 kDa [Drummond et al 

1993a] encoding 1,227 amino acids [Banerjee et al 1990a], methionine synthase 

purified from pig kidney has a mass of 140,000 Da [Magnum & North 1971]. An 

apparent mass of 160,000 Da was reported for the enzyme isolated from human 

placenta [Utley et al 1985] and 151 kDa from pig liver [Chen et al 1994]. The E. 

coli, pig liver & kidney enzymes have all been reported to be monomeric with no 

subunits. However, the human placental enzyme was reported to show several bands 

on SDS PAGE at 160,000 Da (strongly) and 80,000 and 70,000 Da, when a reducing 

SDS PAGE was run bands were seen at 90,000 45,000 and 35,000 Da implying that 

the enzyme has a complicated structure [Utley et al 1985].

In studies performed on the E. coli extracted enzyme, it was found that 

treatment with trypsin could cleave the enzyme at Arginine 896 yielding two peptides 

one of 98.4 kDa and one 37 kDa. The shorter tryptic peptide was found to contain 

the C terminal. A mixture of the two peptides retained 70% of the initial activity of 

the intact protein, although activity became independent of SAM, and the formation 

of methionine was no longer linear with time.
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Figure 1.3. Diagram of tryptic cleavage sites of methionine synthase from E. 

colL

In the absence of SAM the turnover of the cleaved protein was longer lived 

than the intact protein. It was concluded that the 37 kDa domain influences oxidation 

and leads to inactivation, either by directly accepting electrons from the 98 kDa 

domain, or by allowing greater access of exogenous oxidants to the cobalamin 

[Banerjee et al 1989; Drummond et al 1993a & b].

The 98 kDa fragment was further digested by trypsin to yield two fragments 

of 70 kDa and 28 kDa. The larger peptide contained the N terminal sequence and 

the binding regions for MTHF and homocysteine. The 28 kDa peptide was found to 

bind cobalamin and was also much more basic than the other fragments [Banerjee et 

al 1989; Drummond et al 1993a], When the primary structure of the domain was 

compared to the cobalamin binding domains of other cobalamin binding proteins, no 

significant homology was found. However, when the secondary structures were 

compared a large similarity was discovered in the pattern and spacing of alternating 

alpha helices and beta sheets spanning about 100 amino acids [Banerjee et al 1989].

Initial structural studies have been performed on the 28 kDa cobalamin 

binding region of the E. coli isoform at a resolution of 3Â [Drennan et al 1994a & b]. 

The fact that methionine synthase catalyses three different methyl transfers to or from
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a prosthetic group using two nucleophilic substitution (SN2) reactions imposes strong

geometric requirements on reactants, therefore, structural studies may show how this

occurs. The cobalamin binding region was foimd to fold into two domains with the

corrin macrocycle embedded in the interface making access to the cobalamin

difficult. The structure of the domain also showed protein residues capping the top

of the free corrin protecting the methyl group (how this would regulate access to the

upper face of the corrin was not resolved). On binding of the methyl group, the

structure rearranges, the dimethylbenzimidazole nucleotide swings away to open the

lower face of the corrin to co-ordination by a His (759) residue (this mimics

dimethylbenzimidazole binding); the nucleotide then moves into the core of the

carboxyl terminal domain. This gives three sets of protein prosthetic group

interactions: i] the amino terminal domain contacts the upper surface of the corrin

ring, ii] dimethylbenzimidazole contacts the carboxyl terminal (probably important

for anchoring the cobalamin) iii] the lower face of the corrin ring contacts a His

residue. This histidine residue is connected to aspartine 757 and serine 810 by

hydrogen bonding. These interactions should allow the protein to modulate the

cobalt, although the 28 kDa domain of methionine synthase is unable to catalyse any

reaction on its own. Unexpected similarities were found between the

methylcobalamin and adenosylcobalamin binding sites [Stubbe 1995; Drennan et al

1994 a & b; Krâutler & Kratky 1996],

Mutations of residues which contact the upper face of the corrin ring decrease

the Vmax of the enzyme. It was postulated that they may be making contacts which

are involved in moving the cap domain to allow substrate access. It was also found

that change to these residues decreased the stability of the cobalamin to light.

Mutation of the His residue (which replaces the dimethylbenzimidazole nucleotide
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when cobalamin binds to the enzyme), completely abolished all activity. Mutations

of amino acids linked to the histidine by hydrogen bonding decreased steady state

activity, showing that they too are important for enzyme activity [Amaratunga et al

1996].

The SAM binding domain has also been crystallised and the structure 

resolved. Amino acids 1135-1139 and Valine 1177 (modified by N2O) were found to 

make contacts with SAM [Ludwig communication at B12 symposium 1996].

The human form of methionine synthase has been cloned and sequenced. The 

gene was mapped to chromosome 1: lq43. The human enzyme was found to have 50 

% homology with the E. coli. form. The cblG mutation was determined to be due to 

a change in a proline residue, important for SAM binding [Banerjee communication 

a tB i2 symposium 1996].

Metal ions have also been found to be associated with cobalamin-dependent 

methionine synthase. In different E.coll forms there appears to be varying amounts 

of copper bound tightly to the enzyme. Copper is thought to have some minor role in 

the functioning of the enzyme [Frasca et al 1988]. The human placental enzyme has 

been found to contain 2  moles of iron per mole of cobalamin, this may have belonged 

to protein cofactors for the reaction. In E. coli. flavodoxin is thought to bind to 

methionine synthase and donate electrons to the remethylation of cobalamin by SAM 

[Ludwig communication at B 12 symposium 1996]. Zinc has recently been found to 

be associated with the enzyme, and may be important for activating the homocysteine 

during the reaction [Matthews communication at B12 symposium]. The human 

placental form of methionine synthase has very low activity of 0.014 pmole min'^ mg 

protein'^ (2.2 min"^) [Utley et al 1985]. However, it could be that the enzyme was 

inactivated by the purification process. E.coli enzymes have an activity of about
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1300 min"\ 9.3-11,7 îM min'^ [Frasca et al 1988], pig liver 670 min'^ [Chen et al 

1994], and pig kidney an activity of 0.9 pmole min*̂  mg protein*  ̂[Magnum & North 

1971].

Data describing the affinity of methionine synthase for its substrates and the 

rate of the reactions the enzyme catalyses are shown in table 1 .1 .

Enzyme source Km liM Vmax nmol/hour

pig liver [1].....  ' 13/17 "   125

E.coli [2] 28 NA

Plasmodium falciparum [3] 24 NA

pig kidney [4] 25 NA

rat liver 28 78

Table 1.1. The reported steady state kinetic values, with respect to MTHF, for

various isozymes of methionine synthase. R eferences: 1, Chen e t  a l 1994; 2, B anerjee e t

a l 1990a; 3, K rungkrai e t a l 1989; 4, M agnum  a n d  N orth  1971.

The homocysteine Km for the E.coli enzyme is not shown in table 1.1, this value was 

found to be very low (too low to measure accurately) and the enzyme was postulated 

to be saturated with homocysteine under the experimental conditions [Banerjee et al 

1990b]. For pig liver the homocysteine Km is 2.16 pM [Chen et al 1994], and for 

plasmodium falciparum it is 58.3 pM [Krungkrai et al 1989].

The pi of the E. coli methionine synthase was found to be 5.3 ± 0.2 [Banerjee et al 

1989].

The levels of methionine synthase activity in the rat spinal cord and ovary 

have been reported to be equivalent to those in the brain and liver [Brennt & Smith

1989]. The activity of methionine synthase was found to differ in different organs
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[Finkelstein 1990] with activity being highest in kidney then adrenal glands, testes,

pancreas, brain, heart, liver, adipose tissue, spleen and lung. The activity of the

enzyme was also found to decrease with the age of the animal.

As previously stated, the activation of methionine synthase occurs in the 

presence of SAM and a reducing system in vitro. The cobalamin prosthetic factor 

must also be methylated and reduced. However reduction of cobalamin is an 

endothermie reaction and therefore, thermodynamically unfavourable, even when 

enzyme bound: The energy released when MTHF donates its methyl group to 

cobalamin is not enough to drive the reduction reaction. SAM, however undergoes a 

very exergenic reaction when it donates a methyl group to cobalamin, providing 

enough energy to reduce cob(II)alamin to cob(I)alamin. SAM is therefore needed 

during catalysis as adventitious oxidation of cob(I)alamin can occur whilst the 

cobalamin cofactor oscillates between methylcobalamin and cob(I)alamin. It has 

been estimated that this occurs once in every 100 turnovers, without SAM, the 

production of methionine ceases over several minutes [Drummond et al 1993a; 

Banerjee et al 1990b]. The actual reaction catalysed by methionine synthase has been 

found to have an equilibrium constant of 10  ̂ in favour of the products [Baneijee & 

Matthews 1990].

The actual reaction sequence for the conversion of substrates to products is 

believed to proceed by an ordered sequential mechanism; confirmed kinetically with 

the E. coli and pig liver enzymes [Baneijee et al 1990a; Chen et al 1994]. The free 

enzyme, which has been reported to exist mostly in the methylcobalamin form, binds 

MTHF then homocysteine, and methionine is released prior to THF [Baneijee et al 

1990a]. Stereochemical analysis of this reaction showed retention of the 

configuration of the methyl group [Drummond et al 1993b]. The mechanism of
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methyl transfer from SAM is different to those involving the substrates. Mutation of

histidine 759 (which co-ordinates the lower axial position of the cobalt) to glycine

abolishes methyl group transfer involving homocysteine and methyltetrahydrofolate

but increases SAM dependent méthylation [Jarrett et al 1996]. SAM is excluded

from normal transfer, indeed its binding site is located at the C terminal end of the

enzyme whereas MTHF and homocysteine bind to a region close to the N terminal

end. Thus SAM is available to reduce the cobalamin cofactor if required, but

otherwise does not interfere with the reaction, although it may have additional roles

not yet elucidated (Drummond et al 1993a & b). In mammalian systems it has been

found that the majority of the methionine synthase enzyme (>90%) was in the

holoenzyme state [Chen et al 1995].

Antibodies to the pig liver methionine synthase have been produced and they 

have been found to cross react with enzyme from human placenta [Chen et al 1995].

Little is known about the control of gene expression for methionine synthase, 

although in one study it was found that methionine may cause inhibition of 

transcription of methionine synthase [Kamely et al 1973].

1.1.3. Metabolites related to methionine synthase activity.

Methionine synthase is located at the junction of two major metabolic cycles, 

the folate and the sulphur amino acid cycles (figure 1.4). The importance of the 

products of these cycles is discussed below.

Folic acid.

Folate is important for the synthesis of substances such as adenosine, 

guanidine and thymidine the bases in DNA and RNA, and is also used to produce 

ATP, (and hence cAMP). Deficiency of tetrahydrofolate has been found to impair 

the maturation of rapidly growing cells (see later) [Charanin et al 1992].
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Figure 1.4. Pathway showing the relationship between methionine synthase and 

the folate & sulphur amino acid cycles (Bottiglieri et al 1994). 1) methionine

synthase, 2) betaine homocysteine methyltransferase, 2) SAM  synthase, 4) R-methyl transferase, 5) 

SAH  hydrolase, 6 ) 5 ,  10, m ethylenetetrahydrofolate reductase, 7) dihydrofolate reductase, 8) serine 

hydroxym ethyltransferase, 9) thym idylate synthase, 10) cysthathionine P  synthase.
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Methionine.

Methionine is a sulphur amino acid and as such is important in protein 

synthesis It is a constituent of a normal diet, but its daily turnover is approximately 

double dietary intake (Nunn 1987). It is also important as the precursor of S- 

adenosylmethionine (SAM) [Finkelstein 1990]. Brain methionine concentrations are 

supplemented by uptake from plasma [Weir et al 1992]. High affinity uptake systems 

for leucine, isoleucine and methionine in synaptosomes have been isolated. These 

probably maintain a minimal level of these substances in the brain, when their 

concentration is low in the blood [Ramo-Roa & Murthy 1994]. Methionine may also 

interact with nucleic acids. It has been shown that ^^[S]methionine binds to tRNA 

and that this interaction is reduced by low pH or hepatocarcinogens [Kanduc et al

1991]. Methionine may also be fed into the TCA cycle as a method of catabolism 

[Allen et al 1993]. The liver concentration of methionine is relatively insensitive to 

changes in dietary protein intake. However, levels of SAM, SAH, cysteine and 

cystine increase, whilst methionine synthase activity decreases; betaine homocysteine 

methyltransferase and cystathionine synthase activities increase [Finkelstein et al 

1982; Finkelstein & Martin 1986].

S-adenosyl-L- methionine.

S-adenosyl-L-methionine (SAM) is formed by the action of SAM synthase 

upon methionine. It is the main methyl donor of the body and is used in numerous 

méthylation reactions such as the méthylation of: DNA, polyamines, phospholipids, 

sphingolipids, creatinine, noradrenaline, arachidonic acid and active formate 

[Finkelstein 1990; Nunn 1987]. These reactions are very important e.g. méthylation 

of phosphatidylethanolamine (PE) to form phosphatidylcholine (PC) changes the 

fluidity of the cell membrane [Scott et al 1994]. Decreased méthylation of DNA at 

cytosine or guanine residues may be a cause of cancer [Wainfen & Poirier 1992], or a 

method of expression or repression of information. [Scott et al 1994]. In pigs, the 

levels of SAM and S-adenosyl-homocysteine (SAH) were found to be proportional in

the brain & spinal cord [Wier et al 1992]. Some reports show that SAM is likely to be
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retained in the cell of origin, uptake from the extracellular space being limited to 

binding to membrane PE. SAM cannot be taken up by hepatocytes and perfused rat 

liver is also impermeable [Van Phi and Soling 1982]. However, labelled SAM given 

by intravenous injection, to rats, was rapidly incorporated into polyamines (1/3) and 

transmethylation reactions (2/3). Similar results have also been obtained with enteric 

coated SAM given orally [Chiang et al 1996]. SAM also inhibits betaine-hcy 

methyltransferase, the alternative methionine recycling enzyme only found in the 

liver (and possibly the kidney) [Finkelstein 1990].

Homocysteine.

Homocysteine (hey) can be considered to be a toxic product of methionine 

metabolism. Gross overproduction leads to the clinical condition known as 

homocystinuria with symptoms of thromboembolism, premature arteriosclerosis and 

mental retardation [Dudman et al 1993]. This condition is usually due to an inborn 

error of metabolism associated with a deficiency in cystathionine-(3-synthase (CBS), 

but has also been associated with a defect in methionine synthase [Ueland & Refsum

1989].

Intracellular hey has a short t^  and is effectively exported into the plasma. 

Normal plasma levels in men are 3.3± 0.8pmol/l and in women 2.4± O.Tpmol /I. 

Renal clearance of hey is around 0.3% of creatinine clearance. In homocystinuria 

fasting levels are as high as 0.2 mmol/1 [Ueland & Refsum 1989]. Levels of a 

homocysteine derivative: thioretinaco ozonide are decreased in ageing [McCully 

1994b]. S-adenosyl homocysteine inhibits methyltransferases and adenylate cyclases 

and may act as a regulatory molecule [Finkelstein 1990].

Betaine.

Betaine is formed from choline and can be utilised to produce tetrahydrofolate 

and methionine in a separate reaction from that involving methionine synthase. This 

is thought to be a salvage pathway in the event of methionine synthase inactivation 

[Finkelstein & Martin 1984].
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Glutathione

This is both a free radical scavenging molecule and a cellular redox molecule, 

which is also important in the metabolism of certain drugs e.g. paracetamol [Price & 

follow 1989].

Methyl malonyl CoA

Methyl malonyl CoA is involved in fatty acid metabolism, although higher 

energy generating pathways feeding into the Krebs cycle exist. Methylmalonyl CoA 

is not the end product of the pathway, and, as yet it is unclear what is the final fate of 

this metabolite. Interestingly, methionine can be fed into this pathway providing a 

link between the two B 12- dependent enzymes [Allen et al 1993].
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1.1.4. Pathogenic mechanisms operative in cobalamin deficiency.

1.1.4.1. Megaloblastic anaemia

A depletion in the amount of methylene-tetrahydrofolate, which is required 

for thymidylate biosynthesis, is thought to be the primary cause of the megaloblastic 

anaemia seen in cobalamin deficiency. This condition develops when enough DNA 

cannot be produced to allow cell division to proceed, due to a lack of the essential 

base thymidine, whilst normal production of cell contents continues normally, 

resulting in larger cells [Chanarin et al 1989].

The methylfolate trap hypothesis has been proposed as an explanation of the 

pathogenesis of megaloblastic anaemia and the biochemical changes observed in 

patients with B 12 deficiency e.g. an increase in serum folate (as MTHF), and a 

decrease in methionine synthesis. This hypothesis states that in methionine 

deficiency, certain mechanisms are invoked to preserve methionine levels. When 

methionine levels begin to decline so does SAM production; decreased levels of 

SAM cause an increase in MTHF levels by slowing folate synthesis and diverting 

MTHF from DNA synthesis (this decreases growth while simultaneously decreasing 

the requirements for methionine in protein synthesis). Ultimately, the increased 

MTHF concentrations allow increased remethylation of homocysteine. Increased 

levels of MTHF can only react with homocysteine, as the reduction of methylene

tetrahydrofolate to MTHF is considered to be irreversible. Methyltetrahydrofolate is 

a monoglutamate form of folate and cannot be retained by the cell and is a poor 

substrate for folypolyglutamate synthase. MTHF therefore, must be converted to 

tetrahydrofolate, formyl-tetrahydrofolate or dihydrofolate all of which are good 

substrates for folypolyglutamate synthase. These configurations also prevent loss of 

folate from the cell. These mechanisms are advantageous in methionine deficiency; 

but not in Bi2 deficiency, as the diversion of the folate pathway to MTHF production 

results in a block in folate cycling, the ‘methyl folate trap’ [Rosenblatt et al 1992; 

Banerjee & Matthews 1990 ; Kaufman 1991; Scott & Weir 1981; Green et al 1988].

There is some evidence to suggest that the methylfolate trap hypothesis is

flawed. In an experiment looking at the utilisation of [^"^C]formate in bone marrow
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cells, a control group (exposed to air) and a cobalamin inactivated group (exposed to 

nitrous oxide) were analysed for various products and intermediates of the folate and 

methionine pathways [Deacon 1990]. In the nitrous oxide (N2O) group, as expected, 

no radioactive methionine was formed, but neither was radioactive MTHF detected; 

and although the formate and methionine metabolic pathways were depressed they 

were not inactive, as radioactive guanidine RNA, adenine RNA thymidine DNA and 

phosphatidylcholine were detected [Deacon 1990; Chanarin et al 1989]. Other 

findings have shown that the rise in serum folate associated with cobalamin 

deficiency might be related to a failure of cells to take up and retain MTHF and 

although serum levels rise, cellular levels fall. The methyl-folate trap hypothesis is 

dependent upon the finding that in vitro oxidation of MTHF to methylene and formyl 

hydrogen folate does not occur [Green & Ballou 1988]. However, it has been shown 

that this reaction was possible in vivo [Lumb et al 1989], especially when there is a 

rise in hepatic MTHF levels. An alternative MTHF pathway was induced in 

cobalamin deficiency [Chanarin et al 1989 & 1992], where MTHF served as a 

substrate for formation of folate coenzyme instead of formyltetrahydrofolate or 

tetrahydrofolate. MTHF can also be used in the formation of biogenic coenzyme 

(dopamine) and amines and thus escape any trapping. In N 2O inactivation, the 

activity of methionine synthase falls to 15-20% of control levels and this residual 

activity can still be utilised to make methionine.

Another hypothesis proposed to explain the events occurring in cobalamin

deficiency is the formate starvation hypothesis. In cobalamin inactivation, a rapid

build up of formate in the hver and blood and increased excretion of formate in the

urine has been observed. In this situation formylhydrogenfolate levels rapidly

decrease in tissues, possibly due to a failure to link formate to THF [Chanarin et al

1989]. Induction of an enzyme linking formate to hydrogen-folate has been observed

[Perry 1980], and is thought to be an attempt to conserve the folate. Provision of

formyl-folate (folinic acid) reverses many of the impaired biochemical pathways seen

in vitamin B 12 deficiency, for example, thymidine synthesis [Chanarin et al 1989 &

1992]. Thus, formylation of folate appears to overcome some of the defects
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produced by cobalamin deficiency upon folate metabolism. Methionine and related 

compounds have also been observed to reverse the defect in the folate pathway. This 

could be due to the production o f formate when methionine enters the poly amine 

biosynthetic pathway (see fig 1.5.).

Formate (CHO)

Methionine

M ethylthioribose 

CH 3— S —  CH -

Ado

SAM
O

c \\ / O
CH —  CH

— PO

OH OH

M ethylthioadenosine dcSAM

Polyamine synthesis

Figure 1.5. The provision of formate via polyamine synthesis [Charanin et al 

1989/. The structure o f  m ethylthioribose is shown with the p in k  area depicting the area from  which 

methionine is derived  an d  red  depicting the position  o f  form ate derivation.

Methylthioadenosine is produced and is further metabolised back to methionine 

releasing a formate group. Methylthioadenosine was found to be more active than 

methionine in restoring folate synthesis [Charanin et al 1989 & 1992].
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1.1.4.2. Neuropathy

These symptoms appear not to correlate with haematological abnormalities. 

One explanation for this may be the difference in growth rate between bone marrow 

cells and nervous system cells. Neurological problems are not thought to be due to a 

lack of folate as anaemia and neurological problems present independently, and 

subacute combined degeneration (of the spinal cord) is not associated with folate 

deficiency [Allen et al 1993]. Methylcobalamin promotes regeneration of motor 

nerve terminals in gracile axonal dystrophy, another form of neuropathy [Yamazaki 

et al 1994]. However, the formate starvation hypothesis has not been studied in the 

brain of mammals with subacute combined degeneration of the spinal cord (SACD) 

[Chanarin 1992].

The general hypothetical explanations of neurological disease are as follows:

i) The methylmalonate hypothesis. Inactivation of methylmalonyl CoA

mutase, by lack of cobalamin, causes a build up of methylmalonyl CoA and

propionyl CoA which are then thought to serve as abnormal substrates for fatty acid

synthesis and thereby become incorporated into myelin lipids. Thus the myelin

structure and consistency is changed leading to myeloneuropathy [Allen et al 1993;

Green & Jacobsen 1990]. However, there are several items of evidence which tend

to disprove this hypothesis. In cobalamin deficient sheep, although there was a rise

in MMA and increased numbers of branched chain fatty acids, the animals displayed

no neurological problems [Kennedy et al 1992 & 1994]. It has also been found that

levels of MMCoA correlate poorly with the neurological complications of cobalamin

deficiency. Defects in the MMCoA system less commonly cause neurological

symptoms than defects in methionine synthase, for example people with inborn errors

of Ado-cbl synthesis do not have neuropsychiatrie abnormalities [Allen et al 1993].

Valine is a precursor for methylmalonic acid and when given as a supplement to

cobalamin deficient fruit bats, can prevent neurological abnormalities [Viera-

Makings et al 1991]. However, methionine and isoleucine were also effective, but

failed to maintain MMAM activity, therefore it was considered to be unlikely that the

valine effect was due to the maintenance of the propionic acid pathway. It has been
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suggested that methionine supplements probably allow a shift of cobalamin from 

methionine synthase to MMAM, and as methionine is partially metabolised via the 

propionic acid pathway, valine and isoleucine decrease catabolism of methionine. 

Excessive odd or branched chain fatty acids in brain or spinal cord due to high levels 

of MMCoA could not be demonstrated, suggesting that this is not the mechanism of 

neuropathy [Viera-Makings et al 1991].

ii) The cyanide hypothesis Cyanide has an extremely high affinity for the 

upper axial ligand position of cobalt in cobalamin, CN-cbl is physiologically inert 

and would not be able to sustain enzyme activity. This hypothesis was proposed in 

an attempt to explain the clinical observations of various toxic neuropathies 

confiisional states and amblyopia occurring in W. Africans and W. Indians subsisting 

on cassava, which contains a cyanide glycoside. There is no direct experimental 

evidence [Green & Jacobsen 1990]. It has been found that hydroxycobalamin given 

to patients suffering from cyanide poisoning, binds the cyanide and treats the 

symptoms of poisoning and could be used as an antidote [Zerbe & Wagner 1993].

iii) The cobalamin analogue hypothesis. The variable occurrence of 

myeloneuropathy may depend on the presence or absence of cobalamin analogues. 

Abnormal fatty acids have been demonstrated in cobalamin deficient baboons given 

cobalamin analogues, but not in fruit bats [Green & Jacobsen 1990]. Subacute 

combined degeneration has been reported in a patient with abnormal cobalamin 

binding proteins [Sillaots et al 1995].

iv) The méthylation hypothesis. Production of S-adenosyl-L-methionine is dependent 

upon methionine synthase activity. Therefore, administration of nitrous oxide (which 

inactivates methionine synthase) caused neurological complications. Prolonged 

exposure to N2O ultimately also interferes with MMCoA mutase, and this has to be 

considered in experiments using nitrous oxide to determine the pathology of 

neurological disease [Allen et al 1993].

The ratio of SAM to SAH is important for the activity of methyl transferases.

SAM is the cofactor for these enzymes, and SAH an endogenous inhibitor [Molloy et

al 1992]. Administration of folate causes deterioration of neurological
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complications, possibly by stimulating cell division, with concurrent consumption of 

methionine for protein synthesis and polyamine production, leaving less available for 

conversion to SAM [Green & Jacobsen 1990]. Dietary methyl group or methionine 

supplementation retards the neurological complications of cobalamin deficiency in 

bats [Viera-Makings et al 1990].

It can take up to 2 months, in animal species affected by cobalamin-deficient 

neuropathy, to induce a change in the méthylation ratio and decreased méthylation of 

myelin. This is proposed to be due to various adaptive mechanisms to increased 

levels of SAH e.g. increased export of SAH from the cell. Induction of betaine- 

homocysteine methyltransferase which continues to recycle homocysteine to 

methionine, and methionine is also available from the diet. Eventually, however, the 

dietary intake of methionine can no longer maintain the production of SAM and the 

ratio of SAM to SAH falls. Méthylation reactions can no longer be sustained 

resulting in the degradation of myelin and consequently neuropathy [Scott et al 1994; 

Weir et al 1992].

It has been discovered that decreasing the méthylation ratio in rats does not 

inhibit méthylation reactions. This could occur if SAH does not inhibit rat 

methyltransferase enzymes, or there is more efficient export of Hey from the cell 

[McKeever et al 1995a & b]. Rats given N2O for four months showed no decrease in 

méthylation reactions. The addition of cycloleucine, which inhibits the conversion 

of methionine to SAM (i.e. inhibits methionine adenosyltransferase), resulted in 

myeloneuropathy similar to that observed in cobalamin deficiency. Thus, in rats, 

methionine synthase and SAM synthase must both be inhibited to reduce the 

méthylation ratio before SACD occurs [McKeever et al 1995a].

A decrease in SAM levels can decrease the méthylation of phospholipids

especially phopshatidylcholine and sphingolipids and this may also be part of the

pathology of neuropathy [Viera-Makings et al 1990]. Evidence for this was found in

patients with deficiencies in methylene tetrahydrofolate reductase, methionine

synthase or SAM synthase, all of whom suffered from myelopathy. When these

patients were given appropriate dietary supplements they recovered [Surtees et al
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1991]. The levels of SAM and ratio of SAM to SAH and méthylation of myelin are 

all maintained in fruit bats with neurological abnormalities [Viera-Makings et al

1990].

It has also been suggested that there may be a third enzyme requiring B12 

which has not yet been discovered [Allen et al 1993; Poston 1980].

Neurological damage may also occur through a direct toxic effect of 

homocysteine, which can cause convulsions in humans, this has been described in 

patients with cystathionine P synthase deficiency; who have high plasma 

homocysteine concentrations [Walton & Treiman 1988]. The mechanism of action 

may involve activation of excitatory amino acid receptors [Allen et al 1986].

1.14.3. Atherosclerosis

The homocysteine theory of arteriosclerosis proposes that accumulation of 

homocysteine in blood is atherogenic, both in experimental animals and persons with 

or without hereditary enzymatic deficiency of homocysteine metabolism [McCully 

1993].

High levels of homocysteine are associated with atherosclerosis and therefore 

heart disease [Fortin & Genst 1995; Berwanger et al 1995]. Patients with 

homocystinurea suffer from premature vascular disease [Refsum & Ueland 1990]. 

Cobalt deficient sheep also suffer from cardiovascular lesions [Mohammed & 

Lamond 1986]. Basal levels of homocysteine are increased in patients with defects 

in the transulphuration pathway e.g. 0 . 2  mmol/1 (fasting level) compared with normal 

levels in the micromolar range (see earlier). The most common defect is associated 

with cystathionine P synthase (incidence 1:200,000). Heterozygosity for 

cystathionine synthase defects may be as much as one in a hundred; these people 

have elevated levels of homocysteine [McCully 1996]. Conversely, in Down's 

syndrome, there are very high levels of cystathionine synthase (it is believed to 

reside on chromosome 2 1 ) and these patients have very low levels of homocysteine 

and consequently no vascular lesions [Ueland & Refsum 1989; Dudman et al 1993].
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Cellular export may be important for maintaining intracellular homocysteine 

concentration, but high levels seem to damage blood vessels [Refsum et al 1986]. 

The mechanism of homocysteine toxicity is poorly understood. Toxicity may be due 

to platelet mediated intimai proliferation of smooth muscle cells; oxidation of LDL 

leading to accumulation of cholesterol in cells; or a procoagulatory state, deficits in 

CBS or methionine synthase may make vascular endothelium more susceptible to 

damage by homocysteine [Wang et al 1992]).

Lipoprotein fractions have been found to contain a higher level of 

homocysteine in hypercholesterolaemia, in particular the LDL fraction (per gram of 

protein). In contrast, cholesterol levels are not higher (per gram of protein). The 

atherogenic index for homocysteine, [LDL h c y / H D L  hey] is 3.5 times higher than 

normal in hypercholesterolaemia (Cholesterol levels are 2.2 times higher). 

Therefore, measuring homocysteine may prove useful for assessing the risk and 

progression of treatment [Olszeioski & McCully 1991].

Experimentally, the toxicity of homocysteine to endothelial cells is measured 

by a decrease in adhesion of cultured cells to the cell culture plate. In these 

experiments viability of detached cells was very low, but this may not be a good 

model for the pathogenesis of this process. Nevertheless, these experiments have 

shown that cysteine is less effective and valine and methionine are ineffective: a 

sulphydryl group seems necessary for toxic activity. Cell damage may also be due to 

H2O2 formed by thiol autooxidation. This effect has been demonstrated by the 

addition of copper to cell culture media, causing a direct toxic effect of homocysteine 

not seen with high levels of homocysteine on its own [Dudman et al 1991; Hultberg 

etal 1995],

Another hypothesis states that homocysteine thiolactone can be formed 

directly from methionine. This compound then reacts with free amino groups e.g. on 

proteoglycans found in artery walls (this has been observed in atherosclerosis). 

[McCully 1971, 1993 & 1996].

Homocysteine levels can be influenced by the dietary content of vitamins: Bô,

Bi2, folic acid and zinc. Other factors increasing homocysteine levels are: renal
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failure, liver disease, cancer, psoriasis and drug administration. Medicinal 

compounds noted to change homocysteine levels are: penicillamine, nucleoside 

analogues, methotrexate (MTX), nitrous oxide, anticonvulsants and oestrogenic 

steroids [Ueland & Refsum 1989].

1.14.4. Dementia & depressive illness.

Epidemiological studies have shown that folate deficiency and/or a decreased 

méthylation ratio are correlated with depression and other psychiatric abnormalities. 

Up to 33 % of depressed patients have consistently been found to have a folate 

deficiency [Crellin et al 1993]. It has been suggested that méthylation processes may 

be important in the expression of mood. Indeed folic acid and SAM have been 

shown to influence monoamine metabolism, traditionally considered to be at the root 

of affective disorders. In rat brains the highest regional concentration of MTHF is in 

areas of dense serotonergic (5HT) innervation [Bottiglieri 1992].

Tyrosine- DHF5, 10-methylene-THPTryptophan,

5-methyl-THF THF5HTL-DOPA

Figure 1.6. Relationship between folate and neurotransmitters [Bottiglieri 

1992]. DA is dopam ine; 5H T  is  seroton in; B H 4 is tetrahydrobiop terin ; qB H 2 is d ihydrobiopterin ; 

THF is te trahydrofolate; D H F  is dihydrofolate.

The relation between MTHF and serotonin is uncertain, but it may occur 

through the influence of folate on tetrahydrobiopterin (BHj) metabolism (figure 1.6). 

BH4 is required for tryptophan hydroxylase activity, the rate limiting enzyme in 

serotonin production and for tyrosine hydrolase in the synthesis of dopamine. Rat
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brain BH4 synthesis can be stimulated by MTHF [Bottiglieri et al 1992]. Those 

patients with low folate levels respond less well to antidepressants, perhaps because 

the amount of folate entering the CNS is limited. Causes of folate deficiency in 

dépressives is unknown and suggested reasons include abuse of barbiturates and 

alcohol or inadequate diet [Crellin et al 1993]. Epileptic patients treated with 

anticonvulsant drugs often become folate deficient; this deficiency has been 

associated with depression. Treatment of patients with neuro-psychiatric 

abnormalities and folate deficiency with folate supplements showed improvement of 

symptoms [Bottiglieri et al 1994].

SAM has also been linked to psychiatric illness. It has been used as an anti

depressant, and it may also improve cognitive fimction in patients with dementia. It is 

thought that there may be a deficiency of SAM synthase in schizophrenia. SAM has 

many roles in the biochemical reactions taking place in the brain, importantly it 

activates tyrosine hydroxylase in vitro (SAH inhibits). SAM can therefore, cause an 

increase in noradrenaline, serotonin and dopamine levels. SAM inhibits neuronal 

high affinity uptake of NA, but has no effect on catecholamines or serotonin uptake. 

It has some mixed weak actions on monoamine oxidase activity [Bottiglieri et al 

1991 & 1994]. SAM may also affect receptor systems; by increasing the density of (3 

receptors and decreasing the affinity of a  receptors whilst decreasing membrane 

microviscosity. SAM given to old rats, increased dopamine-sensitive adenylate 

cyclase activity and prevented the decrease in muscarinic receptors which occurs 

with age. This also suggests that decline in mental function with age may be due to 

decreased méthylation reactions occurring in the brain. SAM enhances diazepam and 

G ABA binding to plasma membranes. SAM concentrations been found to be 

depleted in the following disorders: Parkinson’s, dementia, epilepsy, multiple 

sclerosis, SACD, methotrexate encephlopathy and AIDS [Bottiglieri et al 1994]. 

Dementia

41% of Alzheimer’s’ dementia patients have reduced SAM levels. It has

been postulated that decreased SAM levels cause hypomethylation of DNA. In non

dividing or slowly growing cells e.g. neurones, the unrepaired damage leads to
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breakdown of cellular function and ultimately cell death. Slower repair processes are 

present in these cells as the risk of sustained mutation is lower. In Alzheimer’s the 

role of the amyloid or amyloid precursors is considered to be protective and to 

stimulate DNA synthesis. The appearance of these substances indicates build up of 

DNA damage. It is hypothesised that genetic sensitivity to DNA damage accentuates 

the situation in dementia or plays a causative role in the genesis of the underlying 

condition. In Alzheimer’s, low levels of cobalamin (and high levels of 

homocysteine), with an increase in MAO activity and megaloblastic anaemia have 

been found. Treatment with SAM improved measures of cognitive function, mood 

and speed of mental processing [Ikeda et al 1990; Regland & Gottfries 1992].

Downs ’ Syndrome.

The enzyme cystathionine p synthase has been mapped to the chromosome 

band 21q22.3. Due to gene dosage, CBS activity is increased in this syndrome and 

this decreases methionine synthase activity due to decreased availability of the 

common substrate homocysteine. To what extent this may be responsible for the 

symptoms of Downs’ is unclear. However, mental impairment may occur due to 

similar mechanisms proposed to account for Alzheimer’s. There is a strong 

correlation between macrocytosis and intellectual deterioration, suggesting deficient 

DNA synthesis, disturbed monocarbon metabolism and methionine deficiency 

[Regland & Gottfries 1992].

Multiple Sclerosis

Patients with MS have been reported to have lower B 12 levels and higher

unsaturated R binder protein (function unknown) levels than controls. They were

also significantly macrocytic with lower red cell folate levels, and increased

homocysteine levels suggesting that B 12 deficiency may be part of the pathogenesis

of MS. The risk of developing MS and concurrent B12 deficiency, on the basis of

epidemiological and age considerations is remote. The deficiency may be due to an

increased demand due to increased repair processes (B12 being important for myelin

synthesis and integrity as already discussed). Treatment with high doses of vitamin

Bi2 did not improve symptoms but did improve visual and brainstem auditory evoked
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potentials, measurements of nerve function [Ransohoff et al 1990; Reynolds et al

1992a & b & c & 1993; Crellin et al 1989; Kira et al 1994].

Neural Tube Defects (spina bifida, anencephalus, encephalocele, iniencephaly)

In both rats and humans, there is accelerated folate metabolism in pregnancy

producing an extra demand of 200-300 pg per day [McNulty et al 1993; McPartlin et

al 1993]. Epidemiological studies implicated folate levels as they correlated with the

incidence of babies bom with NTD. The proposed mechanism of folic acid

supplementation is in the provision of methyl groups via methionine synthase,

ensuring DNA synthesis. Women are not usually deficient in folate; it is thought that

there is a defect in homocysteine metabolism, as mothers of children with NTD had

higher levels of homocysteine than normal [Kirke et al 1993; Scott et al 1990 & 1992

& 1994; Mills et al 1995]. It has been estimated that supplementation of folate

during pregnancy could reduce the incidence of NTD by 50%.

In Axd mutant mice only methionine (not folic acid or B12) protects against

NTD [Essien & Wannberg 1993]. It seems likely that there is some defect in

methionine synthesis. This is further substantiated by the fact that when methionine

synthase was inhibited by nitrous oxide the number of NTD in a population of mice

increased. This effect was prevented by methionine supplementation; methionine

could also prevent the effect of NTD caused by drugs such as sodium valproate.

[Ehlers et al 1996; Fujinaga & Baden 1994].

AIDS related dementia

Many patients with HTV show signs of a syndrome called AIDS-related

dementia in which the myelopathy resembles that seen in subacute combined

degeneration caused by B 12 deficiency. CSF levels of SAM and SAH in these

patients were measured and the ratio was found to be low, creating an environment

for neurological lesions to develop. Levels of 5-MTHF were also reduced. The

authors suggest that this could be due to localised cobalamin deficiency (no actual

deficiency has been found). Alternatively this could be due to high interferon levels

(produced during viral infections), shown previously to reduce the méthylation ratio.

Patients were more sensitive to dihydrofolate reductase inhibitors (e.g. methotrexate)
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suggesting folate, SAM, or methionine deficiency [Keating et ai 1991; Trimble et al 

1993; Bottiglieri et al 1994].

1.1.4.5. Liver disease

Vitamin B 12 deficiency, or alcoholism can cause liver disease. For example, 

vitamin B 12 deficiency in sheep is characterised by a decreased appetite, weight gain, 

compromised immune system and fatty degeneration of the liver. 

Phosphatidylcholine (PC) is a major membrane phospholipid essential for cell 

viability and also involved in hepatic lipoprotein secretion. A disturbance in PC 

metabolism is thought to cause fatty degeneration. There are two main pathways 

which form PC: i) direct pathway which involves the utilisation of free choline, ii) 

indirect pathway which involves stepwise méthylation of phosphatidylethanolamine 

(PE); in the liver this is the most important pathway. In cobalamin deficient sheep 

liver PC concentrations can decrease by 25%, [Kennedy et al 1992; Fehling et al 

1978]. Low PC concentrations could inhibit lipoprotein secretion of lipids leading to 

the increase in fats stored in the liver.

In liver cirrhosis a block in transulphuration causes a decrease in 

glutathionine levels, this normally protects SAM synthase from oxidation. SAM 

synthase is inactivated, the méthylation ratio falls resulting in fatty liver. SAM can 

be used to treat intrahepatic cholestasis [Pisi & Marchensini 1990; Almasio et al

1990].

1.1.4.6. Tumour formation.

There is an association between nutrition and tumour formation. A diet

deficient in methyl groups (folate, choline, SAM and methionine) has been linked to

colon cancer [Giovannucci et al 1995], cervical dysplasia [Butterworth 1993] and

cancer in rats [Ghoshal et al 1995]. Rats fed a methyl deficient diet accumulated

genome wide strand breaks, associated with decreased méthylation and increased

DNA methyltransferase activity. Unique DNA strand breaks were detected in exon

5, but not 6-8 of the p53 gene, other genes found to be affected included Fos and Ha-
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ras [Pogribny et al 1995a]. Strand breaks were seen after 48 hours and 9 weeks 

[Pogribny et al 1995b]. DNA hypomethylation also alters the conformation and 

stability of chromatin structure making affected regions accessible to DNA damaging 

agents: adding a carcinogen increases DNA damage [Zapisek et al 1992]. 

Unmethylated sites persisted, even after the restoration of methyl groups. Methyl 

deficient diets also increase ornithine decarboxylase activity and thus perhaps 

polyamine synthesis (high levels have been found in cancer)[Park et al 1994]. 

Therefore, a hypothetical list of events occurring in tumour formation due to 

ineffective nutrition is:

1] DNA hypomethylation due to diet depleted in SAM

2] Oxidative damage to DNA due to lipid accumulation

3] Aberrant membrane phospholipid metabolism and receptor expression

4] Abnormal deoxynucleotide metabolism promoting DNA misconception

5] Oncogene and tumour suppressor gene aberrations.

Many tumour cell lines have been found to be dependent upon exogenous

methionine, this includes both cells grown in culture and fresh cells taken from

human cancers [Hoshiya et al 1995]. Methionine dependence occurs more frequently

in highly metastatic cells, although methionine synthase activity was found to be

similar in all cell lines. Methionine dependence has been demonstrated in fibroblasts

obtained several years before malignant disease became apparent, suggesting the

methionine dependence represents phenotypic expression of a genotype related to

oncogene formation [Hoffman 1984]. Feeding high levels of methionine to rats with

tumours increases the death rate [Torosian et al 1995]. The reason for methionine

dependence is unclear. It may be due to inadequate provision of substrates or

cofactors for the reaction. The basis for development of methionine dependence

during culture of this cell line was related to the combined effects of decreased

methionine biosynthesis and increased transmethylation rate [Liteplo et al 1991].

Methionine synthase in mutant cells is only slightly inactivated by N2O (see section

1.1.5.1), the enzyme therefore, may not be turning over. Low levels of cobalamin

seemed to be the only factor which most closely correlated with methionine
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dependence [Fiskerstrand et al 1994]. Soy and selenium inhibit tumour growth by 

causing methionine deficiency [Hawrylewicz et al 1995; McGarity et al 1993]. 

These correlation’s have led to the development of a novel cancer treatment using an 

enzyme isolated from prokaryotes called methioninase, which is currently under

going clinical trials [Lishko et al 1993]. Methotrexate is an anticancer drug 

affecting folate metabolism and therefore also inhibits methionine synthase. In some 

patients, it causes an increase in plasma hey which can last several days [Refsum et al 

1986]. Homocysteine levels measured in the plasma of children with acute 

lymphoblastic leukaemia were found to be elevated prior to therapy, probably 

because of occasional folate deficiency. A high affinity transport system for reduced 

folates seems to be over expressed by leukaemic cells in culture. At the time of 

admission of these patients the plasma homocysteine was related to white blood cell 

count which is related to the specific growth rate of the cancer. Methionine depletion 

was thought to interfere with the anti leukaemic effect of MTX [Refsum et al 1991 & 

1986].

The response to 5-FU treatment can be measured using homocysteine levels. 

A methionine-depleting diet and 5-FU act synergystically [Goseki et al 1995]. There 

is also a synergistic effect between nitrous oxide and cycloleucine, 5-FU and MTX 

[Abels et al 1990; Black & Telphy 1993].

It has also been suggested that a decrease in the homocysteine derivatives 

thioretinamide and thioretinaco may contribute to tumour growth [McCully 1994a]

Interestingly, in rats given hydrazine and orotic acid (a tumour inducer) the 

administration of SAM halted the progression of perineoplastic nodules in the liver to 

cancers. SAM also induced apoptosis of these pre-cancerous cells and caused partial 

reversion of carbohydrate metabolic features to those present in normal liver 

[Pascale et al 1992 & 1995; Gerbracht et al 1993]. It may be that SAM methylates 

the DNA and inhibits expression of growth related genes [Pascale et al 1993]. 

Administration of folate and B12 can suppress the development of squamous 

metaplasia and atypia I the airways of smokers [Kamei et al 1993].
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1.1.5. Substances found to inhibit methionine synthase activity.

1.1.51. Nitrous oxide.

Several substances are known to inhibit methionine synthase, one of these 

being the general anaesthetic gas nitrous oxide (N2O). This is a well-documented 

side effect of nitrous oxide and is considered to only affect methionine synthase (at 

least in the initial stages) [Nunn 1987; Gillman & Lichtigfeld 1989] e.g. cobalamin 

inactivation can be monitored during N 2O anaesthesia by determining serum levels of 

homocysteine [Christensen & Ueland 1992]. These levels remain elevated up to one 

week later [Ermens et al 1991]. Cases of N2O abuse have lead to severe neurological 

symptoms and anaemia [Layzer 1978]. Nitrous oxide is also used to mimic 

cobalamin deficiency in the laboratory. The rate of inactivation of methionine 

synthase is faster in rats than in humans. In rats the enzyme is inhibited by more than 

50% in less than 30 minutes (50% N2O), in man 50% inhibition occurs after 2 hours 

of 60% N2O [Nunn 1987]. Onset in human bone marrow is slower than in the 

placenta [Christensen et al 1992; Tandon & Toothill 1986]. The SAM/SAH ratio, a 

measure of methionine synthase activity, falls most markedly in the brain & spinal 

cord, with a broadly linear recovery [Molloy et al 1992].

The proposed mechanism for the action of N2O is that it reacts with 

cobalamin in the following manner:

cob(I)alamin + N2O + -> cob(II)alamin + N2O + «OH

The hydroxyl radical is available to attack the catalytic site of the enzyme causing

permanent damage, and decreasing enzyme activity by 60 to 75 %. Spectrally, when

nitrous oxide reacts with methionine synthase, the enzyme is seen to retain bound

cob(n)alamin with partial degradation of the prosthetic group. This has also been

shown in vitro, methionine synthase was found to be inactivated by nitrous oxide

only when the enzyme was turning over [Frasca et al 1986]. Buffer pH also affects

the rate of inactivation by supporting single proton inactivation. Nitrous oxide

degradation of the enzyme consumes electrons and causes specific modifications to

the enzyme at the SAM binding region. Covalent addition of buffer mediator to the

enzyme at valine 1177 and formation of disulphide bridge between cysteines
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occurred [Drummond & Matthews 1994a & b]. This explained the observation that it 

normally takes two to four days for enzyme activity levels to reach normality, 

presumably since new enzyme needs to be synthesised [Koblin & Tomerson 1990].

The enzyme can be protected by pre-treatment [Christensen et al 1992] with 

folinic acid [Lee et al 1993] or methionine [Christensen & Ueland 1993; Christensen 

et al 1994]. There is no evidence that methionine enhances methionine synthase 

formation. Dimethylthiourea (DMTU), a hydroxyl radical scavenger, when given 

before a dose of N2O, impedes the inactivation of methionine synthase [Koblin & 

Tomerson 1990; Christensen et al 1994a & b], thus inferring a free radical 

mechanism of inhibition. Nitrous oxide interferes with DNA synthesis (manifest by 

an abnormal deoxyuridine suppression test), causes megaloblastic changes, 

agranulocytosis and probably fetotoxicity [Nunn 1987]. It is probably, therefore, 

unfavourable to wound healing [Nunn 1987].

Nitrous oxide may cause spontaneous abortion and congenital abnormalities 

in foetuses when women are chronically exposed to concentrations as small as 50 

PPM [Yagiela 1991]. This level of exposure for 2 hours has been shown to cause 

impairment in audio-visual performance tasks [Bruce et al 1974]. N2O has been 

shown to distribute well to the spinal cord and ovaries and to cause inhibition of 

methionine synthase there, probably causing alteration of corpus luteum formation. 

N2O also appears to interfere with the release of LHRH; the mechanism has yet to be 

elucidated [Yagiela 1991].

In haematopoetic and bone marrow stromal cells, N2O causes a decrease in 

methionine synthase activity, an increase in homocysteine efflux and inhibits colony 

formation. Nitrous oxide also inhibits haematopoetic reconstitution after irradiation 

in mice, and slows the progression of leukaemic cell lines [Warren et al 1993].

The effects of N2O on the CNS may be more related to changes in 

neurotransmitter levels; long term N2O exposure of rats leads to an increase in 

noradrenaline, dopamine and serotonin (but this may also occur due to inhibition of 

methionine synthase section 1.1.4.4). Hepatic methionine synthase activity was not

affected in this experiment [Abdul-Kareem et al 1991].
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Infrared spectroscopy has shown that N 2O can interact with lysozyme, 

cytochrome c, myoglobin, haemoglobin, serum albumin and cytochrome c oxidase 

[Dong et al 1994].

1.1.5.2. Ethanol.

During acute alcohol consumption ethanol is metabolised by alcohol 

dehydrogenase to produce acetaldehyde. The Km of the cytosolic form of this 

enzyme is 180 ± 10 pM, but as the Km of the mitochondrial enzyme is lower, it is not 

thought to be very active [Klyosov et al 1996]. This enzyme is situated only in the 

liver, is easily saturated and thus levels of acetaldehyde remain low. Chronic 

consumption of ethanol, however, induces the cytochrome P450 system, in particular 

P450 2Ei [Lieber 1990]. This increases the metabolism of alcohol to acetaldehyde 

producing much higher levels e.g. 250 nmol/g [Hidiroglou et al 1994], or 5-250 pM 

[Itala et al 1995]

Acetaldehyde is not released into the blood although a plasma level of 0.9 

mM was found in hamsters treated with daidzin which interferes with ethanol 

metabolism. This was seventy times higher than normal levels [Keung et al 1995]. 

Acetaldehyde may mediate many of the toxic effects of alcohol by binding covalently 

to proteins in the liver, these may be released from the liver, inducing an immune 

response [Pietrzak et al 1995]. Acetaldehyde reacts with lysine and free amino 

groups on proteins [Pietrzak et al 1995]. It may also form cyclic adducts with 

cysteine, homocysteine and penicillamine [Koterba et al 1995]. Schiffs bases may be 

formed between lysine and terminal amino groups of proteins [Lin et al 1995].

Chronic exposure of rats to a diet containing 26% or less of its calories from

ethanol [Koblin & Evermann 1991] decreases the activity of methionine synthase in

liver and kidney [Sherif et al 1993] or only liver [Koblin & Everman 1991]. Acute

exposure does not affect the enzyme in mice, indeed, a small initial increase in

enzyme activity was observed [Koblin & Tomerson 1989]. Methionine synthase

activity, in rats chronically exposed to ethanol, was decreased even frirther by N2O,

although activities returned to normal at the same rates in both groups [Koblin &
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Everman 1991]. The decrease in activity of rat methionine synthase with chronic 

ethanol administration caused induction of betaine-homocysteine methyltransferase. 

Betaine administration in the diet retained normal SAM levels and prevented ethanol- 

induced infiltration of triglycerides to the liver, known as 'fatty liver' [Trimble et al

1993]. Ethanol was reported to induce changes in the distribution of folates: namely 

an increase in methyltetrahydrofolate, in glutamate chain lengths and unsubstituted 

THE, and a decrease in formylhydrogen folates. This could occur due to inactivation 

by acetaldehyde of methionine synthase or another enzyme in the same metabolic 

cycle [Barak et al 1991 & 1993].

Ethanol can also induce nitric oxide formation [Lancaster 1995] and deplete 

magnesium concentrations [Rivlin 1994].

1.1.5.3. Cobalamin analogues.

The effect of synthetic cobalamin analogues upon methionine synthase 

activity in rats has been studied [Stabler et al 1987]. Changes to any part of the 

cobalamin molecule results in inactivation, and in some cases, potent inactivation 

especially when changes occur in the corrin ring. Typically, these result in a decrease 

in mutase activity to 65% with a concomitant increase of 3200% in the level of 

methylmalonyl CoA; and a decrease in methionine synthase activity to about 20% 

and a rise of homocysteine levels to 340%. It was also found that the cobalamin 

analogues depleted liver cobalamin, although it is thought that naturally occurring 

analogues have no such effect.

1.1.5 4. Environmental toxins.

Methylmercury inhibits methionine synthase in vitro [Smith & Smith 1990]

and in vivo [Brennt & Smith 1989]. Methylmercury is an environmental toxin, but is

used in commercial and industrial applications world-wide [Berlin 1986]. It is more

effective at inhibiting methionine synthase in brain, kidney and ovary than in the

liver. Interestingly, paraesthesia is an early indicator of methylmercury and nitrous

oxide toxicity. Methionine synthase is a sulphydryl enzyme, and therefore, enzyme
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action may be modified by a number of heavy metals known to have high affinity for 

sulphydryl and disulphide bonds. 6mg kg 'l of methylmercury in the rat brain caused 

a significant decrease in methionine synthase activity [Brennt & Smith 1989].

1.1.5.5. Halocarbons.

Methionine synthase is also inhibited by chloroform and carbon tetrachloride 

[Alston 1991], by covalently modifying the cobalt in cobalamin in vitro in the 

presence of reducing agents. 1-iodopropane and 1-bromopropane can also cause 

inhibition. Dichloromethane, 1,1,1 -trichloroethane, trichloroethylene, sevofluranô, 

methoxyflurane, isoflurane, enflurane and halothane had no effect.
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1.2. Nitric Oxide.

1.2.1. Production.

Nitric oxide is produced from L-arginine by a family of nitric oxide synthases. 

The products of the reaction are thought to be L-citrulline and the nitric oxide free 

radical [Nathan 1992]. The half life (th ) of nitric oxide in biological systems is thought 

to be about 5 seconds [Schmidt et al 1993]. Nitric oxide synthases (NOS) require 5 

electrons donated from, NADPH, FMN, FAD and also the cofactors tetrahydrobiopterin, 

calcium calmodulin and molecular oxygen [Moncada & Higgs 1995; Breat & Snyder

1994].

Several isozymes of NOS have been found, and are divided into constitutive 

(cNOS) and inducible (iNOS). All NOSs have a region homologous with cytochrome 

P450 reductase which contains the FMN, FAD and NADPH binding regions and is 

located at the C-terminal end. The enzyme also contains a cytochrome P450-like haeme 

domain, possibly important for self-regulation. NOS exists as a homodimer, the subunits 

having an Mr of 130-160 kDa [Moncada & Higgs 1993].

Constitutive nitric oxide synthases include neuronal NOS (nNOS), located on 

chromosome 12, and endothelial NOS (eNOS), located on chromosome 7 [Moncada & 

Higgs 1995]. The endothelial form contains a myristoylation site at its amino terminus, 

presumed to enable attachment of the enzyme to membranes [Zhang & Snyder 1995]. 

Constitutive NOS can also be found in platelets [Loscalzo & Welch 1995]. Inducible 

NOS includes macrophage NOS (mNOS), located on chromosome 17 [Moncada & 

Higgs 1995]. Inducible NOS can also be found in nonreticuloendothelial cells, neuronal 

cells and hepatocytes [Hortelano et al 1992; Salter et al 1991].
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Regulation of nitric oxide levels is achieved by inhibition or stimulation of cNOS 

through: calcium levels, phosphorylation, cofactor availability, acetylcholine,

bradykinin, thrombin, excitatory amino acids and leukotrienes [Schmidt et al 1993]. The 

level of expression of iNOS can be regulated by transforming growth factor p, 

interleukins, cytokines, endotoxin, tumour necrosis factor and interferon y [Schmidt et al

1993]. Calcium has no effect upon iNOS activity, due to the fact that calmodulin is 

bound so tightly to the enzyme that it is always present at physiological concentrations 

[Moncada et al 1991].

Nitric oxide production can be inhibited by analogues of L-arginine e.g. N^- 

monomethyl-L-arginine (LNMMA), N^-nitro-L-arginine (LNA), and its methyl ester 

(LNAME), N-iminoethyl-L-omithine (LNIO) and N^-amino-L-arginine (LNAA). These 

are competitive (and in some cases irreversible) inhibitors of NOS. Some of these e.g. 

LNMMA are actually found in human plasma and urine, although the significance of this 

is unknown [Moncada & Higgs 1995].

Nitric oxide production can be enhanced in biological systems by i} direct 

administration, ii} nitric oxide donors, iii} stimulating the pathway in which NOS is 

situated, iv} augmenting the action of NO, and v} providing additional substrate. Nitric 

oxide donors have already been used therapeutically, they include: organic nitrates 

(GTN), nitrates (amylnitrate), inorganic nitroso donors (a spontaneous donor being 

sodium nitroprusside and SNAP which requires non-enzymatic conversion) [Moncada & 

Higgs 1995].
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1.2.2. Physiological effects.

Nitric oxide has many physiological roles, and those that have been most 

extensively studied include its functions in the cardiovascular system, the nervous 

system and the immune system.

Cardiovascular system. Nitric oxide has been found to determine basal vascular tone in 

arteries and veins, prevent platelet activation and inhibit adhesion to the endothelium 

[Knowles & Moncada 1992]. NO can also regulate myocardial contractility [Loscalzo & 

Welch 1995; Schultz & Triggle 1994]. Vascular tone is maintained by continuous 

production of NO by the vascular endothelium. NO production is highest in arteries of 

smaller diameter, which may be due to the fact that shear stress can stimulate NOS gene 

expression [Loscalzo & Welch 1995]. The anti-thrombotic properties of the 

endothelium are potentiated by the ability of NO to inhibit platelet clotting: it inhibits 

ADP-induced platelet aggregation and promotes disaggregation [Moncada & Higgs

1995]. Nitric oxide can also inhibit neutrophil aggregation. Myocyte concentration is 

decreased by nitric oxide in response to adrenergic and cholinergic stimuli [Loscalzo & 

Welch 1995].

Endothelium relaxing factor (EDRE) is widely considered to be NO. It has been 

suggested that S-nitrosothiols serve as the major plasma reservoir of NO e.g. S-nitroso- 

L-cysteine (SNC). These reactions, if they can occur in vivo, are thought to be 

reversible; SNC causes EDRF-like reactions [Jia et al 1996]. In vitro experiments have 

shown that, for nitrosation of thiols by "NO to occur, the presence of oxygen is required; 

under physiological conditions the half life of the reaction was found to be greater than 7 

minutes. As NO reacts faster with haemoglobin and O2 ”  the reaction with thiols is
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unlikely to take place physiologically [Goldstein & Czapski 1996]. The plasma 

concentration of free NO has been reported to be 3 nM [Loscalzo & Welch 1995], 

however, as nitric oxide reacts very quickly with haemoglobin this value can at best be 

only an estimate.

Nervous system. In the peripheral nervous system NO is thought to be the 

neurotransmitter of non-adrenergic, non-cholinergic nerves. It is therefore involved in 

the relaxant component of peristalsis, urinary outflow from the bladder, regulation of 

tracheal dilation’s and penile erection [Moncada & Higgs 1993].

In the central nervous system NO acts as a neurotransmitter. Other 

neurotransmitters are specific with a unique molecular shape to interact with a specific 

receptor, and are stored and released through exocytosis. Nitric oxide is synthesised on 

demand and diffuses through membranes and directly interacts with targets usually 

regarded as second messengers. It has no specificity and no unique molecular shape 

[Zhang & Snyder 1995; Garthwaite 1995]. NOS has been found to be localised to 

various areas of the brain e.g. cerebellum. It is thought that NO may participate in long 

term potentiation and therefore may be involved in learning and memory [Moncada & 

Higgs 1993]. Long term potentiation is mediated by the effects of NO upon soluble 

guanylate cyclase [Boulton et al 1995]

Immune system. Nitric oxide production is due to the iNOS. The expression of iNOS is 

increased during infection in macrophages and NO is thought to be part of the non

specific cell killing component of the immune system. ÏNOS can also be expressed by 

other cells e.g. hepatocytes and this may be helpful in killing virally infected cells
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[Nathan 1992; Moncada & Higgs 1993]. The ability of NO to kill cells may be 

attenuated by homocysteine concentrations [De Groote et al 1996].

1.2.3. Pathophysiological effects.

These can be due to too much or too little nitric oxide production.

Septic shock. This is due to high levels of NO produced by iNOS in infection. The 

excess NO causes vasodilatation and hence hypotension, but also attenuates the vascular 

response to noradrenergic nerve stimulation, and hence, blood pressure cannot be 

restored [Loscalzo & Welch 1995].

Myocardial contractile dysfunction states are also due to over production of NO 

[Loscalzo & Welch 1995].

Reperfusion injury is mediated by the release of oxygen derived free radicals from 

activated leukocytes. Superoxide anion, O^, reacts with NO to form peroxynitrite 

ONOO which is highly toxic. Inhibition of NOS at the onset of reperfusion reduces 

injury [Loscalzo & Welch 1995].

Atherosclerosis tends to occur when NO levels are low due to endothelial dysfunction, 

possibly caused by hyperlipoproteinaemia [Loscalzo & Welch 1995].

Hypertension is another low NO state found in basal & endothelial activating conditions, 

however it is not certain whether low NO levels cause, or are a consequence, of 

hypertension [Loscalzo & Welch 1995].

Neurotoxicity. NO is released from neurones in response to NMDA receptor stimulation 

by glutamate due to increased calcium production [Choi 1993]. In stroke, over

stimulation of these receptors can occur. Neurotoxicity occurring in AIDS-related 

dementia may also be mediated by NO [Zhang & Snyder 1995]. Increased transcription
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of iNOS has also been reported in multiple sclerosis [Bo et al 1994]. A hypothetical 

scheme showing the sequence of events is shown in figure 1.7. Other evidence suggests 

that NO has no role in neurotoxicity [Garthwaite & Garthwaite 1994]
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Figure 1.5. Scheme showing a method by which NO may induce neurotoxicity 

[Dawson 1995). PARS is p o ly  (AD P-ribose) synthetase, Nam is nicotinam ide.

Protein production. This has been shown to be inhibited in hepatocytes by nitric oxide 

[Curran et al 1991].

1.2.4. Molecular targets of nitric oxide

Nitric oxide was first found to exert its actions through stimulation of the enzyme 

guanylate cyclase, leading to increased levels of cGMP [Nathan 1992]. cGMP has many 

actions for instance modulation of activity of cGMP gated ion channels involved in
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photoreception and olfaction, certain phosphodiesterases are regulated by cGMP, as is 

cGMP dependent kinase [Schmidt et al 1993]. PKG has effects upon the heart 

cerebellum, kidney and platelets. Therefore, through this cGMP second messenger 

system, NO has some wide reaching effects.

Nitric oxide can also directly target NADPH-ubiquinone oxidoreductase, NADH 

-succinate oxidoreductase, cis-aconitase, ribonucleotide reductase (the rate limiting step 

in DNA synthesis), cytochrome C oxidase, cytosine adenosine 5-diphosphate 

riboyltransferase [Nathan 1992; Zhang & Snyder 1995] and generally iron-sulphur 

enzymes e.g. ferritin [Henry et al 1993]. This latter interaction is thought to cause iron 

liberation and lipid peroxidation when NO levels are high. Nitric oxide also binds to SH 

groups on proteins e.g. haemoglobin [Jia et al 1996], and could therefore regulate a great 

many proteins through this mechanism [Stamler et al 1992].

1.2.5. Therapeutics.

Nitric oxide donors have been used to treat angina for many years [Anggard 

1994]. It may also be possible to use NO donors to inhibit platelet aggregation without 

causing hypotension [Moncada & Higgs 1995]; or to inhibit proliferation of smooth 

muscle as a treatment for atherosclerosis [Moncada & Higgs 1995]. NO donors may be 

used to limit reperfusion injury during angioplasty [Loscalzo & Welch 1995]. Other 

possible uses include in: pulmonary hypertension. Adult Respiratory Distress Syndrome, 

achalasia, sphincter malfunction, biliary colic, male impotence, Raynaud’s disease and 

pre-eclampsia [Nathan 1992]. Inhibition of NO production may be useful in diabetes 

onset, septic shock and chronic inflammatory diseases [Henry et al 1993].
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1.3. Polyamines

Three major polyamines are found in eukaryotic cells: putrescine, spermidine and 

spermine. All three polyamines are charged at physiological pH as can be seen from 

their structures in figure 1.8.

H3N ^ N p ^ N - - N H 3

Hz

Putrescine Spermidine Spermine

Figure 1.8. The structures of the polyamines. [Seiler 1991]

1.3.1. Production.

The pathway involved in the production of polyamines is shown in figure 1.9.

Polyamine production is mainly dependent upon the enzymes ornithine 

decarboxylase (ODC) and S-adenosylmethionine decarboxylase (SAMDC). Ornithine 

decarboxylase activity is dependent upon the cofactor pyridoxal phosphate; it has a 

molecular weight of 105 kDa with subunits of weight 50 kDa [Grillo 1985]. SAMDC 

activity is dependent upon pyruvate; it has subunits of 32 kDa; initial weight is 37 kDa, 

but an activation process removes part of the subunit. The total mass of the SAMDC is 

155 kDa [Kameji & Pegg 1987]. Both ODC and SAMDC are highly regulated and have 

half-lives which vary between 10 and 40 minutes, thus the concentration of polyamines 

has the potential to be highly controlled [Seiler 1981].
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Once putrescine has been formed by ODC it is then converted to spermidine by 

spermidine synthase, and further by spermine synthase to spermine.

S-Adenosyl methionine

SAMDC

Ornithine

ODC

C02
CO:

PutrescineDecarboxylated 
S-adenosyl methionine PAG

Spermidine
synthase

N-Acetylspermidine

SSAT

Methyl- ^  
thioadenosine

Spermidine

PAG

Spermine
synthase

N-acetylspermine

Methyl- ^ 
thioadenosine SSAT

Spermine

Figure 1.9 The pathway involved in the production of polyamines [Seiler 1991].

O D C  is ornithine decarboxylase, SAM DC is S-adenosylmethionine decarboxylase, SSAT is spermine (or 

sperm idine) adenosyl transferase, PAG  is polyam ine oxidase.
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In general the concentration of polyamines was found to be regulated by 

allosteric feedback by substrates or products of the reactions. The availability of dcSAM 

determined spermine and spermidine synthase activity [Seiler 1981]. 

Metbyltbioadenosine was found to be a feedback inhibitor of these enzymes (and of 

SAH hydrolase) [Christa et al 1988].

Interference with the provision of SAM by inhibition of SAM synthase increased 

ODC levels three fold and increased SAMDC concentration 2.5 fold, partly through an 

increase in half life. The levels of spermine and spermidine were decreased by 20% 

[Kramer et al 1988]. SAM may regulate the activity of ODC and SAMDC, as high 

levels inhibited these two enzymes. Polyamine synthesis was preserved when SAM 

levels declined, presumably to the detriment of transmethylation reactions [Porter & 

Sufrin 1986].

Ornithine decarboxylase has an associated protein called antizyme which 

modulates ODC turnover and half life. Antizyme production was increased by 

putrescine, thus putrescine can limit its own production [Porter & Sufrin 1986; Seiler 

1981].

Putrescine had no effect upon synthesis of the 37 kDa SAMDC subunit, but 

accelerated its conversion to the active 32 kDa subunit; spermidine and spermine had no 

effect. Putrescine also directly activated SAMDC [Kameji & Pegg 1987]. Spermidine 

and spermine inhibited the translation of SAMDC mRNA. Spermine also exerted a 

negative control over SAMDC [Perrson et al 1989]. All polyamines inhibited the 

synthesis of ODC mRNA.
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Gamma-amino-butryric-acid (GABA) decreased putrescine synthesis by 

inhibiting ODC, but had no effect upon spermidine or spermine levels. Interestingly, 

GABA may be directly converted into the higher polyamines and putrescine may also be 

used to form GABA [Minuk et al 1991].

The turnover of polyamines in the body was found to be slow. After injection of 

labelled putrescine, maximal labelling occurred at 5-10 days and then slowly declined. It 

was estimated that spermidine and spermine have biological half lives of 42 days [Seiler 

1981].

Inhibition of methionine synthase caused a small decline in spermine levels 

suggesting that intracellular polyamine levels may, to some degree, be dependent upon 

vitamin B^. Interestingly, polyamine deprivation in Chinese hamster ovary cells caused 

some megaloblastosis, similar to that observed in cobalamin deficiency [Kroes et al 

1988].

The physiological levels of polyamines are usually reported as mg per g wet 

tissue or nmol/million cells, this gives little idea of their intracellular concentration. 

However, if cell measurements are taken into account, (the volume of an erythrocyte is 

94 fl and cell water content is 72%) an estimate can be made as to the actual intracellular 

concentration (table 1.2).

Serum levels are : putrescine, 0.1-0.5 nmol/ml; spermidine, 0.1-0.3 nmol/ml; 

spermine, <0.1 nmol/ml. Cerebrospinal fluid levels are: putrescine, 184 ± 54 nM; 

spermidine, 150 ± 48 nM, spermine is undetectable [Morgan 1990].
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cell type putrescine pM spermidine pM spermine pM

erythrocytes 0.6 - 0.9 18-28 15-19

resting fibroblasts 29 159 635

ascites 3 430 602

sv-3t3 229 1,835 694

Table 1.2. Comparison of the concentration of polyamines in different cell types

[Morgan 1990].

Several inhibitors of ODC and SAMDC have been developed. Inhibitors of 

ODC include: a-difluoromethylomithine (DFMO), 3-aminooxy-1-propanamine and 

berenil, SAMDC inhibitors include: methylglyoxal bis(guanylhydrazone) (MGBG), 

ethylglyoxal bis(guanylhydrazone) EGBG, 5’-{[(Z)-4-amino-2-butenyl]methylamino}- 

5’-deoxyadenosine (abeado), cyclohexylamine [Marton & Pegg 1995].

Synthetic analogues of the polyamines have been developed e.g. (2R, 5R) 6- 

heptyne-2,5-diamine (RRMAP) a putrescine analogue and 5,8 dimethylspermine [Porter 

& Sufrin 1986; Holm et al 1988].

1.3.2. Physiological effects.

These have still not been well defined, and most reports have been concerned 

with in vitro effects. In general polyamines are thought to control: growth, the cell cycle 

and differentiation [Milam et al 1989]. They lower blood pressure, relax smooth muscle 

and, in the stomach, polyamines have been reported to inhibit gastric acid secretion and 

ulceration. There are also reports of polyamines having analgesic properties and anti
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inflammatory effects [Bemardi et al 1996]. Polyamines may also modulate neurological 

function, calcium levels and interact with many enzyme systems {in vitro).

Effects upon growth & development. Polyamines stimulate growth; and inhibition of 

their synthesis decreased growth [Danzin et al 1979]. However, the specific effects of 

each polyamine upon the stages of the cell cycle has been harder to elucidate. In a 

nutritional model, designed to stimulate DNA synthesis, methionine was the most 

important compound inducing DNA replication with polyamines and other essential 

amino acids having little effect [Chadwick et al 1978]. More recent examination of the 

levels of polyamines and enzymes in the cell cycle of Chinese hamster ovaiy cells tends 

to point to a greater involvement of polyamines in the cell cycle than found previously. 

Putrescine levels were increased in late S and G2, spermidine levels increased 

continuously, and spermine only increased during Gi and S. ODC activity increased in 

late Gi, plateau’s in S and increased again at the end of the S phase. Maximal activity 

was found at the S/G2 transition. SAMDC levels increased in late Gi with maximal 

activity at the Gi/S transition, with a second burst of activity in mid-S phase. In 

summary, the transition stages of the cell cycle were associated with bursts in polyamine 

synthesis activity [Fredlund et al 1995].

Inhibition of ODC by DFMO causes proliferation of cells to cease in S phase, 

coincident with altered phosphorylation of a 31 kDa protein. Activity was restored with 

spermine [Koza & Herbst 1992].

Cytostasis has also been hypothesised to be due to lack of hypusination (amino- 

propyl donation) of eukaryotic translation initiation factor 5A (elF -5A) [Byers et al 

1993 & 1994].
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Polyamines have also been implicated in embiyo development, especially in 

brain development and function. All polyamines showed a distinct and uneven 

distribution profile among different areas of the brain; spermidine levels were highest in 

white matter and the thalamus [Morrison et al 1995] and high putrescine levels are 

characteristic of immature brains (no difference was found in spermidine and spermine 

levels). Maximal ODC activity coincided with maximum nerve cell proliferation [Seiler 

1981].

Protein production is an essential part of growth and has been found to be 

stimulated by polyamines [Welsh & Sjoholm 1988].

Effects o f  polyamines upon platelets. There are conflicting reports as to the effects of the 

polyamines upon platelet aggregation. Polyamines increased the degree of platelet 

aggregation induced by ADP or adrenaline in vitro [Pales et al 1984]. This may explain 

the increased thromboembolism observed in leukaemia and sickle cell anaemia. Other 

reports [Joseph et al 1985; Lee et al 1991] claim that platelet aggregation is inhibited by 

polyamines. Inhibition of thrombin induced rises of Ca^  ̂ and diacylglycerol may be 

inhibited by polyamines [Joseph et al 1985], and inhibition of ADP binding to platelets 

may also be affected [Lee et al 1991]. It is possible that polyamines have a dual effect, 

as they do at the NMDA receptor (see later). The concentrations of polyamines used in 

these studies appear to be similar (around 100 pM), and well above reported blood 

levels.

Polyamine effects upon kinases. It has been reported that polyamines can inhibit cAMP 

dependent protein kinase, protein kinase C and calcium/calmodulin dependent protein 

kinase II; which are known as the messenger-dependent kinases. The messenger
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independent kinases can be stimulated by polyamines e.g. casein kinases I & II. 

Polyamines are complementary to magnesium in this reaction [Morgan 1990]. Spermine 

binds to the regulatory (î subunit of CKII, binding sites are saturated at 200 pM and the 

ID50 was 50 pM; the enzyme activity was stimulated three fold. The EC 50 for spermine 

and CKI was less than 250 pM and for CKII less than 500 pM [Filhol et al 1991; Wei & 

Fao 1993].

The mechanism of inhibition of PKC by polyamines could be due to inhibition of 

translocation of PKC to the membrane. Polyamines are known to affect translocation of 

hexokinase and phosphatidate phosphohydrolase. Spermine binds to membranes, and 

each molecule can bind to 3-4 phosphatidylserine molecules. This may inhibit PKC 

binding to the membrane [Moruzzi et al 1987].

Polyamine effects upon other enzymes. Polyamines may be able to regulate fatty acid 

metabolism. They inhibit phospholipase A2 and phospholipase C and palmitoyl 

hydrolase and stimulate sn-glycerol-3 phosphate acyltransferase and diacylglycerol 

acyltransferase. Inhibition of ODC decreased phospholipid synthesis, confirming some 

of these results [Villanueva 1983].

Transglutaminases catalyse the covalent crosslinking of proteins, which is 

involved in mucosal healing. Polyamines stimulated this enzyme; inhibition of 

polyamine synthesis decreased activity [Wang et al 1994].

Nitric oxide synthase from rat cerebellum was inhibited by polyamines, possibly 

because they share some structural features with L-arginine. Spermine was more 

effective than spermidine or putrescine. The ICso’s were, for spermine 56.1 ± 13.3; 

spermidine, 139.4 ± 48 and putrescine 211.9 ± 54.3 pM. The magnitude of the
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inhibition was dependent upon the concentration of L-arginine, suggesting that the 

inhibition was competitive and reversible [Hu et al 1994].

Calcium-ATPase was inhibited by spermine. Spermine decreased the rate of 

dissociation of Ca^  ̂ from phosphorylated ATPase, increased the equilibrium constant 

and also inhibited the phosphorylation of ATPase by competing with Mg^^. Spermine 

was proposed to be binding to the phospholamban site on the enzyme [Hughes et al

1994].

Polyamines also inhibit glutamate dehydrogenase, spermidine was the most 

potent causing 80% inhibition at a concentration of 5 mM. The inhibition was 

potentiated by increasing NADH levels. Monovalent cations prevented the interaction 

and 2 mM ADP or 10 mM L-leucine (allosteric activators) abolished the effect. When 

NADH was exchanged for NADPH or NADP^ spermidine stimulated the enzyme 

[Jarzyna et al 1994].

Effects o f  polyamines upon insulin production. Decreased levels of putrescine and 

spermidine caused a decrease in the synthesis of proinsulin (and protein). Concurrent 

decrease of spermine levels caused a further decrease in proinsulin synthesis and a 

decrease in mRNA production. Consequently, glucose stimulated insulin release was 

decreased. Polyamines seem to be essential for normal insulin production [Welsh & 

Sjoholm 1988].

Effects o f  polyamines upon ion channels and neurotransmission. Polyamines modulate 

voltage-activated Ca^  ̂ currents, currents, the NMDA receptor channel, nicotinic 

acetylcholine receptors and GABA receptors. Many of these effects have been
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discovered or postulated after studying the effects of polyamine toxins (PAT) from 

spiders.

FAT’s inhibited calcium conductance’s, which cannot be blocked by m- 

conotoxin or 1,4 dihydropyridines, suggesting a novel class of calcium channel which is 

widely distributed in the CNS [Scott et al 1993].

Polyamines were found to be the gating molecules for inward rectifier potassium 

channels [Johnson 1996; Picker et al 1994].

The glutamate receptor channels were also affected by polyamines in a rather 

complex way. Polyamines antagonised the enhancement of glutamate responses 

mediated by AMPA, kainate and NMDA receptor ion channels; NMDA was the most 

sensitive. At the NMDA receptor, low concentrations of spermine increased currents 

and high concentrations decreased currents. Stimulation was achieved by potentiation of 

the glutamate mediated response, enhancing glycine binding and increasing the 

frequency of channel opening. Inhibition occurred due to decreased conductance and 

opening time. The effects of spermine may be controlled by the subunit composition of 

the receptor [Rock & MacDonald 1992; Scott et al 1993; Nankai et al 1995; Robinson et 

al 1990; Johnson 1996].

Blockade of the polyamine binding site of the NMDA receptor produced 

antinoceiption, by prolonging the reaction time to pain and enhancing the effect of 

morphine [Bemardi et al 1996].

The spermine binding sites on the NMDA receptor showed an increase in affinity 

during development [Scott et al 1993]; there was a simultaneous occurrence of NMDA
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and polyamines during development. NMDA function is believed to induce long term 

potentiation (memory) as well as regulation of neuronal development [Johnson 1995].

Other ion channels affected by polyamines may include: nicotinic acetylcholine 

receptors (inhibition), adenosine receptors and GABA channels [Scott et al 1993].

1.3.3. Pathophysiological effects.

Injection of very high doses of polyamines (into rats), caused: hypothermia, 

decreased movement, tachycardia, respiratory arrest and finally, death [Seiler 1991]. In 

brain, lower doses resulted in sedation and hypothermia, followed by central stimulation 

causing tremor and tonic convulsions [Scott et al 1993].

Cerebral Ischaemia. Polyamines may be involved in cerebral ischaemia. Putrescine 

levels increase immediately after ischaemic injury, prior to neuronal necrosis and 

correlate closely with density of cell injury. Increased ODC activity is also a common 

response to thermal, mechanical or chemical injury and degradation of both ODC and 

SAMDC seems to be blocked during ischaemia. Inhibition of polyamine synthesis 

mitigated brain damage [Scott et al 1993; Paschen et al 1988; Johnson 1995].

Clinical conditions associated with high levels of polyamines include: cystic 

fibrosis (increased spermidine), psoriasis (increased spermidine and spermine up to 3 

fold), sickle cell anaemia and neoplastic diseases [Rermet & Shukla 1978].

Polyamines and cancer. Injection of dimethylnitrosamine (a carcinogen) into new-born 

rats caused an increase in polyamine synthesis. There was a close correlation between 

the concentration of polyamines and histological findings during tumour development. 

It has been proposed that ODC may be a proto-oncogene and that disruption in the
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regulation of this gene may lead to cancer. Transcription of ODC is increased by c-myc 

and TGF(3 in response to H-ras [Marton & Pegg 1995]. It was suggested that neoplastic 

transformation can probably be followed by measuring the concentration of polyamines 

prior to the appearance of tumours, and that the efficiency of cancer treatment might be 

evaluated by measuring the concentration of polyamines [Bardocz et al 1982].

For these reasons, inhibitors of ODC and SAMDC have been synthesised and 

assessed for their ability to inhibit tumour growth. However, although these compounds 

were effective in vitro, they showed little activity in vivo, probably due to uptake of 

polyamines by tumour cells from the plasma, which in turn had been supplied by 

polyamines in the diet [Marton & Pegg 1995; Quemener et al 1994]. When this fact was 

realised, and polyamines were removed from the diet a greater response was noted with 

restoration of blood counts, natural killer cytotoxic activity and a decrease in métastasés 

[Quemener et al 1994]. Analogues of polyamines have also been used with success 

[Porter & Sufrin 1986].

1.3.4. Therapeutics.

Inhibition of polyamines synthesis is a useful tool in cancer treatment as already 

discussed. It has also been proved to be very effective in the treatment of parasitic 

infections e.g. Trypanosome brucei brucei and T. brucei gambiense (African sleeping 

sickness). Polyamine antagonists and inhibitors of synthesis may also prove useful in 

epilepsy and after ischaemic attacks [Marton & Pegg 1995; Scott et al 1993].
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1.4. Research Objectives.

1. To obtain sufficient quantities of highly purified methionine synthase to enable 

studies upon possible methods of regulation of the enzyme.

2. To survey a selection of compounds and proteins for ability to change methionine 

synthase activity in vitro.

3. To investigate compounds causing a positive effect upon methionine synthase activity 

further, to determine whether any effects upon the enzyme might be physiologically 

relevant.

4. To initiate in vivo studies upon any effects found in vitro.
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2.1. Materials

(DL)-horaocysteine, S-adenosyl L-methionine (iodide salt), 2-mercaptoethanol, 

methyltetrahydrofolate (barium salt), DEAE-cellulose (fibrous form), ATP, cAMP, 

cGMP, GTP, cAMP-dependent protein kinase, protein kinase inhibitor, heparin, 

protamine, phosphatidylcholine, glycerophosphocholine, phosphorylcholine, choline, 

phosphatidylserine, phosphoserine, EGTA, DMSO, deoxycholic acid, 

phosphatidylinositol, arcaine, ifenprodil, phosphatidylmonomethylethanolamine, 

acetaldehyde, sodium nitroprusside, phosphatidyldimethylethanolamine, 

phosphorylethanolamine, spermine, spermidine, putrescine, cadaverine, spermine 

agarose, N-acetylspermine, N-acetylspermidine, firefly lantern extract, PMSF, 

TLCK, trypsin inhibitor and aprotinin were all purchased fi*om Sigma. Radiolabelled 

[̂ "‘C-methylJmethyltetrahydrofolate (barium salt 56 mCi/mmol) was obtained from 

Amersham. Biorad provided the AG1-X8 resin (200-400 mesh chloride form), 

hydroxylapatite, ammonium persulphate, TEMED and Bradford’s reagent. Q- 

Sepharose fast flow, Mono-Q , Superose 12 and G25 columns were from Pharmacia 

Ultrafiltration membranes, XM-50 (cut off 50kDa), were purchased fi*om Amicon. 

Protein kinase C and casein kinase II were from Promega. NO gas (99%) was from 

Merck.

2.2. Purification of methionine synthase from rat liver

2.2.1. Step 1: preparation o f rat liver cytosol- Adult Wistar rats were sacrificed by 

CO2 intoxication and their livers immediately removed and stored at -80°C. 150g of 

rat livers were placed in 500 ml of 50 mM potassium phosphate buffer containing 

O.IM NaCl and 1.5 mg TLCK, 12.5 mg PMSF, 6.25 mg trypsin inhibitor and 1.31 

mg aprotinin at pH 7.0. The livers were blended three times for one minute. The 

homogenate was centrifuged at l,000g for 15 minutes, the supernatant was collected
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and re-centrifuged at 27,000g for 30 minutes, finally the supernatant was centrifuged

at 100,000g for 60 minutes.

The following steps were all performed at 4°C.

2.2.2. Step 2: batch chromatography with DEAE cellulose - The resulting cytosol 

was added to 200g DEAE cellulose equilibrated with 20 mM sodium phosphate 

buffer pH 7.2, and stirred for 60 minutes and filtered. Unbound protein was removed 

using the equilibration buffer. Methionine synthase was eluted with a 20 mM sodium 

phosphate buffer containing 500 mM NaCl.

2.2.5. Step 3: Q-sepharose chromatography - The active fi*action was diluted two 

fold with water and loaded onto a 1.6 x 20 cm column equilibrated with 20 mM 

sodium phosphate buffer pH 7.2. a linear gradient containing 0 to IM NaCl was 

applied with flow rate 4 ml/min. The active firaction eluted between 270 and 350 

mM NaCl.

2.2.4, Step 4: Hydroxylapatite chromatography - Enzyme firom the previous step 

was concentrated using an Amicon ultrafiltrator fitted with a 50 kDa membrane; 

diluted two fold with water and loaded onto a 1.5 x 15 cm HTP column equilibrated 

with 20 mM potassium phosphate buffer pH 7.2. The column was eluted with a linear 

gradient up to 500 mM potassium phosphate in 80 ml. Methionine synthase was 

eluted between 10 and 25 % gradient.

2.2.5. Step 5: Mono-Q chromatography - The active firactions fi*om the previous 

stage were loaded onto a mono-Q column 1 x 5 cm equilibrated with 20 mM sodium 

phosphate buffer pH 7.2. The column was eluted with 25 ml of buffer using a linear 

gradient of NaCl up to IM. The enzyme was eluted between 300 and 400 mM NaCl. 

During the successive steps of the purification the enzyme was stored at 4°C.
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Purified enzyme samples were stored for up to three weeks at 4°C without loss of

activity.

2.2.6. Gel filtration using superose 12 column- The sample to be applied to the 

column was first concentrated to less than 200 pi. The column was equilibrated with 

50 mM potassium phosphate containing 0.15 M NaCl pH 7.2 at a flow rate of 0.2 

ml/min. This step was used to assess the purity of the enzyme sample.

2.2.7. Spermine agarose affinity chromatography- 2 ml of spermine agarose were 

packed in column and equilibrated with 50 mM hepes buffer pH 7.2. 3.5 ml of dilute 

enzyme sample in 50 mM hepes buffer (see below for method of buffer exchange) 

was applied and the column incubated at 4°C for 30 minutes. Excess and unbound 

protein was eluted with 5 column volumes of hepes buffer. Enzyme was eluted with 

0.5 M NaCl in hepes buffer. Tightly bound proteins were eluted with spermine, 1 

mg/ml in hepes buffer.

2.2.8. Sample concentration.

Large samples were concentrated using an Amicon ultrafiltrator fitted with a 50 kDa 

(XM-50) membrane. Samples used in gel electrophoresis were concentrated using 

Amicon Centricon 30 microconcentrators.

2.2.9. SDSpolyacrylamide gel electrophoresis.

Gel electrophoresis analysis of the purification steps was performed using the Mini- 

Protean II (Bio-Rad) mini slab gels [Laemmli 1970]. Homogenous 7.5 % SDS gels 

0.75 mm thick were used. Gels were stained with Coomassie blue G.

2.2.10. Protein content determ ination.

Protein concentrations were determined using the Bio-rad protein assay based on the 

method of Bradford [1976] using bovine serum albumin as the standard.

78



Chapter 2. Materials & Methods.

2.3. Methionine synthase assay

Methionine synthase activity was assayed using a modified version of Weissbach et 

al. [1963] Assay mixtures (total volume 300pl) contained 50 mM potassium 

phosphate buffer pH 7.2, 400 pM (DL)-homocysteine, 300 pM SAM, 125 mM 2- 

pmercaptoethanol, 236 pM MTHF (5211 DPM/nmol or 2658 DPM/nmol) and the 

enzyme source. Incubations were performed in light protected stoppered serum vials 

under nitrogen. Reaction mixtures were pre-incubated for 5 minutes (37°C). The 

reaction was initiated by the addition of homocysteine through a syringe and 

incubated (37°C) for up to 30 minutes. The reaction was terminated by the addition 

of 400 pi ice cold water and solutions immediately passed through a 0.5 x 5.0 cm 

column of Biorad AG1-X8 resin. [^"^Cjmethionine was eluted with 2 ml of water and 

collected and quantitated by scintillation spectrometry.

When assays were performed using nitric oxide solution, all the buffers and 

solutions, used in the assay, were thoroughly deoxygenated by bubbling with 

nitrogen for 30 minutes. Saturated NO solutions were made by bubbling authentic 

nitric oxide gas through 50 mM potassium phosphate buffer pH 7.2. A saturated 

solution has a concentration of 3% (v/v) (-1.3 mM), various dilutions of this solution 

were prepared. Aliquots of these solutions were injected into pre-incubated enzyme 

assay solutions before initiation of reactions. All the NO solutions were stored in ice 

and used within 30 min of their preparation. When NO donors were used, it was not 

necessary to deoxygenate all solutions, however, the donor was used immediately 

after preparation.

Enzyme which was used to determine the effects of polyamines or casein 

kinase II was buffer exchanged from phosphate to 50 mM hepes pH 7.2 or 20 mM 

tris containing 10 mM NaCl pH 7.2 using a 3.5 ml G25 column. The colunm was
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equilibrated with 25 ml of final buffer, 2.5 ml of enzyme sample was added and then

eluted with 3.5 ml of final buffer. The column washed with 25 ml of water before

storage in 20% ethanol.

Phospholipids were dissolved in chloroform or ethanol, or a mixture of these. 

Before addition to enzyme assays the samples were dried under nitrogen gas and 

resolubilised in assay buffer with sonication.

When cAMP dependent protein kinase was added to assays, kinase substrates 

were added to all assays at the following concentrations: 655 pM ATP, 300 pM 

MgCl], lOOpMcAMP. Experimental assays also contained 5 units PKA .

When PKC was tested all assays contained: 35 nM TPA, 3pg PS, 655 pM 

ATP, 300 pM MgCb and 1 mM calcium. Experimental assays contained 0.4 units 

PKC.

The effect of Casein kinase II was assessed after buffer exchange of the 

enzyme sample to 20 mM tris buffer containing 10 mM pH 7.2. The substrates and 

kinase activators required were: 1.3 mM GTP, 0.4 mM spermine, 300 pM MgCb. 5 

units of casein kinase II were used.

Characterisation o f  the assay.

The assay was intitally characterised by T. Ast [thesis 1995], the enzyme was 

found to require a reducing system for enzyme activity: omission of mercaptoethanol 

caused enzyme activity to be abolished. Failure to replace air in the serum vial with 

nitrogen, or failure to seal the vial resulted in greatly decreased activity.

The separation of radioactive product firom substrate using the ion exchange 

resin was checked. Methionine was found to elute in the first two ml of water passed 

through the column. Methyltetrahydrofolate eluted between 10 and 15 ml of water, 

although low levels of radioactivity were found throughout MTHF elution, these
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were in the order of 1,000 DPM. Consequently blank values were subtracted from

experimental readings.

The reproducibility for control assays in deoxygenated phosphate buffer was

46147 DPM (mean value) ± 4608 (10%; SD), in phosphate buffer (containing some

oxygen) was: 33700 DPM (mean) ± 1913 (12%; SD) in hepes was: 24215 DPM

(mean) ± 3253 (13 %; SD), in tris was: 39442 DPM ± 8069 (20 %; SD). The

reproducibility of the experimental assays can be seen in the results section.

2.4. Steady state kinetics.

These experiments were conducted using the radiolabelled assay, and 

determined with respect to MTHF or Hey. Samples were pre-incubated for 5 minutes, 

reactions were initiated by the addition of homocysteine (or MTHF) and incubated at 

37°C for up to 10 minutes (so that less than 10 % substrate to product conversion 

occurred) before ending the reaction in the usual manner.

2.5. Dilution method to determine the reversibility of an interaction.

To determine whether an interaction was reversible, enzyme sample only (not 

assay mixture), was incubated with a sufficient concentration of test compound to 

cause maximal or near maximal effect for 30 minutes (or longer). Control assays 

were treated in the same manner using the same volume of assay buffer. Incubations 

were performed at 37 °C under nitrogen in stoppered serum vials. Aliquots of the 

enzyme sample were then added to assay mixtures and their activity assessed (the 

smallest aliquot was 25 pi). At the greatest dilution the effect of the test compound 

was very small.
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2.6. Modulation of enzyme activity in cells

2.6.1. Preparation o f  fresh hepatocytes (by Dr. Cathy Waterfield). Double 

concentration Krebs-Henseleit buffer consisted of: 2.5 % NaCl, 0.12 % KCl, 4 mM 

KH2PO4, 0.1 % MgS0 4 , 10 mM calcium, at this stage the solution was gassed for 5 

to 10 minutes with carbogen (950.5 % % oxygen 5% carbon dioxide) before adding 

sodium bicarbonate, final concentration 0.5%.

Hanks buffer (ten times concentrate) consisted of: 1.4 M NaCl, 50 mM KCl, 

8 mM MgS0 4 , 3 mM Na2HP0 4  and 4.4 mM KH2PO4 .

These buffers were used to make the solutions required for the procedure. 

The Krebs-Henseliet buffer was diluted two fold and hepes added (final 

concentration 4.5 mM). To a proportion of this buffer albumin was added, final 

concentration 1 %, these solutions were adjusted to pH 7.4.

The Hanks solution was diluted 10 times with water; NaHCOa, final 

concentration 6 mM, and hepes, final concentration 3 mM, were added. To one 

portion of this solution EGTA (final concentration was 54 pM) and albumen (final 

concentration was 0.67 %) were added. To the remaining buffer, CaCl (final 

concentration 0.588 %) solution and collagenase (final concentration 25 mg in 100 

ml) were added, again both solutions were adjusted to pH 7.4.

All the solutions were placed in a water bath at 37 °C, The perfusion support 

and cannula were placed in the Hanks containing EGTA. Carbogen was connected 

to the recirculating system and recirculation commenced, the flow rate from the 

cannula was adjusted to 1-2 drops per second.

A rat weighing between 200-3OOg was sedated with 

hypnorm/hypnoval/water; 1:1:2, 3.33 ml/kg given ip; prepared for operation and the 

abdominal cavity opened. The hepatic portal vein was ligatured and an incision
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made in the vein to allow insertion of the cannula, the ligatures were then tied off and

the perfusion solution (Hanks containing EGTA and albumin) passed into the liver.

The liver was then dissected out and transferred into the beaker containing the

perfussing solution and perfussed for 5 minutes. The solution was then changed to

Hanks containing collagenase and perfused for a further 8 minutes. The liver was

transferred to a dish containing Krebs-Hepes with albumin buffer and swirled to

release the hepatocytes, this solution was then filtered into a conical flask. The cells

were transferred to centrifuge tubes and spun for one minute at 250 rpm and the

supernatant aspirated. The cells were washed by resuspending in Krebs containing

hepes buffer, spinning down and aspirating the supernatant.

The volume of the cells was measured in a glass measuring cylinder, the cells 

were then transferred to a conical flask and the number and viability assessed.

2.6.2. Trypan blue exclusion method o f  cell viability. 50 pi of cell suspension was 

added to 450 pi 0.4% trypan blue and the cells counted in a haemocytometer. As live 

cells can exclude the dye, they have no colour, dead cells are blue. The percentage 

viability was calculated as the number of live cells in the total number of cells. Four 

estimations were performed when total cell count was required, and one to check 

viability, the yield was then calculated, it was usually 200-300 million.

2.6.3. Treatment o f  cells in suspension. After isolation, cells were pre-incubated for 

45 minutes in rotating flasks under a stream of humidified carbogen at a cell density 

of 1-2 million cells per ml. The viability of the cells was assessed after the pre

incubation period by trypan blue exclusion and also 1 ml of the cell suspension was 

removed and 0.5 ml TCA added and the mixture stored at -80 °C for the assessment
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of ATP levels. Sodium nitroprusside was added to the cell suspensions and the effect

assessed at one hour. At the end of the incubation cell viability was again assessed

by trypan blue exclusion and samples taken for ATP measurement. The cells were

transferred to centrifuge tubes, spun, washed and transferred to homogenisation

buffer. The cells were homogenised by sonication and cytosol prepared by

centrifugation at 27,000g for twenty minutes. The supernatant was assessed for

enzyme activity.

2.6.4. Luciferase-linked bioluminescence assay for ATP- This assay is based upon 

the production of light by the reaction of ATP with luciferase, since the two are 

proportional. A calibration curve was performed using standard ATP concentrations, 

before each set of assays, as the amount of firefly lantern extract varies between 

batches and experiments. The luciferase was prepared by resuspending the contents 

of a vial with 5 ml of water, the insoluble matter was sedimented by centrifugation 

and the supernatant removed and kept on ice until use. Standard concentrations of 

ATP were prepared from 0 to 40 nmol/ml in 0.5M PC A or 10% TCA.

The test samples were taken from the fresh hepatocyte suspension as already 

described. Before measurement the samples were defrosted and sedimented and then 

kept on ice.

The luciferase assays were performed in 2 ml of a buffer containing 26.7 mM 

magnesium sulphate, 3.7 mM potassium phosphate and 33.7 mM sodium arsenate pH 

7.4 in a plastic test tube. Reactions were initiated by the addition of 10 pi of standard 

ATP solution or sample followed by 100 pi of luciferase solution with mixing. After 

15 seconds the luminescence of the sample was measured for 6 seconds. The amount 

of ATP in the samples was estimated from the calibration curve for ATP and 

corrected for protein content.
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Chapter abstract.

Methionine synthase was extracted from rat liver using a purification procedure 

which included; batch DEAE cellulose, Q-sepharose chromatography, hydroxylapatite 

chromatography, mono-Q chromatography and gel filtration on a superose 12 column. 

Spermine agarose was also tested as a possible purification step. The enzyme was 

purified 2, 673 fold and found to have a molecular weight of 160 kDa, from gel 

filtration, and two subunits of around 95 kDa and 60 kDa on SDS PAGE.
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Introduction.

Vitamin B 12-dependent metiiionine synthase has previously been purified from: 

E. colt. [Frasca et al 1988], pig kidney [Magnum & North 1971], Plasmodium 

falciparum [Krungkrai et al 1989], human placenta [Utley et al 1985], pig liver [Chen et 

al 1994], and rat liver [Ast 1995]. The steps included in the purification procedure 

described in this chapter have been previously assessed by these groups, except for the 

use o f spermine agarose.

The rat liver enzyme behaved in a similar manner to the other isoforms and was 

eluted from these columns at similar salt concentrations [Ast 1995]. It has been 

previously reported that the pig liver enzyme consisted of two isoforms of the same 

mass, based upon the behaviour of the enzyme on an HTP column, which eluted as two 

peaks of activity [Chen et al 1994], The molecular weight of the enzyme varies from 

source to source. The E. coli enzyme has a mass of 133 kDa, pig kidney a mass of 140 

kDa, the human placental enzyme a mass of 160 kDa and the mass of porcine liver 

enzyme is 151 kDa. These isozymes of methionine synthase have been reported to be 

monomeric, except for the human placenta isozyme which had several subunits.

This work is a continuation of the work of T. Ast who previously estimated the 

molecular weight of the enzyme as 400 kDa and 160 kDa, and considered the enzyme to 

exist as an aggregation of subunits. Unfortunately antibodies to the enzyme were not 

made, neither was the sequence of the enzyme determined. The purification will be 

described in greater detail in the thesis of J.Gibbons. The purification protocol is 

included here to show how the enzyme was extracted and the purity of the enzyme used 

in further experiments.
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3.1. Batch chromatography using DEAE cellulose.

Cytosol was prepared and was mixed with DEAE cellulose according to the 

procedure described in materials and methods. Methionine synthase activity was eluted 

with 0.5 M NaCl in 20 mM sodium phosphate buffer pH 7.2. The specific activities of 

the unbound and bound fractions are shown in figure 3.1.
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Figure 3.1. DEAE-cellulose purification of methionine synthase. Batch DEAE-cellulose 

purification w as perform ed as described  in M aterials and  Methods. M ethionine synthase activity  w as 

m easured by incubating assays at 37  T  in 50 m M  phosphate buffer fo r  30  minutes. The protein  content o f  

each fraction  w as measured, and activ ity  w as expressed  p e r  m g o fp ro te in . .

This step was very effective at removing the coloured proteins from the cytosol, 

which then reduced contamination of the resins used in the later purification steps. The 

increase in purity of methionine synthase was modest. The disadvantage of this step was 

the large volume in which the active fraction was eluted.
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The active fraction was stored at 4°C with protease inhibitors (at the same 

concentration used in the cytosol) until used in the next purification step.

3.2. Anion-exchange chromatography using Q- sepharose.

The active fraction from the previous step was diluted two fold with distilled 

water to reduce the salt concentration. It was loaded onto a Q-sepharose column; and 

eluted using a sodium chloride gradient. Enzyme activity was found to bind to the 

column, showing that at pH 7.2 methionine synthase contains acidic groups. The elution 

profile of the column is shown in figure 3.2.
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Figure 3.2. Elution profile of active fraction from DEAE through a fast flow Q- 

sepharose column. Active sam ple w as loaded  onto a 1.6 x 20 cm fa s t  f lo w  Q- sepharose column 

equ ilibrated  with 20 m M  sodium phosphate buffer p H  7.2, and pro teins elu ted  with a  sodium chloride 

gradient up to 1 M  (100%  gradient). The column w as run at a  rate o f  4 ml/min. A ctivities o f  the tes ted  

fractions are shown in red, the sa lt gradient in p in k  and  the pro tein  elution pro file  in blue.
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Enzyme activity eluted at 35 % gradient. This step increased the specific activity 

of the enzyme and hence purity (table 3.1). The Q-sepharose column also effectively 

reduced the volume of buffer in which the enzyme was contained. Anion exchange 

using Q-sepharose (fast flow) was thus considered to be a very useful third step (first 

using FPLC chromatography).

3.3. Hydroxylapatite chromatography
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Figure 3.3. Hydroxylapatite chromatography of active fractions from Q- 

sepharose. Active fractions from  the previous step  were loaded  onto an a  1 .6  x 15 cm HTP column, 

equ ilibrated  with 20  m M  phosphate buffer p H  7.2,. M ethionine synthase activity  w as elu ted by increasing  

the ionic strength o f  the buffer to 0.5 M  phosphate p H  7.2 a t a f lo w  rate o f  2 ml/min. The region o f  

enzyme activity  is shown by the red  columns, the gradien t by the p in k  line and  the protein  elution profile  

by the blue line.
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The active fractions from the Q-sepharose step were combined and concentrated 

using an Amicon ultrafiltration system fitted with a 50 kDa membrane, and then diluted 

two fold with distilled water (to ensure reduction of the salt concentration). The samples 

were then loaded onto an HTP column. The elution profile for the column is shown in 

figure 3.3.

Contrary to previous findings [Ast 1995; Chen et al 1994] the enzyme was eluted 

as one peak of activity at 30 % gradient. However, the position at which the enzyme 

eluted was dependent upon the purity of the sample collected in the previous step. The 

lower the specific activity o f the sample the earlier the elution from the column 

(occasionally as two peaks). This suggests that the enzyme is binding to other protein(s) 

and hence affecting the ability of the enzyme to bind to the resin.

3.4. Anion exchange chromatography using mono -Q resin.

Active fractions from HTP chromatography were combined and concentrated and 

applied to a mono-Q column. The elution profile is shown in figure 3.4.

The enzyme was eluted from the column at a 35 % gradient (the same as Q- 

sepharose). The mono-Q column significantly concentrated the enzyme sample. 

Enzyme samples from this stage were then used for experiments upon the control and 

regulation of the enzyme in vitro. The samples obtained from this purification profile 

were not pure, but contained enzyme of high specific activity. The purity of these 

samples can be seen in figure 3.7. showing a gel filtration of an active mono-Q sample. 

SDS PAGE of mono-Q samples are shown in figures 3.9. and 3.10.
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Figure 3.4. Mono-Q chromatography profile. A ctive fractions fro m  the previous step  were  

concentrated an d  loaded  onto a 5 ml m ono-Q  column, pre-equ ilibra ted  with 20 m M  sodium phosphate  

buffer p H  7.2. The enzyme was elu ted  with a  IM  sodium chloride gradient at a speed  o f  0.5 ml/min. The 

pro tein  elution p ro fde  is in blue, the concentration gradient in p in k  and the activity  o f  the fraction s is 

shown in red.

3.5. Spermine agarose chromatography.

Later experiments, investigating the effect of polyamines upon methionine 

synthase activity, prompted the use of this resin to ascertain whether the enzyme would 

bind to the spermine agarose. The result is shown in figure 3.5.

Methionine synthase bound to the column and could be eluted with sodium 

chloride. Due to the large number of positive charges residing upon the spermine 

molecule, it is possible that this column was acting as an ion-exchange column, rather 

than an affinity column. Use of the column did not greatly increase the purity of the 

enzyme sample, but 0.5 M NaCl was a large increase in salt concentration, it may be that
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by altering salt concentrations the purity of the enzyme eluted from this column could be 

increased.
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Figure 3.5 Purification of methionine synthase activity from a spermine agarose

column. TTte column w as equ ilibrated  with 50 m M  hepes buffer p H  7.2 before addition o f  enzyme 

sam ple (previously buffer exchanged to hepes buffer). The red  fraction  show s the activity elu ted fro m  the 

column with excess hepes buffer (unbound fraction), the light blue column show s the activity  e lu ted  from  

the column with 50  m M  hepes buffer containing 0.5 M  N aCl p H  7.2; and the dark blue column show s the 

activ ity  elu ted  from  the column with a  solution o f  5 m g/m l sperm ine in 50  m M  hepes buffer p H  7.2, after 

the application o f  the high salt buffer.

3.6. Gel filtration using superose 12 resin.

The calibration of the column is shown in figure 3.6. and table 3.1.
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Figure 3.6 Calibration curve for superose 12 gel-filtration column. The column was 

equ ilibrated  with 50 m M  phosphate buffer containing 0 .15M  N aC l p H  7.2, a t a  f lo w  rate o f  0.2 ml/min. 

Compounds o f  known m olecular w eight (table 3.1) w ere p a ssed  through the column and their relative  

retention volume w as p lo tted  against their m olecular w eight in this figu re .

Compound molecular weight log Mr Ve/Vo
Blue dextran 2,000,000 6.3 1.0
carbonic anhydrase 29,000 4.5 2.1

cytochrome C 12,400 1.1 2.3

apoferritin 443,000 5.6 1.5

p- amylase 200,000 5.3 1.6

bovine serum albumin 67,000 4.8 1.8

apoferritin dimer 886,000 6.0 1.2

BSA dimer 134,000 5.1 1.6

Table 3.1. Calibration of superose 12 column. The table show s the compounds used fo r  the 

calibration o f  the superose 12 column with their m olecular weights and rela tive retention volume.
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The active fraction from the mono-Q purification step was passed through the 

gel-filtration column and fractions tested for enzyme activity. The retention volume of 

the active fraction was compared with the calibration curve and the molecular weight of 

the enzyme was estimated to be 160 kDa. It can also be seen from this profile that the 

samples used in the studies reported in subsequent chapters contained at least four 

proteins.
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Figure 3.7 Gel filtration of the active fractions from mono-Q. The column w as 

equ ilibrated  with 50 m M  potassium  phosphate buffer containing 0.15 M  N aCl p H  7.2, a t a f lo w  rate o f  0.2 

ml/min. The red  columns show the activity o f  the fractions, the blue line show s the pro tein  elution profile  

from  the column.
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Figure 3.8. SDS PAGE of fractions from DEAE and HTP stages of enzyme 

purification. Sam ples were p rep a red  by heating fo r  2 minutes a t 95 XJ in a  solution containing 5 m M  

2-m ercaptoethanol, 2 %  SDS, 10 % g lycero l and  62.5 m M  tris-H C l p H  6.8. Sam ples w ere run on a 7.5 %  

homogenous SD S gel. HM W  show s the high m olecular w eight standards; LM W  shows the low  molecular 

w eight standards; DEAE shows the active fraction  from  the DEAE stage o f  purification (first stage after 

cytoso l production; section 3.1); HTP show s the active fraction  from  the HTP stage o f  purification  

(second F PLC  stage, fo llow in g  DEAE and Q -sepharose chrom atography; section 3.3). The g e l w as 

sta ined  with coom assie blue G  stain.
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Figure 3.9. SDS PAGE of fractions from the mono-Q stage of enzyme purification.

Sam ples w ere p rep a red  by heating fo r  2 minutes a t 95 in a  solution containing 5 m M  2- 

mercapioetHanoi, 2 %  SDS, 10 %  g lycero l and 62.5 m M  tris-H C l p H  6.8. Sam ples w ere run on a 7.5 %  

homogenous SDS gel. HM W  show s the high m olecular weight standards; LM W  show s the low m olecular 

weight standards; MQ-1 show s an inactive fraction  elu ted im m ediately p r io r  to the active fraction  from  

the m ono-Q  purification; M Q -2 show s the active fraction; MQ-3 shows the inactive fraction  ob tained  

im m ediately after MQ-2. The m ono-Q  stage o f  the purification  is described  in section 3.4; it w as 

p ro ceed ed  by DEAE cellulose, Q -sepharose and HTP chrom atography stages. The ge l w as sta in ed  with  

coom assie blue G  stain.
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Figure 3.10. SDS PAGE of fractions from mono-Q and gel filtration. Samples w ere 

prepared  by heating fo r  2 minutes a t 95 in a  solution containing 5 m M  2-m ercaptoethanol, 2 %  SDS, 

JO % glycero l and  62.5 m M  tris-H C l p H  6.8. Sam ples w ere run on a  7.5 % homogenous SDS gel. M Q- 

conc show s the concentrated active fractions from  the m ono-Q stage o f  purification  (section 3.4) run on 

the g e l filtra tion  column. G F show s the active sam ple from  g e l filtra tion  (section 3.7). The g e l w as  

sta ined with coom assie blue G  stain .

98



Chapters. Purification.

Summary of purification.

purification protein content specific activity increase in

stage mg/ml nmol/hour/mg protein purity

Cytosol 12Z0 ...... " i '" " ...........0...............

DEAE 4.4 14 26

Q- sepharose 2.4 54 99

Hydroxylapatite 1.5 177 323

mono- Q 1.1 1336 2673

Table 3.2. Summary of purification of methionine synthase.

Conclusion.

The methionine synthase used in these studies was purified 2,673 fold from rat 

liver (table 3.2), the enzyme was not homogenous at this stage. Figures 3.8 to 3.10 show 

the increasing purity of the enzyme sample from the DEAE to gel-filtration stages as 

analysed by SDS PAGE. SDS PAGE is a reducing system, enzymes containing subunits 

would be expected to split into these subunits and therefore show up as more than one 

band on the gel. This makes it hard to accurately assess the number of different proteins 

in an enzyme sample. It is interesting that no band at around 150 to 160 kDa was seen 

when the active fraction from the gel filtration was analysed on the SDS PAGE. Two 

bands were seen on the gel, one at about 60 kDa and the other (very faintly) at around 90 

kDa giving a mass of 150 kDa. Thus, it seems that the reducing conditions of the gel 

may have split the enzyme into two fragments, or that the enzyme contains two subunits
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which remain associated during gel-filtration. These bands can also be seen on the gels 

showing fractions from HTP onwards. Therefore, the rat liver enzyme may have more in 

common with the human placental enzyme than with the E.coli or pig liver isoforms. 

Alternatively, as no electron donor was added to the enzyme assay, these proteins may 

be electron donating cofactors for the reaction, and the concentration of the enzyme too 

low to be seen on the gel.

The purification described here closely resembles the purification reported by T. 

Ast [1995], except at the HTP stage of the purification. It was previously reported that 

the enzyme eluted as two peaks of activity from this column, here it was found that the 

enzyme eluted as one peak of activity at a higher buffer ionic strength. This may be an 

effect dependent upon the purity of the sample loaded onto the column, or may be due to 

the initial salt concentration of the sample loaded onto the column.
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Chapter 4. Nitric Oxide.

Chapter abstract.

The effect of the cell signalling mediator, nitric oxide, was tested in vitro to 

assess its ability to regulate methionine synthase activity. It was found to inhibit enzyme 

activity. The inhibitory effect of nitric oxide upon methionine synthase activity was 

examined over time and at different concentrations. The reversibility of the inhibition 

was also assessed. The effect of a nitric oxide donating compound, sodium nitroprusside 

was also investigated, in a time and concentration-dependent manner. The effect of this 

compound upon the steady state kinetics of methionine synthase was explored. The 

effect of nitric oxide released from sodium nitroprusside was further investigated upon 

isolated rat hepatocytes; again, vitamin B 12-dependent methionine synthase activity was 

inhibited. The cell viability, as measured by trypan blue uptake and ATP levels, was not 

affected during the course of the experiment.
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Introduction

Nitric oxide (NO) is formed from L-arginine by the action of nitric oxide 

synthase [Nathan 1992], of which there is more than one isoform [Moncada & Higgs 

1993]. Nitric oxide has a half life of around 5 seconds [Schmidt 1993]. Nitric oxide can 

diffuse through membranes and thus has a direct effect upon cell components.

Nitric oxide has many physiological effects, including regulation of basal 

vascular tone in arteries and veins [Knowles & Moncada 1992] and the contraction of 

the heart [Loscalzo & Welch 1995]. It is also a neurotransmitter [Garthwaite 1995]. In 

the peripheral nervous system nitric oxide is found in non-adrenergic non-cholinergic 

nerves [Moncada & Higgs 1993]; in the central nervous system it is involved in long 

term potentiation, believed to be important in memory formation [Boulton et al 1995]. 

In the immune system, nitric oxide is part of the non-specific cell killing component 

Nathan 1992; Moncada & Higgs 1993].

Nitric oxide is also involved in some pathological effects; either through 

decreased or increased production; these include: septic shock [Loscalzo & Welch 

1995], atherosclerosis [Loscalzo & Welch 1995], and neurotoxicity [Choi 1993]. 

Interestingly change in methionine synthase activity has also been linked to some of the 

same pathophysiological effects. Thus an interaction between nitric oxide and 

methionine synthase may be postulated.

The molecular targets of nitric oxide have been documented as guanylate cyclase 

[Nathan 1992], certain iron containing proteins e.g. cytochrome C oxidase and ferritin 

[Natiian 1992; Zang & Snyder 1995; Henry et al 1993], SH groups of proteins e.g. 

haemoglobin [Jia et al 1996], and sulphur amino acids e.g. cysteine and homocysteine
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De Groote et al 1996]. Nitric oxide has also been reported to bind to hydroxycobalamin 

[Greenberg et al 1995]. This interaction may be useful in treating septic shock in the 

future. These interactions could affect methionine synthase activity in several ways. 

The possible interaction of nitric oxide with SH groups means that the enzyme may be 

susceptible to regulation by NO, most proteins contain SH groups. The ability of NO to 

bind to sulphur amino acids such as homocysteine may cause substrate depletion. Nitric 

oxide was reported to bind to hydroxycobalamin, and may therefore, be able to bind to 

enzyme bound methylcobalamin. An indirect effect upon methionine synthase activity 

through its effect upon guanylate cyclase cannot be discounted. Thus, these facts make 

the possibility of an interaction between nitric oxide and methionine synthase more 

likely.

The effect of nitrous oxide (N2O) upon methionine synthase has been well 

documented [Frasca et al 1986; Nunn 1987]. It might be expected that, due to the 

similarity between these two molecules, that NO might also have an effect in this 

system; this had not been tested. Preliminary results demonstrating the effect of nitric 

oxide upon enzyme activity have been reported with partially purified extracts [Ast 

1995; Anderson et al 1994; Nicolaou et al 1994 and Ast et al 1994]. These methods 

were refined and repeated using highly purified enzyme extracts and the effect of nitric 

oxide upon methionine synthase activity explored further.
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4.1. The effect of nitric oxide upon methionine synthase activity over time.

In previous experiments the enzyme-substrate mixture was incubated for at least 

five minutes, at which time the enzyme was fully inhibited [Ast 1995]. In this study the 

shortest incubation period was 30 seconds, although, the introduction of a set pre

incubation period of 5 minutes in which the enzyme was incubated with nitric oxide 

means that the interaction may have had five and a half minutes to proceed. However, 

this would only be important if NO can interact with methionine synthase in the absence 

of homocysteine.
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Figure 4.1. The effect of Nitric Oxide upon methionine synthase activity with time.

A ssays w ere pre-incubated a t 37  ‘KJ fo r  5 minutes in 50 m M phosphate buffer p H  7.2 (deoxygenated). N O  

assays contained 200 p M  N O  (final concentration). Reactions w ere in itia ted  by the addition  o f  

homocysteine (final concentration 400 pM ) and incubated fo r  tim es up to 10 minutes. 20 p g  o f  protein  

w as used p e r  assay. A ll values are means ± S D ;  * P < 0 .0 0 1 fo r  N O  assays com pared with control using a  

two sam ple t-test; n = 3 .fo r  a ll points.
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The results expressed in figure 4.1. show that inhibition of methionine synthase 

by a large dose of NO (200 pM) occurred after 30 seconds, the shortest possible 

incubation period. No lag period was observed before complete inhibition had occurred. 

Inhibition was complete throughout the time course of this study (and this has previously 

been reported to occur for over 90 minutes [Ast 1995]).

The speed of this interaction in vitro is rapid, however it remains uncertain if this 

speed is matched in vivo. A rapid interaction would strengthen the hypothesis that this is 

a physiological, cell signalling effect. In the case of nitrous oxide inhibition of 

methionine synthase, the speed of in vitro inactivation (five minutes) was not matched 

by the in vivo inactivation rate (thirty minutes) [Frasca et al 1986; Nunn 1987]. 

Therefore, it is difficult to correlate the in vitro inactivation time, found here, with a 

possible in vivo rate.

4.2. The effect of nitric oxide concentration upon methionine synthase activity.

A study of the effect of NO concentration was also performed, figure 4.2.

Nitric oxide was added to assay mixtures as a solution. These solutions were 

prepared by bubbling authentic NO gas through deoxygenated 50 mM phosphate buffer 

pH 7.2 to produce a saturated solution; the concentration of which is reported to be 3% 

[Archer 1993]. This value was used to calculate the final concentrations of nitric oxide 

in the assay mixtures. This assumption gives a maximal NO concentration, the actual 

value is hkely to be lower, due to solutions not reaching saturation. It was not possible 

to accurately measure the concentration of NO in these solutions.
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Figure 4.2. The effect of nitric oxide concentration upon methionine synthase 

activity. w ere pre-in cu bated  a t 37  ‘V  fo r  5 minutes; reactions w ere in itia ted  by the addition o f

hom ocysteine (final concentration 400 pM). A ssays were incubated fo r  10 minutes at 37  T  in 50 m M  

phosphate buffer p H  7.2. 20 p g  o f  protein  w as used p e r  assay. A ll values are means ±  SD; *,

0 .02< P < 0 .05; ** P <0.001  fo r  N O  results com pared to control using two sam pled  t-test; n ^ 3  fo r  a ll 

values, including control (0%)..

Inhibition of methionine synthase by nitric oxide increased exponentially with 

increasing concentration of NO. The I C 5 0  was calculated from the data as 3pM; it is 

difficult to give a physiological concentration for nitric oxide as it is so reactive, but it is 

possible that this interaction could occur in vivo. However as the I C 5 0  is in the 

micromolar, not nanomolar range it may be that this effect may occur as part of NG’s 

toxic effects for example during non-specific immune killing of alien cells. A cell
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signalling effect would be expected at lower concentrations, therefore, it may be unlikely 

that this interaction occurs as part of a cell signalling pathway.

4.3. Reversibility of the inhibition of methionine synthase by nitric oxide.

The method of inhibition of methionine synthase by nitrous oxide has been 

extensively studied (see introduction). Nitrous oxide irreversibly inhibits methionine 

synthase activity, but only when the enzyme is turning over. The cobalamin is 

susceptible to oxidation by nitrous oxide at this point, with the production of a free 

radical, which destroys the SAM binding region of the enzyme [Frasca et al 1986]. The 

following experiment was performed to determine whether the interaction between nitric 

oxide and methionine synthase was reversible. Enzyme solution was pre-incubated with 

nitric oxide; the nitric oxide was then removed from the solution using nitrogen gas, or 

by filtration (with washing) though a centricon 30 filter. Enzyme activity was then 

assayed and compared to control activity and activity in the presence of nitric oxide.

The results of this experiment are shown in figure 4.3. This shows that there 

was no recovery of enzyme activity using these methods. The irreversibility of this 

interaction implies that the nitric oxide effect may be a toxic effect.

The interaction also seems to occur when the enzyme is not turning over 

(providing these methods were effective) as no nitric oxide was present in the enzyme 

assay.
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40

NO □, N2

Figure 4.3. The reversibility of nitric oxide inhibition of methionine synthase 

activity. A ll assays w ere perform ed in 50 m M  phosphate buffer p H  7.2. fo r  30 minutes. 60 p g  o f  

protein  was used p e r  assay. Values are mean % inhibition com pared to control ±  SD. The N O  column 

represents the effect o f  perform ing the enzyme assay in the presence o f  20  p M  NO. represents the 

result o f  pre-incubation  o f  enzyme solution with N O  (concentration 20 pM ) fo r  30 minutes a t 37  

fo llo w ed  by rem oval o f  N O  by bubbling N 2 through the solution and assaying enzyme activity. A F  show s 

the effect ofpre-incubating  the enzyme with 20 p M  N O  fo r  30 minutes; fo llo w ed  by fd tra tio n  o f  the sam ple  

through a Centricon 30 filte r  unit and washing w ith fo u r  volum es o f  phosphate buffer, then assaying  

enzyme activity. #, P <0.001 using tw o sam pled t-test and com paring with control; * 0 .02< P < 0 .05  using 

two sam pled t-test and  com paring to N O  inhibition; n=2 fo r  a ll values (control w as 0%).

There are several methods by which nitric oxide may inhibit enzyme activity: NO 

may cause substrate depletion by interacting with the SH group of homocysteine [De 

Groote et al 1996]. NO is also reported to attack vitamin B12 [Greenberg et al 1995].
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Alternatively, NO may interact with an SH group on the enzyme [Jia et al 1996] 

(although this may not be possible in vivo) [Goldstein & Czapski 1996], or may 

inactivate the enzyme in some other manner. This experiment does not eliminate any of 

these hypotheses. These results imply, that the possible interaction of NO with 

homocysteine, or cobalamin, may be of minor importance, as no substrate was present in 

the pre-incubation and the cobalamin cofactor is reported to be hidden within the 

cobalamin binding region when the enzyme is not catalysing a reaction [Drennan et al 

1994].

4.4. The effect of sodium nitroprusside concentration upon methionine synthase 

activity.

Sodium nitroprusside is a nitric oxide donor, it releases NO spontaneously, 

although it can also be metabolised. The effect of sodium nitroprusside, upon 

methionine synthase activity was examined, partly to test the hypothesis that NO inhibits 

methionine synthase. Also as SNP is easier to handle than NO solutions other 

experiments can be performed (e.g. in isolated cells or in vivo). Experiments in vitro 

were performed to allow comparison of results from isolated rat hepatocytes (section 

4.7). The effect of SNP concentration upon methionine synthase activity is shown in 

figure 4.4.

Sodium nitroprusside inhibited methionine synthase activity in an exponential 

manner with concentrations greater than 60 pM causing 100 % inhibition. The IC50 for 

this interaction was calculated from the data set and found to be 10 pM, this is much 

lower than the value of 50 pM found previously [Ast 1995].
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Figure 4.4. The effect of sodium nitroprusside concentration upon methionine 

synthase activity. Sodium nitroprusside solutions w ere made im m ediately p r io r  to use. A ssays were  

pre-incuhated fo r  5 minutes a t 37  in 50 m M  phosphate buffer p H  7.2; reactions w ere in itiated by the 

addition o f  hom ocysteine (final concentration 400 pM ) an d incubated fo r  30 minutes a t 37  X7. 30 p g  o f  

protein  w as used in each assay. A ll values are means ± S D ;  * 0.001 < P < 0.01  ; **, P<0.001 using two  

sam pled t-test com paring with control values (0%); n - 3  .for a ll values.

Each molecule of sodium nitroprusside contains one molecule of NO [Rao et al 

1991]. If all the nitric oxide available from the SNP was released then the IC50 would be 

expected to be 3 pM; therefore it may be that not all the NO was released in the course 

of this experiment. It may be that SNP itself binds to the enzyme, this might enable 

more efficient delivery of NO to a modulatory site situated on the enzyme, or could 

inhibit the effect of released nitric oxide. Sodium nitroprusside may also inhibit the 

enzyme directly.

I l l



Chapter 4. Nitric Oxide.

Sodium nitroprusside also contains a cyanide group which can attack the 

cobalamin cofactor [Zerbe & Wagner 1993]. Indeed sodium nitroprusside is 

contraindicated in patients with low vitamin B 12 levels, for this reason.

4.5. The effect of sodium nitroprusside upon the steady state kinetics (Km and 

Vmax) for methionine synthase.
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Fig 4.5 Lineweaver-Burke plot of the effect of SNP upon the Km and Vmax of

methionine synthase with changing methyltetrahydrofoiate concentration.

A ssays w ere pre-incubated  fo r  5 minutes a t 37  in 50  m M  phosphate buffer p H  7.2. Reactions 

w ere in itiated by the addition  o f  hom ocysteine (final concentration 400 pM ) and incubated fo r  5 

minutes at 37  ‘U. 20 p g  o f  protein  w as used p e r  assay. Experim ental assays contained 16.7 or 

28 p M  SNP as indicated in the figure. The figure show s mean values ±  SD, n=2.. The 

confidence interval fo r  the slope o f  the control w as 0.00243 to 0 .00246 (R^O.99); fo r  16.7 p M  

SNP w as 0.00240 to 0.00243 (R= 0.96), fo r  28 p M S N P  w as 0.00242 to 0 .00246 (R=0.88); there 

w as no significant difference between the slopes, n=3.
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Assay conditions Km pM Vmax nmol/hour

enzyme only in phosphate buffer 45 17

16.7 pM SNP 27 11

30 pM SNP 12 6

Table 4.1 The effect of SNP upon the Km and Vmax of methionine synthase. The values  

w ere ca lcu la ted fro m  the da ta  show n in fig u re  4.5. using 'E nzpack 3

Figure 4.5. and table 4.1. show that the addition of SNP decreases both Km and 

Vmax for the enzyme. The Lineweaver-Burke plot shows that the slope of the plots for 

the change in SNP concentration are parallel, this is consistent with uncompetitive 

inhibition. Uncompetitive inhibition is reversible and occurs when the inhibitor binds to 

a modulatory site on the enzyme, revealed by substrate binding. Alternatively, the 

inhibitor could bind directly to enzyme bound substrate. The inhibitor caimot bind to the 

free enzyme. Inhibition cannot be overcome by increasing the concentration of 

substrate.

Importantly, these results indicate that the interaction of sodium nitroprusside and 

methionine synthase is reversible. However, the interaction of nitric oxide and 

methionine synthase was shown in section 4.3 to be irreversible. It was postulated that 

SNP was exerting its inhibitory effect through the release of NO, but this is not 

consistent with the results found in this experiment. There are several reasons why this 

might have occurred, firstly, it may be that the data shown in figure 4.5 and table 4.1. 

describe the binding of sodium nitroprusside to the enzyme, and not the effect of any NO
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released. It may be that sodium nitroprusside inhibits methionine synthase activity 

through the interaction of cyanide, which is contained in the SNP molecule, with the 

cobalamin prosthetic group of the enzyme, in a reversible manner. SNP is reported to 

release cyanide which then binds to vitamin Bn in in vivo situations [Zerbe & Wagner 

1993]. Sodium nitroprusside (or nitric oxide) may not be binding to the enzyme, but 

reversibly to enzyme bound homocysteine preventing its conversion to methionine. 

Homocysteine is reported to be a target of NO [De Groote et al 1996].

The incubation period for this study was short (five minutes), sodium 

nitroprusside is a spontaneous nitric oxide donor and it could be that the concentration of 

nitric oxide achieved in this experiment was too low to inhibit the enzyme. Sodium 

nitroprusside may also have inhibited the binding of nitric oxide to the enzyme, when 

NO concentrations were low.

Therefore, this study shows that SNP uncompetitively inhibits methionine 

synthase activity, although the mechanism may not be straight forward.

4.6. The effect of cyanide and ferricyanide, SNP breakdown products, upon 

methionine synthase activity.

Sodium nitroprusside contains cyanide, which has been reported to inhibit 

vitamin B 12 fimctions [Zerbe & Wagner 1993]. The effect of cyanide upon methionine 

synthase activity was investigated at doses larger than effective SNP concentrations, the 

effect is shown in figure 4.6. Cyanide exerted no significant effect upon enzyme 

activity, making it unlikely that SNP inhibits methionine synthase activity due to 

poisoning of the vitamin B12 prosthetic factor. It appears that the data obtained in the
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previous experiments may show the effect of SNP binding to methionine synthase (or 

one of its substrates) rather than the effect of cyanide inhibition of activity.
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Figure 4.6. The effect of cyanide upon methionine synthase activity. Tm>o different 

cyanide containing compounds w ere tested: potassium  cyanide and  sodium  ferricyan ide (structurally 

sim ilar to SNP). The concentration o f  K C N  w as 77 pM ; the concentration o f  ferricyan ide w as 500 pM . 

Assays w ere incubated at 27  T7 fo r  30 minutes in 50  m M  phosphate buffer p H  1.2. 50  p g  o f  pro tein  w as 

used p e r  assay. A ll values shown are means ± S D ; there w as no significant difference using two sam pled  

t-test an d  com paring to control values, n=2  fo r  a ll values.

4.7. A further study into the nature of the inhibition of methionine synthase by 

sodium nitroprusside.

The reversibility of the interaction between SNP and methionine synthase was 

studied further using the method of dilutions (described in Materials and Methods). The 

results are shown in table 4.2.
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SNP % inhibition

concentration p.M predicted irreversible predicted reversible experimental

4Ô 89 ±3  80 ± 8  74 ±16

20 8 9± 3  6 2 ± 7  58 ± 12

10 89 ± 3  46 ± 10 50 ±19

5 89 ± 3  20 ± 8  40 ±20

Table 4.2 Study of the nature of the SW  induced inactivation of methionine 

synthase. E nzym e sam ple (specific ac tiv ity  1300  nm ol/hour/m g pro te in ) w a s trea ted  f o r  30  m inutes a t

3 7  °C, under redu cin g  conditions, w ith  60 p M  SNP. A liqu o ts o f  th is m ixture (100  p i, 50  p i  a n d  25  p i)  

w ere  a ssa yed  f o r  enzym e activity . A fter a  pre-in cu ba tion  p e r io d  o f  5  m inutes reaction s w ere in itia ted  by  

the add ition  o f  hom ocysteine (final concen tration  400  pM ). R eaction s w ere  in cu bated  f o r  30  m inutes a t  

3 7  in 5 0  m M  ph o sp h a te  buffer. C on tro l va lues w ere  o b ta in ed  b y  repea tin g  the experim ent substitu tin g  

50  m M  ph osph a te  buffer f o r  SNP. The p re d ic te d  va lues w ere  o b ta in ed fro m  f i g  4.4, e ither d irec tly  or fro m  

the equation  f o r  the line o f  b e s t f it, in th is case the s ta n d a rd  devia tion s w ere  e stim a ted  fro m  the s ta n d a rd  

devia tion s o f  the tw o  n earest po in ts. The resu lts w ere  expressed  a s  the m ean p ercen ta g e  o f  the con tro l 

value ±  SD. C om paring  the resu lts  w ith  those p re d ic te d  using a  tw o  sa m p led  t-test, no sign ifican t 

difference w a s  fo u n d  f o r  either the p re d ic te d  irreversib le  o r  reversib le  va lu es (although va lues w ere  c lo ser  

to  sign ificance w hen com pared  w ith  irreversib le  inhibition); n=3.

The results show that the interaction between SNP and methionine synthase did 

not match the predicted reversible or irreversible values. At all concentrations the 

experimental values were lower than expected for irreversible inhibition. At a 

concentration of 20 pM SNP, the inhibition was less than expected for a reversible
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interaction; at the other concentrations, inhibition was slightly greater than expected. 

Thus, it seems that the actual effect of SNP might have some reversible and irreversible 

inhibitory effects. As reversible inhibition is expected for the interaction of SNP with 

methionine synthase (from section 4.5), but irreversible inhibition is expected for the 

effect of NO upon methionine synthase, that the experiment may be show a mixed effect 

due to both of these interactions occurring.

It may be that SNP may bind to the enzyme and protect it from the effects of 

nitric oxide. If this reaction is reversible as shown by previous results it would 

effectively reduce the concentration of enzyme available for NO to bind to. If, whilst 

bound to the enzyme, SNP could not release nitric oxide, the concentration of nitric 

oxide would be reduced, and the rate of formation of nitric oxide would also be slower 

than expected. These two hypotheses are consistent with the results obtained in sections 

4.4. and 4.5. Thus, the results found in this experiment, may be due to the following 

situation. Reversible binding of SNP to the enzyme would prevent release of NO, and 

protect the enzyme from released NO. The concentrations of NO would then increase 

slowly and be due to a pool of unbound SNP. Any nitric oxide formed would only be 

able to attack the enzyme when the concentration of SNP had decreased sufficiently to 

produce free enzyme in the mixture. It may have been that a longer pre-incubation 

period would have produced results closer to the predicted irreversible inhibition.

Other conditions in the treatment period, such as omission of reducing agent and 

thiol groups may not have been ideal for SNP degradation, and these factors may have 

contributed to the unexpectedly low percentage inhibitions, found experimentally.
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4.8. The effect of sodium nitroprusside upon methionine synthase activity over 

time.

The effect of sodium nitroprusside upon methionine synthase activity, over time, 

was studied and the results are expressed in figure 4.7..
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Figure 4.7. The inhibitory effect of sodium nitroprusside upon methionine 

synthase activity over time. The concentration o f  SNP in the experim ental assays w as 22 pM. 

A ssays w ere pre-incuhated a t 37  X! fo r  5 minutes before initiation o f  the reaction by the addition  o f  

hom ocysteine (400 p M  fin a l concentration). Reactions w ere incubated a t 37  ‘C  in 50 m M  phosphate  

buffer fo r  the times indicated in the figure. 0.2 p g  o f  protein  w as used in each assay. A ll values are  

means ± S D ;  *, 0.001<F <0.01  using a two sam pled  t-test and  com paring to control (0%). n=3.

The graph shows that enzyme activity was not linear over the time-course of this 

experiment. After thirty minutes, the rate of conversion of substrates to products slowed. 

The addition of SNP had virtually no effect upon enzyme activity for the first few 

minutes, although at five minutes a small, but significant, decrease in activity, compared
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to control, was noted. After fifteen minutes, very little increase in activity with the SNP 

treated enzyme was seen; this shows that the interaction has a lag period.

Some residual activity remained in the SNP experiment, possibly due to the lag 

period, but there was still a small increase in activity over the time course of the 

experiment. It may be impossible to inhibit methionine synthase activity completely 

using SNP as substrate to product conversion occurs during the lag period. These results 

were in agreement with the results found in section 4.7 describing the reversibility of the 

interaction of SNP with methionine synthase. The lag time could be explained by a 

protective effect of enzyme bound SNP, coupled with slowed NO release from SNP 

bound to methionine synthase.

4.9. The effect of sodium nitroprusside concentration upon methionine synthase 

activity in isolated rat hepatocytes.

The effect of sodium nitroprusside concentration upon methionine synthase 

activity was examined in isolated rat hepatocytes in suspension (hepatocytes were 

isolated by Dr C. Waterfield). The results are expressed in figure 4.8. The IC50 was 

calculated and found to be 170 pM.

The viability of the cells was checked before and after the experiment using 

trypan blue uptake, and was always greater than 85%. The ATP levels in the cells were 

also measured and were used to determine cell viability, before and after the experiment. 

It has been shown previously that SNP did not interfere with ATP measurements.
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Fig 4.8. The effect of sodium nitroprusside concentration upon methionine 

synthase activity in hepatocytes. C ell suspensions (2x10^ cells/m l) w ere incubated in Krehs- 

Henseleit buffer containing 12.5 m M  hepes, under an atm osphere o f  95 %  O f  5%  CO 2 at 37  in 

continuously rotating round bottom ed 50 ml fla sks (approxim ately 30 xlO^ cells p e r  flask). After a  45 

minute pre-incubation  the hepatocytes w ere trea ted  with doses o f  SNP and incubated fo r  a further 60 

minutes. A fter the treatm ent the cells were w ashed with K rebs-H enseleit buffer (to rem ove SNP) and  

suspended in 50 m M  phosphate buffer p H  7.4 containing O .lM N a C l and sonicated. The cell homogenate 

w as then centrifuged at 27, 000 g  fo r  20 minutes a t 4 The supernatant w as assayed  fo r  enzyme 

activity. A ssays w ere pre-in cu bated  fo r  5 minutes a t 37  °C in 50  m M  phosphate buffer p H  7.2. Reactions 

w ere in itia ted  by the addition o f  hom ocysteine (final concentration 400 pM ) and incubated at 30  minutes 

at 37  %7. The results w ere adjusted  fo r  varying pro te in  content. A ll values are means ±SE M ; * P <0.05; 

**, P <0.01, fo r  trea ted  cells com pared w ith controls using D unnett’s  [1 9 5 5 ] com parison o f  different 

treatm ent groups with a  single control; n -3 .
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Figure 4.9. ATP contents of cells before and after treatment with SNP. C ell pe lle ts  

(from 0.5 m l suspension) w ere re-suspended in 0.5 m l 10 % TCA (and s to red  a t -80X1). D enatured  

pro tein  w as rem oved by centrifugation. The ATP levels o f  each sam ple were m easured from  the 

supernatant using a  Luciferase-l inked bioluminescence assay. Values w ere means ± S D , none o f  the values 

was significanlty different from  control using Dunnetts [ 19 55 ] com parison o f  different treatm ent groups  

with one control; n -3 .

Figure 4.9. shows that the levels o f ATP at the end o f the experiment were very 

similar (20 % difference) to those at the start. However, in the cells incubated with the 

highest concentration of SNP, a 30 % decrease in ATP was seen. These results suggest 

that, at the concentrations used, SNP did not seriously compromise cell viability, but that 

higher concentrations may have an adverse effect.

The results shown in figure 4.8. showed that the methionine synthase located 

inside the hepatocytes was inhibited by incubation with sodium nitroprusside. It is likely 

that the sodium nitroprusside remained outside the cell and was metabolised by the 

contents o f broken cells. It has previously been reported that significant concentrations 

o f SNP do not cross the cell membranes o f hepatocytes [Rao et al 1991]. Inhibition o f
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the enzyme by nitric oxide released by sodium nitroprusside is the most likely 

explanation in this in situ system

As the SNP was washed from the cells, it might be expected that the 

concentration of SNP in the enzyme assays was very low. Inhibition of methionine 

synthase is therefore most likely to have occurred inside the cells. The interaction was 

irreversible to some extent, as inhibition was seen in the enzyme assay

In figure 4.8. maximal inhibition of methionine synthase activity was found to be 

around 60 %, after this point increasing concentrations of SNP had no further inhibitory 

effect. There could be several reasons for this. One of the pathways by which SNP is 

broken down, requires thiols and reducing agents, it may be that the extracellular 

concentrations of these agents were such, that concentrations of SNP greater than 200 

pM could not be fully broken down. A protective mechanism may be induced in cells 

attacked by high levels of nitric oxide and this may stop complete inhibition of 

methionine synthase activity. This protective mechanism may remove nitric oxide from 

the system, or may protect the enzyme directly. A mechanism protecting the enzyme 

might be binding of either substrate to the enzyme; this is protective for many enzymes. 

Alternatively, as homocysteine is known to bind nitric oxide [De Groote et al 1996], this 

may protect the enzyme by reducing NO concentrations. A situation may arise in the 

cell in which inhibition of methionine synthase by nitric oxide increases homocysteine 

concentrations. Nitric oxide may then preferentially bind to homocysteine, reducing 

effective NO concentrations and thus protecting the enzyme.

It may not be possible to completely inhibit methionine synthase in this type of 

experiment as high SNP concentrations compromise the viability of the cell (as
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measured by ATP concentrations) by decreasing ATP concentrations. SNP (NO) may 

have a cytotoxic effect upon the cells and this may in part be mediated by the effect upon 

methionine synthase activity.

The data also indicate that methionine synthase was more sensitive to the effects 

of nitric oxide than ATP levels. Thus inhibition of methionine synthase may be a more 

reliable indicator of nitric oxide damage.

Conclusions

Nitric oxide was shown to inhibit methionine synthase activity in vitro over time 

and at various concentrations. The IC50 was calculated and found to be 3 pM. The 

interaction was also found to be irreversible in vitro.

Possible mechanisms by which NO may have inhibited methionine synthase 

activity include; substrate depletion by binding to homocysteine, binding to the 

cobalamin prosthetic group or binding to an SH group on the protein, although this may 

not occur in vivo.

The effect of the nitric oxide donor sodium nitroprusside was also examined and 

found to inhibit vitamin B 12-dependent methionine synthase activity, both in vitro and in 

isolated rat hepatocytes. The IC50 for the in vitro inhibition was 10 pM, and in cells was 

170 pM. In vitro a lag time was detected before SNP inhibited enzyme activity, this was 

less than five minutes. Using the methods of steady state kinetics the inhibition of 

methionine synthase by SNP was determined to be reversible and uncompetitive. The 

method of dilutions further showed that over longer time periods the inhibition was only 

partially reversible.
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The interaction of sodium nitroprusside with methionine synthase was complex. 

However, the effect of the cyanide groups contained in the SNP molecules was 

discounted, as the structurally similar ferricyanide had no effect upon methionine 

synthase activity, at the same concentration range.

In vitro the sodium nitroprusside appeared to bind to methionine synthase, this 

may protect the enzyme from irreversible inhibition by nitric oxide. It was postulated 

that enzyme bound sodium nitroprusside may also inhibit methionine synthase activity, 

but that whilst enzyme bound could not release nitric oxide. Thus nitric oxide could 

only be formed from the pool of free sodium nitroprusside, and could only attack free 

enzyme. As the interaction between SNP and methionine synthase was reversible an 

equilibrium between free and enzyme bound SNP might be set up. This equilibrium 

would eventually disappear as the concentration of SNP was depleted due to nitric oxide 

formation. Decreased SNP concentration and increased NO concentrations would result 

enabling irreversible inhibition of the enzyme by nitric oxide. This hypothesis is 

substantiated by the lag time seen in the time-dependent experiment and by the dilution 

method to determine the reversibility of SNP induced inhibition of methionine 

synthase.

The IC50 for the inhibition of methionine synthase by SNP was higher than 

expected, as each molecule of SNP releases one molecule of NO. The hypothesis 

proposed above describing the inhibition of methionine synthase by SNP may also 

account for this. A longer incubation period in this experiment may have reduced the 

apparent IC50.
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When sodium nitroprusside was incubated with the cells, complete inhibition was 

not observed. Complete inhibition may have been impossible without affecting cell 

viability. Less than 100 % inhibition may also have occurred due to incomplete 

metabolism of SNP to produce nitric oxide. It is unlikely that large quantities of sodium 

nitroprusside were taken up into the cells, therefore the inhibition of methionine synthase 

was most likely due to NO. However, it also appeared that a protective mechanism may 

have been induced and that this protected the enzyme from complete inhibition. The 

nature of this mechanism (if such exists) was not elucidated. Possible methods include 

substrate protection of methionine synthase; increased production of a NO binding 

compound; or increased homocysteine concentrations (due to decreased enzyme activity) 

binding nitric oxide and preventing enzyme inhibition.

Nevertheless these experiments showed that nitric oxide inhibited methionine 

synthase activity in vitro and in cells and may be a possible mechanism of nitric oxide 

pathophysiology.
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Summary of results

• Methionine synthase was inhibited in a time and concentration dependent manner by 

nitric oxide solutions, the IC 50 was 3 pM.

• The interaction between methionine synthase and nitric oxide (in solution) was 

irreversible.

• The nitric oxide donor sodium nitroprusside also inhibited methionine synthase in a 

dose and time dependent manner the IC50 was 1 0  pM.

• Sodium nitroprusside inhibition decreased both the Km and Vmax of the enzyme..

• The interaction between SNP and methionine synthase was only partially reversible.

• Cyanide did not inhibit methionine synthase.

• The IC50 for the inhibition of methionine synthase in isolated rat hepatocytes was 170 

pM.
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Chapter 5.____________________________________________________________________ Polyamines.

Chapter abstract.

The effect of the polyamines: spermine, spermidine, putrescine and cadaverine, 

was examined for their ability to alter methionine synthase activity. All four polyamines 

and two N-acetylpolyamines were found to stimulate enzyme activity. The degree of 

stimulation of methionine synthase was related to the positive charge of the polyamine.

The effect of spermine and spermidine upon methionine synthase activity was 

found to be time and concentration-dependent. The ECso’s for these two polyamines 

were determined and found to be physiologically relevant. The effect of spermine upon 

the steady state kinetics of methionine synthase was also investigated.

To explore the stimulation of methionine synthase, by spermine, further, the 

polyamine antagonists (at the NMDA receptor channel), arcaine and ifenprodil, were 

utilised.
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Introduction.

Polyamines are small, highly charged molecules: spermine has four positive 

charges, spermidine has three positive charges and putrescine has two charges at 

physiological pH; shown in figure 1.8. The concentrations of polyamines are tightly 

regulated and are formed from the pathway shown in figure 1.9. Figure 1.9. also 

illustrates the involvement of the methionine synthase-sulphur amino acid pathway in 

polyamine production.

Some of the control mechanisms operating upon the polyamine pathway have 

been discussed in the introduction (pages 59-70); of particular interest to this work was 

the possibility that interruption in the supply of methionine by inhibition of methionine 

synthase had an effect upon polyamine concentrations [Kroes et al 1988], indicating that 

methionine synthase activity may be important for polyamine production.

Polyamines, like nitric oxide, interact with many different enzymes and are 

involved in some cell signalling processes (table 5.1). For instance, as the table shows, 

polyamines regulate the activity of the NMDA receptor channel and inward rectifier 

potassium channels. Interestingly, high levels of spermine, found in tumour cells, 

decrease the activity of nitric oxide synthase.

Polyamines also regulate cell growth, and methionine has also been shown to be 

as important as the polyamines in stimulating cell growth [Chadwick et al 1978].

There was a possibility that the polyamines themselves may have a feedback 

regulatory role in controlling methionine synthase activity therefore this was investigated 

further.
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system spermine EC50 spermidine EC50

C a^A T P ase^ 200 pM 18 0 pM

casein kinase II <250 pM 1 mM

NMDA receptor <10 pM stimulation 

>10 pM inhibition 

(IC502OO pM)

inward rectifier channels 7 nM 18 nM

dissociation constant

methionine synthase 8 pM 74 pM

yeast mitochondrial Ca 12 pM 50 pM

uptake

nitric oxide synthase 56 pM 139 pM

Table 5.1. Comparison of the reported ECso values for polyamines and various

systems. The va lues can be fo u n d  in: [ 1 ]  H ughes e t a l 1994, [ 2 ]  Wei &  Tao 1993, [ 3 ]  R ock  &

M cD onald  1992, [ 4 ]  F icker e t a l 1994, [ 5 ]  Votyakova e t a l  1993, [ 6 ]  Hu e t a l 1994.

It was previously reported by T. Ast [1995] that, using normal assay conditions 

of 50 mM phosphate buffer pH 7.2, polyamines had no effect upon methionine synthase 

activity. The effect of polyamines upon methionine synthase had not been checked in 

other buffering systems, however. The use of a different buffering system was 

suggested by the fact that Casein kinase II (see chapter 6) is stimulated by polyamines, 

but inactivated by phosphate ions.
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Figure 5.4 The effect of N-acetylpolyamines upon methionine synthase activity.

D iagram  A show s the ejfect o f  N -acetylsperm ine com pared w ith sperm ine (values taken from  f ig  5.2. B. ; 

concentrations shown in brackets). D iagram  B show s the ejfect o f  N -acetylsperm idine com pared to 

sperm idine (values taken from  f ig  5.2. B.; concentrations shown in brackets). A ssays w ere perform ed in 

50 m M  hepes buffer p H  7.2 a t 37  °C fo r  30 minutes. Each N -acetylpolyam ine assay contained 40 p g  

pro tein . A ll values are means ± S D  com paring NAPA values to controls (0% ) using a  two sam pled t-test

* 0 .02< P < 0 .05; **, P < 0 .001. In A com paring with sperm ine values using a  tw o sam pled  t-test; #„ 

0 .0 K P < 0 .0 2 ;  ##, P <0.001. In B, #, 0 .0 0 K P < 0 .0 1 ,
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The difference in the degree of stimulation caused by the N-acetylpolyamines can 

again, be explained by the number of charges residing on the molecules at physiological 

pH; N-acetylspermine has three positive charges and N-acetylspermidine has two 

positive charges.

The relationship between the number o f charges and ability to stimulate 

methionine synthase is shown in figure 5.5.

400 ♦ p o ly a m in e s  
 ̂ N -a c e ty lp o ly a m in e s

sp e rm in e

300
sp e rm id in e

200

N -a c e ty lsp e rm in e
100 -a c e ty lsp e rm id in e

^  c a d a v e r in e  
p u tre sc in e

0

1 2 3 4
N u m b er o f  p o s itiv e  c h a rg e s  

Figure 5.5. The effect of positive charge upon ability of polyamines to stimulate

methionine synthase activity. The data  fo r  the polyam ines w as obta ined from  the average  

stim ulation o f  B 12-M S a t high concentration from  figu res 5.1. and  5.2. (maximal stimulation). D ata  fo r  

N -acetylpolyam ines w as obtained from  figu re  5.4. (maximal stimulation).

The results show that there is a correlation between stimulation o f enzyme 

activity and charge on the polyamine. The regression value for the best fit to the data 

was 0.981. N-acetylpolyamines did not fit to this hypothesis, suggesting that the N-
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acetyl group modified their stimulatory effect upon enzyme activity. It would be 

interesting to determine the degree of stimulation of a polyamine with five positive 

charges.

5.3. The effect of spermine and spermidine upon methionine synthase activity over 

time.

Since spermine and spermidine were the most effective at stimulating methionine 

synthase activity, their effects upon methionine synthase were further investigated over 

time, the results are shown in fig 5.5.
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■  s p e r m i d i n e  I m M
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t i m e  -  m i n u t e s

Figure 5.6 Effect of spermine and spermidine upon methionine synthase activity 

with time. A ssays w ere pre-incubated  fo r  5 minutes at 37  T  before reactions w ere in itia ted  by the 

addition o f  hom ocysteine (final concentration 400 juM) fo r  time periods up to 10 minutes in 50 m M  hepes 

buffer p H  7.2 a t 37  Each assay contained 40 p g  o f  protein. A ll values are means ±  SD, * 

0.01 < P < 0 .05 fo r  both spermine and  sperm idine com pared to control using a  tw o sam pled  t-test, n=3. The 

95 %  confidence interval o f  the slope fo r  control w as 0.74 to 0 .77 (R = 0 .99 ),fo r  sperm ine w as 1.43 to 1.46 

(R -0 .9 9 ) an d  fo r  sperm idine w as 1.45 to 1.51 (R=0.99); there w as no significant difference betw een the 

polyam ines, but there w as a significant difference between them an d  control.
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The activity of methionine synthase was linear (with or without spermine or 

spermidine) during the time course of this experiment. No induction period was seen in 

this experiment, therefore, it seems likely that spermine and spermidine act upon 

methionine synthase almost immediately. The stimulatory effect of spermine and 

spermidine can clearly be seen at one minute.

5.4. The effect of spermine and spermidine concentration upon methionine 

synthase activity.

It was found that spermine and spermidine increased the activity of methionine 

synthase in both 50 mM hepes buffer pH 7.2 and 20 mM tris containing 10 mM NaCl 

pH 7.2 buffer.

The effect of spermine is shown in figure 5.7. Figure 5.8. shows the effect of 

spermidine. Both polyamines stimulated methionine synthase activity exponentially in 

both buffering systems. The ECso’s for the interactions were calculated from the data 

and were found to be lower in hepes buffer. The values for spermine were: 8 pM in 50 

mM hepes buffer pH 7.2 and 21 pM in 20 mM tris containing 10 mM NaCl buffer pH 

7.2. The ECso’s for spermidine were 40 pM in 50 mM hepes buffer pH 7.2 and 100 pM 

in 20 mM tris containing 10 mM NaCl buffer pH 7.2. The ratio between these values in 

the two buffers was the same for spermine and spermidine.

The difference in the ECso values could be due to an effect of the buffers. It may 

be that the enzyme is less stable in tris buffer, or that tris can compete for a polyamine 

binding site on the enzyme, or interact directly with the polyamines; increasing the 

apparent ECso-
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Figure 5.7. The effect of spermine concentrations upon methionine synthase 

activity. D iagram  A show s the ejfect o f  sperm ine concentrations in 50  m M  hepes buffer p H  7.2 and B  

the effect in 20 m M  tris buffer containing 10 m M  N aC l p H  7.2. A ssays w ere in itia ted  by the addition o f  

homocysteine (final concentration 400  pM ) after a  5 minute pre-incubation  p e r io d  at 37  XI and incubated 

fo r  30 minutes. Each assay contained 50  p g  o f  protein. The apparent ECso's were calculated to be 8  and  

21 p M  respectively. A ll values are means ± S D , in A and  B * 0 .0 0 K P < 0 .0 1 ;  ** P <0.001. using a  two  

sam pled t-test and  com paring to control (0%), n —3 fo r  a ll values including control.
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Figure 5.8. The effect of spermidine concentrations upon methionine synthase 

activity. D iagram  A show s the effect o f  sperm idine concentrations in 50  m M  hepes buffer p H  7.2 and  

diagram  B show s the effect in 20 m M  tris buffer containing 10 m M  N aCl p H  7.2. A ssays were in itia ted  by  

the addition o f  hom ocysteine (final concentration 400 pM ) after a  5 minute pre-incubation p e r io d  a t 3 7  X l 

an d incubated fo r  30  minutes. Each assay contained 50 p M  o f  protein. The apparent ECso’s w ere  

calculated  an d  fo u n d  to be 4 0pM  in A an d 100 p M  in B. A ll values are means ±  SD. In A an d  B *, 

0 .02< P < 0 .05; **, 0.001 P <0.01; ***, P <0.001 using a  two sam pled t-test an d  com paring with control 

(0%), n=3 fo r  a ll values including control.
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The ECso’s for spermidine were found to be outside the normal physiological 

concentration range in non-dividing cells, such as erythrocytes where concentrations up 

to 28 pM are reported [Morgan 1990] these cells probably have the lowest range of 

polyamine concentrations. In resting fibroblasts spermidine concentrations of up to 150 

pM are reported, in these cells methionine synthase could be stimulated by spermidine.

The concentration of spermine in erythrocytes has been reported to be in the 

region of 15 to 19 pM, and in resting fibroblasts concentrations reach 635 pM, in both 

these cell types it would be possible for spermine to significantly stimulate methionine 

synthase activity, according to the results of these experiments. In cancer cells the 

concentrations of polyamines are even higher (see table 1.2) and it is feasible that 

methionine synthase may be maximally stimulated in these cell lines.

This interaction may be important as part of the role of the polyamines in 

stimulation of cell growth, which would require an increase in protein production for 

which methionine is required and an increase in DNA synthesis for which increased 

folate cycling is required, both of these effects are mediated by methionine synthase.

5.4. A further study of the stimulation of methionine synthase by spermine.

The nature of the interaction between spermine and methionine synthase was 

investigated further, using experiments investigating steady state kinetics; to determine 

the effect of spermine upon Vmax and Km.
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Figure 5.9 Lineweaver-Burke plots of the effect of spermine upon methionine 

synthase activity with changing MTHF concentrations. R eactions w ere in itia ted  by the 

addition o f  homocysteine (final concentration 400 fjM) after a  5 minute pre-incubation. A ssays were  

incubated fo r  a  maximum o f  10 minutes (but alw ays so that less than 10 % o f  substrate had  been  

converted to products). Experim ents were perform ed, in diagram  A, in 50 m M  hepes buffer p H  7.2, an d  in 

diagram  B, in 20  m M  tris buffer containing 10 m M  N aCl p H  7.2 at 37  X3, 50 p g  o f  pro tein  were used in 

each assay. The Lineweaver-Burke p lo t show s values ±  SD. In A the 95 %  confidence intervals fo r  the 

slopes were, control: 0.00080 to 0 .00082 (R = 0 .9 2 ),fo r  14.6 pM sperm in e: 0 .00080 to 0.00081 (R =0.99) 

and fo r  2.4 m M  sperm ine 0.00081 to 0.00083 (R -0 .95), no significant difference. In B the 95%  confidence 

intervals were: control 0.0004 to 0.0011 (R =0.98); 44 pM sperm in e 0.0006 to 0.002 (R =0.95) an d  2.5 m M  

spermine 0.0004 to 0.002 (R=0.98), no significant difference, n=3.

142



Polyamines.Chapter 5.

! □  en zy m e  only  

I ♦  20  um  sperm ine  

A 2.5 m M  sperm ine

0.06 T

0.05 -

0.04 -

0.03 -

0.02 *

0.01 -

-30 -20 -10 0 10 

l/|hcy| mM '
20 30 40

Figure 5.10 Lineweaver-Burke plot of the effect of spermine upon methionine 

synthase activity with changing homocysteine concentration. R eactions w ere in itiated hy 

the addition o f  MTHF (final concentration 236 /^M) after a  5 minute pre-incubation  in 50 m M  hepes 

buffer p H  7.2; assays were incubated at 37  fo r  tim es up to 10 minutes (so that less than 10 % o f  

substrate was converted  to products). 50 p g  o f  pro tein  w ere used in each assay. The figu re  shows mean  

values ± S D . The 95 %  confidence intervals fo r  the slopes were: control, 0.01 to 0.03 (R =0.69); 20 p M  

.spermine, 0.011 to 0.015 (R =0.97) and 2.5 m M  sperm ine 0.012 to 0.025 (R=0.81), no significant 

difference.

The data obtained for figures 5.9, 5.10 and 5.11 was less accurate than for 

previous experiments, due to the difficulty o f accurately adding the substrate (to initiate 

the reaction) to a sealed serum vial. This was achieved using a gas tight syringe, 

however, the delivery o f small volumes o f substrate using this method was less accurate 

than using a pipette. In previous experiments the concentration o f homocysteine was 

less vital as it was in excess. However, the results were consistent enough to plot figures 

5.9, 5.10 and 5.11.
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Figure 5.11 Lineweaver-Burke plot of the effect of spermine upon methionine 

synthase activity with changing MTHF concentrations. A ssays w ere in itia ted  by the 

addition  o f  hom ocysteine (final concentration 500 fj.M) after a  pre-incubation o f  5 minutes; reactions were  

incubated fo r  5 minutes or less (so that there w as less than 1 0 %  conversion o f  substrate to product) a t 37  

in 10 m M  phosphate buffer containing 50 m M  hepes p H  7.2. 20 p g  o f  pro te in  were used p e r  assay. 

The figure show s mean values ± S D . The 95 % confidence intervals fo r  the slopes were: control. 0.00036  

to 0.00038 (R=0.93); sperm ine 0 .00037 to 0 .00039 (R=0.96), no significant difference.

Table 5.1 shows that the data relating to MTHF for the rat liver methionine 

synthase was comparable with that reported from other sources e.g. E.coli and pig liver, 

when experiments were performed in phosphate buffer. The Vmax and Km for 

homocysteine in phosphate buffer were determined in later work (see chapter 7.2).

Both tris and hepes buffers, however, appeared to affect the enzyme causing a 

decrease in both Km and Vmax compared to values obtained in phosphate buffer. Both 

buffers had a greater effect upon Vmax than Km values. This indicated that both buffers 

may be affecting the structure and stability of the enzyme, also reflected in the reduced
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time in which enzyme can be stored in these buffers. It may be that phosphate ions are

essential for stabilising the enzyme structure in vitro, although no concentration

dependent effect of phosphate ions was found (see chapter 7). However, the E.coli

vitamin Bu independent methionine synthase requires phosphate ions for activity.

enzyme source and assay conditions Homocysteine
Km pM Vmax Km pM Vmax

nmol/ nmol/
hour hour

50 mM phosphate buffer pH 7.2
pig liver [Chen et al 1994] 13 125 2 102

E.coli [Banerjee et al 1990b] 28 NA NA NA
rat liver 28 78 17# 55#
rat liver and 2 mM spermine 53 136
50 mM hepes buffer pH 7.2
rat liver 7 9 9 30
rat liver and 78.5 pM spermine 10 13 15 75
rat liver and 1.25 mM spermine 18 21 28 139
20 mM tris buffer containing 10 mM
NaCl pH 7.2
rat liver 23 24 NA NA
rat liver and 44 pM spermine 32 33
rat liver and 2.4 mM spermine 49 51

Table 5.1 The effect of spermine upon Km and Vmax of methionine synthase. The d a ta

fro m  fig u re s  5 .9 - 5 .11 are show n in th is tab le  a n d  com pared  w ith  p u b lish ed  va lues f o r  the E .coli. enzym e

a n d  the p ig  liv e r  enzym e f o r  com parison . The d a ta  w a s  o b ta in ed  using ‘E nzpack  3  ’.

#  resu lts  fro m  an experim ent rep o r ted  in ch ap ter 7.

As methionine synthase activity was less stable in hepes or tris buffers, the effect 

of spermine upon enzyme activity with changing MTHF concentrations in a reduced 

concentration phosphate buffer was tested and the result shown in figure 5.11 (enzyme 

activity was considerably more stable in this phosphate-hepes buffer). The Lineweaver-
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Burke plot is similar to those shown in figures 5.9 and 5.10. and shows that although 

hepes and tris buffers affected the enzyme itself, they did not affect the interaction of 

spermine with methionine synthase. Only one concentration of spermine was used; due 

to the decreased effect of polyamines in this buffering system it was impossible to 

distinguish different concentrations in this plot.

Increasing concentrations of spermine, in these experiments, caused an increase 

in both the Vmax and Km values. This effect occurred in the three buffering systems 

tested, when the concentration of MTHF was varied and that of homocysteine was fixed. 

In the experiment where the concentration of homocysteine was varied and MTHF 

concentrations were fixed, the same effect of an increase in both Km and Vmax, after the 

addition of spermine was noted. The data were plotted as Lineweaver-Burke plots (5.9- 

5.11) where it was seen that increasing spermine concentrations produced parallel lines. 

This was indicative of uncompetitive stimulation. This form of stimulation is reversible, 

indicating that an electrostatic interaction between spermine and methionine synthase 

was occurring, rather than covalent binding. Uncompetitive stimulation occurs when the 

stimulator binds either to one of the substrates; or to the enzyme, but only after one of 

the enzyme bound substrates had bound to the active site of the enzyme. Either of these 

two scenarios could have occurred in this case. Uncompetitive stimulation is not the 

only possible method by which spermine may have acted. A fragment of thymosin p4 

stimulated phosphodiesterase activity by increasing Vmax of cAMP degradation without 

changing the Km [Galoyan et al 1994]. However, uncompetitive stimulation is probably 

more common in enzymes with two substrates and two products.
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5.5. The effect of the polyamine antagonists arcaine and ifenprodil upon 

methionine synthase activity.

These antagonists have been designed to prevent the binding of spermine to the 

NMDA receptor channel. They were tested to determine whether they affected enzyme 

activity, in which case it could be that there are some structural similarities between the 

spermine binding sites on the NMDA receptor channel and methionine synthase.

Concentration % stimulation of Concentration of % stimulation of B12-

of arcaine pM B12-MS by arcaine ifenprodil pM MS by ifenprodil

.............6............. - 23 ± 3* .... ...........2 ....... 36 ± 60

62 -12±11 21 -3 6 ±  12

617 21 ±36 208 - 26 ± 20

Table 5.3 The effect of arcaine and ifenprodil upon methionine synthase activity.

The experim ent w a s  p e rfo rm ed  in 5 0  m M  hepes buffer p H  7.2 a t  3 7  X! f o r  30  minutes. 30  p g  o f  p ro te in  

w ere u sed  in each  a ssa y . A ll va lu es a re  m eans ±  SD, * den o tes the on ly  sign ifican t resu lt fro m  a  tw o  

sa m p led  t- te s t com parin g  resu lts  to  con tro ls (0% ); 0 .0 0 K P < 0 .0 1 , n = 2  f o r  a ll  values.

Table 5.2. shows that neither compound had a significant concentration- 

dependent effect upon enzyme activity, both inhibition and stimulation of activity was 

recorded.. However, it was possible that the compounds bound to the enzyme without 

changing activity. To assess whether this was true the highest concentration used in the 

previous experiment was incubated with a low concentration (3 pM) of spermine. This 

concentration was chosen so that any interference in binding by the antagonists should
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be easily seen, but the concentration was still great enough to cause stimulation of 

enzyme activity.

110 —1 

100
M 90 -  

M 80
OQ 70

0 60
1  50 -

I  40 
i  30

^  20  -  

10 

0
■ spermine . ® spermine + ifenprodil

□ spermine + arcaine

Figure 4.12. The effect of polyamine antagonists, arcaine and ifenprodil upon 

spermine’s ability to stimulate methionine synthase activity. The concentration o f  

arcaine w as 616 fiM, the concentration o f  ifenprodil w as 208 p M  and the concentration o f  sperm ine w as 3 

pM . The reaction w as perform ed in 50  m M  hepes buffer p H  7.2 at 37  fo r  30  minutes. 30  p g  o f  pro tein  

w as used in each assay. A ll values are means ± S D ;  * 0 .02< P < 0 .05; ** P <0.001 using a  two sam pled  t- 

test and com paring with control values (0%). There w as no significant difference between sperm ine and  

sperm ine with antagonists using a tw o sam pled  t-test n=2  fo r  a ll values including controls..

The results shown in figure 5.12. show that the antagonists had no inhibitory 

effect upon the ability of spermine to stimulate enzyme activity; indeed a small, non 

significant, enhancement in the degree of stimulation caused by spermine was observed. 

This result suggests that the polyamine binding site on the enzyme is different to that at 

the NMDA receptor channel.
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Conclusions.

Although polyamines were previously found not to affect methionine synthase 

activity when the assay was performed in phosphate buffer, they did stimulate enzyme 

activity in other buffering systems. Reducing the concentration of phosphate enabled 

stimulation of methionine synthase activity by spermine. The degree of stimulation was 

greatly reduced, however. This suggested that phosphate ions interfered with the ability 

of spermine (and the other polyamines) to stimulate enzyme activity, through some 

unknown mechanism.

Vitamin B 12-dependent methionine synthase activity was reduced in hepes or tris 

buffers. The length of time for which the enzyme could be stored in these buffers was 

also greatly reduced. This suggested that phosphate ions might have had a stabilising 

effect upon the enzyme.

N-acetylpolyamines were also discovered to stimulate the activity of methionine 

synthase. A rank order of potency of the polyamines was found in which spermine > 

spermidine > putrescine = cadaverine. N-acetylpolyamines did not fit into the linear 

relationship found for the polyamines. Increased charge on the N-acetylpolyamines was 

still associated with increased ability to stimulate methionine synthase activity.

The ECso’s of spermine and spermidine were determined. These were found to 

be different in hepes or tris buffer. The values were: spermine in hepes buffer, 8 pM; in 

tris buffer 21 pM; spermidine in hepes buffer, 40 pM; and in tris buffer 100 pM. The 

ratio between these two values was the same for spermine and spermidine. This 

suggests that the increase in the ECso in tris buffer was due to the same effect for 

spermine and spermidine. The reason for the increase in the ECso was not determined.
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One possible explanation may be that as tris is an amine compound and this may 

interfere with the polyamine induced stimulation of methionine synthase. The ECso’s for 

both spermine and spermidine were within the reported physiological range for growing 

cells and tumour cells suggesting that this effect may occur in vivo.

The stimulation of methionine synthase activity was found to be linear with time 

and to occur at all the time periods tested.

The effect of spermine upon the steady state kinetics of methionine synthase was 

also investigated. Spermine was found to cause uncompetitive stimulation, a reversible 

form of stimulation. The reversibility of the stimulation is in accordance with the 

hypothesis that the ability of the polyamines to stimulate methionine synthase activity 

was based upon charge; and was therefore due to electrostatic attraction. The 

stimulation also only occurs after one of the substrates binds to the enzyme.

The effect of antagonists (arcaine and ifenprodil) for the polyamine binding site 

on the NMDA receptor channel was tested. Neither compound directly affected enzyme 

activity. The effect of spermine was not antagonised by arcaine or ifenprodil, suggesting 

that the NMDA receptor channel polyamine binding site is different to that on 

methionine synthase.

These results suggest that an intimate relationship exists between spermine and 

spermidine and methionine synthase. It has already been reported that inhibition of 

methionine synthase activity decreases the formation of spermine and spermidine; these 

results suggest that inhibition of polyamine synthesis decreases the activity of 

methionine synthase. Thus, it may be that a positive feedback effect exits in vivo. This 

effect may be of relevance in cell growth and differentiation or tumour cell growth, and
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therefore should be investigated further. However, as the concentrations of the 

polyamines are tightly regulated a positive feedback effect may not be able to operate 

under normal physiological conditions. The ability of spermine and spermidine to 

stimulate methionine synthase activity may then, be a method by which polyamines 

control gene expression, protein synthesis, DNA production and transmethylation 

reactions. Alternatively the stimulation of methionine synthase activity may merely 

ensure that the concentrations of substrates for the production of spermine and 

spermidine are maintained at adequate levels.

Summary of results

• Polyamines and N-acetyl polyamines were found to stimulate methionine synthase 

activity.

• The effect was measurable in hepes or tris buffer; phosphate ions reduced stimulation 

of methionine synthase by spermine.

• The stimulation was linear with time.

• A rank order of potency was found: spermine> spermidine> putrescine = cadaverine.

• Spermine had an ECso of 8 pM (21 pM in tris) within the physiological concentration 

range in cells.

• Spermidine had an ECso of 40 pM (100 pM in tris) within the physiological 

concentration range of dividing cells.

• Spermine increases both the Km and the Vmax of the enzyme.

• The polyamine antagonists: arcaine and ifenprodil, at the NMDA receptor channel, 

could not antagonise the effect of spermine upon methionine synthase activity.
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Chapter 6._________________________________________________________Kinases & Phospholipids.

Chapter abstract,

A survey of the effect of three serine-threonine protein kinases was conducted to 

assess their effect upon methionine synthase activity. The protein kinases were: cAMP 

dependent protein kinase (PKA), protein kinase C (PKC) and casein kinase II (CKII); all 

of them appeared to stimulate enzyme activity.

A preliminary evaluation of the effects of the phospholipids and some of their 

metabolites was also performed. The phospholipids tested included phosphatidylserine, 

phosphatidylcholine, phosphatidylinositol and phosphatidylethanolamine.
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Introduction to part 1.

Protein kinases regulate many metabolic processes and transmit information 

inside the cell due to their ability to add phosphate groups to proteins. Their effects are 

antagonised by phosphatases. Each protein kinase has a consensus sequence of amino 

acids which it recognises; it then adds a phosphate group to a serine, threonine or 

tyrosine in this consensus sequence, depending on the type of protein kinase. Tyrosine 

kinases tend to be membrane bound, whereas serine-threonine kinases tend to occur in 

the cytoplasm.

The activity of protein kinases is measured in units. One unit is the amount of 

kinase required to transfer one picomole of phosphate per minute at 37 °C to its 

substrate.

The effects of cAMP dependent protein kinase (PKA) include: the transduction 

of cell signalling information from beta adrenoceptors [Torphy 1994], regulation of 

glucose utilisation [Pugazhenthi & Khandelwal 1995], regulation of ion channels 

[Ismailov & Benos 1995] and may also be involved in multidrug resistance [Rohlff & 

Glazer 1995].

Protein kinase C (PKC) can regulate ion channels [Ismailov & Benos 1995], 

growth factor receptors and structural and regulatory proteins of the cytoskeleton 

[Blackshear et al 1988], and mediate the intracellular signal occurring after muscarinic 

acetylcholine receptor activation [Laitinen et al 1995]. PKC may also be involved in the 

amplification of glutamate induced oxidative stress, which is considered important in the 

pathogenesis of neurodegenerative diseases [Savolainen et al 1995]. Protein kinase C 

activity has been associated with tumour cell growth [O’Brian et al 1995]
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Casein kinase II may transduce hormonal signals. It has been shown that CKII 

can phosphorylate many proteins, these include: glycogen synthase, acetyl CoA 

carboxylase, calmodulin and c-myc [Pinna 1990].

The effect of the kinases is antagonised, by phosphatases which remove 

phosphate groups. Cross-talk between the different protein kinases is also believed to 

occur, and may account for the differences in cellular effects occurring upon stimulation 

of the same type of receptor [Jiang et al 1992; Abdel-Latif 1996].

Regulation of methionine synthase activity by protein kinases could link the 

enzyme to cell signalling pathways, and would suggest that the activity of the enzyme 

may be tightly regulated.
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6.1.1. The effect of cAMP dependent protein kinase upon methionine synthase 

activity.

The preliminary results showing the effect of cAMP-dependent protein kinase 

(PKA) are reported here, using partially purified enzyme (Q-sepharose stage o f the 

purification protocol; 100 fold increase in purity). All buffers contained the phosphatase 

inhibitors: sodium fluoride (50 mM) and potassium pyrophosphate (5 mM).

The effect o f PKA upon enzyme activity was measured, indirectly, by assessing 

the change in activity of methionine synthase in the presence and absence o f PKA, over 

time, figure 6.1.

□  control 

♦  5 units PKA

10 -

+ X
10 15 20

Time-minutes

25 30

Figure 6.1. The effect of PKA upon methionine synthase activity. Both experim ental and  

control assays contained cAM P (100 pM), ATP (655pM ) and magnesium (300pM ). 5 units o f  kinase were 

used in each experim ental assay. Assays were incubated a t 37  T7 fo r  the time indicated in 50  m M  

phosphate buffer p H  7.2. 190 p g  o f  pro tein  w ere used p e r  assay. A ll values are means ±  SD; *

0 .01< P < 0 .02  using a  tw o sam pled  t-test and com paring with control, n=2. The 95%  confidence intervals 

fo r  the slopes are control: 0.482 to 0.494 (R=0.96), PKA: 0 .748 to 0 .757 (R=0.90), the tw’o are  

significantly different.
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As magnesium has been found to stimulate methionine synthase activity (chapter 

7), the same concentration of magnesium found in the kinase assays was added to 

control assays, as were all other substrates required for the kinase activity (similarly for 

PKC and CKII).

The result of this experiment shows that protein kinase A had a stimulatory effect 

of over 60% upon methionine synthase activity. This effect could not be seen when 

phosphatase inhibitors were omitted from the buffers, suggesting that active phosphatase 

was present in the crude enzyme sample.

The effect of the polypeptide PKA inhibitor (PKI) was also tested upon 

methionine synthase. However, the inhibitor was found to cause stimulation on its own. 

The degree of stimulation was as great as 100% at a concentration of 50 pg per assay. 

This masked the effect of PKA and therefore, the inhibitor could not be used. The 

reason for the stimulation of methionine synthase activity was not clear.

6.1.2. The effect of protein kinase C and casein kinase II upon methionine 

synthase activity.

These experiments were performed with partially purified enzyme sample 

(purified 100 fold). Protein kinase C assays were performed in 50 mM phosphate buffer 

pH 7.2. Casein kinase II is inhibited by phosphate therefore, assays were performed in 

20 mM tris buffer containing 10 mM NaCI pH 7.2. In this survey only a small quantity 

of PKC was available for testing, therefore the number of units used was not equivalent 

to the amount used in the PKA or CKII experiments. The addition of phosphatidyl serine
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to PKC assays increases its activity fourteen fold. The addition of spermine to CKII 

assays increases the kinases activity.

protein kinase incubation time minutes % stimulation of B12-

MS

protein kinase C 30 28 ± 10

casein kinase II 15 21 ± 1 *

casein kinase II 30 15 ± 2 *

Table 6.1. The effect of protein kinase C and casein kinase II upon methionine

synthase activity. F or p ro te in  kinase C, con tro l a n d  experim ental a ssa ys con ta in ed  TPA (35 nM), 

P S (3pg), A T P  (655pM ), calcium  (1 mM ) a n d  m agnesium  (300pM ). P K C  assays con ta in ed  0 .2 units o f  

kinase. A ssa ys w ere  incubated  a t  3 7  X! f o r  3 0  m inutes in 50  m M  ph osph a te  buffer. 190  p g  o fp ro te in  w as  

u sed  in each  assay. F or casein  kinase II, a ll a ssa ys con ta in ed  sperm ine (400  pM ), m agnesium  (300pM ) 

a n d  G TP (1.3 mM). C K II a ssays con ta in ed  5  units o f  kinase. A ssa ys w ere  in cu bated  a t  3 7  XI in 2 0  m M  

tr is buffer p H  7.2 con tain ing 10  m M  N a C l f o r  15  o r  30  minutes. 190 p g  o f  p ro te in  w a s u sed  in each  

assay. A ll values a re  m eans ±  SD, * 0 .0 I< P < 0 .0 2 , using a  tw o  sa m p led  t- te s t a n d  com parin g  w ith  

con tro l va lu es (0%), n - 3  f o r  casein  kinase II; n = 2  f o r  p ro te in  kinase C. There w a s no sign ifican t 

difference betw een  con tro l values a n d  those w ith  P K C .

Table 6.1. shows that casein kinase II stimulates methionine synthase activity. 

Protein kinase C did not have an significant effect at the concentration tested. The effect 

of CKII may have been masked by spermine induced stimulation of the enzyme, 

however the results reported here are statistically significant. The concentration of 

spermine used in these assays would be expected to cause substantial stimulation of 

enzyme activity.
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Heparin is an inhibitor of casein kinase II activity, therefore, the effect of heparin 

was tested upon methionine synthase activity. It was found that heparin could inhibit 

methionine synthase activity; shown in figure 6.2.

5 ■ 'j

I -

O '— [
■  c o n tr o l ■  h e p a r in

Figure 6.2. The effect of heparin upon methionine synthase activity. 4 units o f  heparin  

w ere incubated in the enzyme assay. A ssays were perform ed a t 37  ^  in 50  m M  phosphate buffer p H  7.2 

fo r  20 minutes. 170 p g  o f  protein  w as used in each assay. A ll values are means ± S D , * 0.001 < P <0.01  

using two sam pled t-test and com paring with control, n=2.

Heparin may inhibit methionine synthase in the same way as it inhibits CKII, 

which is probably due to it’s high negative charge. Alternatively heparin may bind to the 

substrates or spermine. Protamine can in turn inhibit heparin activity, it is positively 

charged and binds to the heparin, thereby inactivating it. Protamine had no significant 

effect upon methionine synthase activity.

159



Chapter 6, Kinases & Phospholipids.

Conclusions.

This preliminary survey indicated that the serine-threonine protein kinases 

stimulated methionine synthase activity. Protein kinase A was the most effective, casein 

kinase II was less effective and protein kinase C had no effect at the concentration tested. 

The effect of casein kinase II upon methionine synthase activity may have been masked 

to some degree by the high concentration of spermine used to stimulate the kinase. A 

repeat of the CKII experiments with a lower concentration of spermine may reveal a 

greater degree of stimulation by the kinase.

All these assays were performed using partially (100 fold) purified methionine 

synthase, as an initial exploration to determine whether they had an effect upon enzyme 

activity. Interpretation of the results is therefore, difficult, the effect of the kinases may 

have been due to direct phosphorylation of methionine synthase. Alternatively 

phosphorylation of some other protein, which then stimulated methionine synthase 

activity may have occurred, a candidate for this would be the equivalent of the E.coli 

flavodoxin found to donate electrons to the remethylation of the enzyme by SAM 

[Ludwig communication to B 12 symposium 1996]. Nevertheless, preliminary indications 

are that methionine synthase activity could be regulated directly or indirectly in vivo by 

protein kinases.
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Introduction to part two.

Phospholipids are components of the cell membrane which are important 

structural components of the cell. The composition of the membrane lipids determines 

the membrane fluidity. It was originally thought that phospholipids had no other role 

than in membrane formation. However, phospholipids also been found to have roles in 

the regulation of cell physiology and in cell communication.

All of the phospholipids have been found to be metabolised to form 

diacylglycerol, which has been shown to activate protein kinase C activity. Thus many 

of the effects of phospholipids are the same as those of protein kinase C; due to 

activation of this enzyme [Blackshear et al 1988].

Arachidonic acid is also produced through metabolism of phospholipids, and is 

the precursor of eicosanoid formation. Eicosaniods have numerous effects such as 

regulation of gastrointestinal tract functions, control of inflammation and pain perception 

[Eberhart & Dubois 1995; Sperling 1995].

Phosphatidylinositol (PI) can be metabolised to form inositol-phosphate 

derivatives which can control calcium levels inside the cell, thus having a regulatory role 

upon the numerous calcium dependent effects. PI regulated glucose transport in 

adipocytes, and interacted with the cytoskeleton of the cell. Phosphatidylcholine, as well 

as being a source of diacylglycerol can be broken dovm to form choline, which can be 

used to form the neurotransmitter acetylcholine [Divecha & Irvine 1995]. Phospholipid 

metabolism is also considered to be a target for cancer drugs. [Divecha & Irvine 1995].

In general the effects of phospholipids are not completely known and the subject 

is confused.
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6.2.1. The effect of Serine lipids upon methionine synthase activity.

PKC experiments indicated that phosphatidyl serine caused inhibition of 

methionine synthase activity. The effect of PS concentration upon partially purified (100 

fold) methionine synthase activity was assessed, the results are shown in figures 6.3 and

6.4.

9
8

I  ’‘c0

1
1 !

□  control

A 3 ug PS

+ +

10 15 20 25 30
time-minutes

Figure 6.3. The effect of phosphatidyl serine upon methionine synthase activity 

over time. 3 jug o f  phosphatidyl serine were used in experim ental assays. A ssays were perform ed in 50  

m M  phosphate buffer p H  7.2 a t 37  XJ fo r  the t imes indicated. PS w as p rep a red  im m ediately p r io r  to the 

assay, by evaporating the chloroform solution an d  resuspending in assay buffer with sonication. 180 jug 

o f  protein  w as used in each assay. A ll values are means ±  SD, * 0.03<P <0.05 , a ll other values were  

grea ter than 0.2 and  w ere therefore not significant, using tw o sam pled t-test and  com paring with control 

values, n=2.

Phosphatidylserine (PS) inhibited methionine synthase activity. A lag time of 

between five and ten minutes was seen before inhibition of enzyme activity occurred in 

figure 6.3. The activity of control and PS assays increased with time. The maximal
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inhibition found in these experiments was 55% when the PS concentration was 5 pg. 

As the PS was o f mixed fatty acid side chains the molecular weight could not be 

determined, however 5 pg is in the region o f 20 pM.
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Figure 6.4. The effect of phosphatidylserine concentration upon methionine 

synthase activity. A ssays w ere incubated a t 37  fo r  30 minutes in 50 m M  phosphate buffer p H  7.2. 

P S w as p rep a red  im m ediately p rio r  to the assay, by evaporating the chloroform solution and  

re.suspending in assay buffer with sonication. Results are expressed as mean percen tage inhibition o f  

activity com pared with control values ±  SD. *, 0 .02<P <0.05, other values w ere grea ter than 0.05 and  

w ere not significant using tM’o sam pled  t-test an d  com paring to control values (0%), n=2.

The concentration dependent graph appears to have a U shaped curve, only 

concentrations in the middle o f the range tested had a significant effect. It is possible 

that higher concentrations than those tested here may have induced an increase in
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inhibition and lower concentrations may have had less effect upon enzyme activity. 

Alternatively PS could have had a biphasic effect, or the results shown could have been 

due to solubility problems. Micelles may have formed at higher concentrations, which 

would effectively reduce the concentration of free PS. Dissolving PS in DMSO, adding 

BSA, or using deoxycholic acid had no effect upon the shape of the curve, but may not 

have increased solubility.

Other serine compounds were tested on highly purified enzyme: phosphoserine, 

glycerophosphoserine; neither of these compounds had a significant effect upon 

methionine synthase activity (table 6.2).

6.4.2. The effect of phosphatidylcholine upon methionine synthase activity.

The effect of this phospholipid was tested upon a partially purified methionine 

synthase sample. No effect upon activity was noted.

Glycero-phosphorylcholine, choline and phosphorylcholine were also tested, the 

results are shown in table 6.2., only glycero-phosphorylcholine had a significant 

inhibitory effect upon methionine synthase.

Phosphatidylinositol was tested on a partially purified enzyme sample and found 

to have no effect upon enzyme activity.

6.2.3. The effect of phosphatidylethanolamine upon methionine synthase activity.

This phospholipid was tested in the same way as phosphatidylserine, the results 

are shown in figure 6.5.
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Figure 6.5. The effect of phosphatidylethanolamine upon methionine synthase 

activity. Results are expressed as percen tage inhibition com pared with control. PE was p rep a red  

im m ediately p r io r  to the assay, by evaporating the chloroform solution and  resuspending in assay buffer 

with sonication A ssays w ere incubated fo r  30 minutes in 50 m M  phosphate buffer p H  7.2 a t 37 XJ. 190 p g  

o f  protein  w as used in each assay. A ll values are means ±  SD, none o f  the values was significant using 

two sam pled  t- test and  com paring to control values (0%), n=2.

Phosphatidylethanolamine had no significant effect upon methionine synthase 

activity at the concentrations tested.

Phosphorylethanolamine and lyso-phosphatidylethanolamine were also tested, 

their effects are shown in table 6.2, only phosphorylethanolamine had a significant 

effect.

The effect of the phospholipid metabolites (table 6.2) was not predictable from 

the effect of their parent phospholipid, for instance PC had no effect, but glycero- 

phosphorylcholine did. Phosphatidylserine inhibited enzyme activity but phosphoserine 

did not.
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phospholipid/phospholipid concentration % change in B12-MS

metabolite

phosphatidylethanolamine 20 pM - 44 ± 5 %

lyso-phosphatidylethanolamine 10 mM -6 ± 37 %

phosphorylethanolamine 6 mM + 65 ± 5 %*

120 pM 35 ± 4 1 %

phosphatidylserine 20 pM - 39 ± 11 %**

glycerophosphoserine 0.03 % - 9 ± 4 %

phosphoserine 100 pM 1 0 ± 4 %

phosphatidylcholine 20 pM - 1 6 ± 5 %

lyso-phosphatidylcholine 360 pM 2 ± 18 %

phosphorylcholine 650 pM -4 ± 29 %

glycerophosphorylcholine 100 pM -33 ± 36%

1 pM -46 ±4%***

choline 14 mM 9 ±13%

phosphatidylinositol 50 pM 5 ± 13 %

Table 6.2. Summary of the effect of phospholipids and phospholipid metabolites

upon methionine synthase activity. A ll a ssa ys w ere  p erfo rm ed  in 50  m M  ph osph a te  buffer p H  

7.2 a t 3 7  f o r  3 0  m inutes. A ll values are m eans ±  SD, * 0 .0 2 < P < 0 .0 5 ;  ** 0 .0 1 < P < 0 .0 2 ; ***,

P < 0 .001 , using tw o sam p led  t- te s t an d  com paring  to con tro l values (0% ) (other resu lts w ere not

significant), n = 2  f o r  a ll  va lues including co n tro l

The effect of PS upon enzyme activity was assessed upon highly purified 

enzyme, however, the results could not always be repeated. This could have been due to 

a solubility problem: increased protein concentrations in the partially purified sample 

may have aided the solubility of the phospholipids. Alternatively the effect of PS may
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have been due to activation of another protein in the enzyme sample which then 

inhibited methionine synthase. In the partially purified enzyme sample the phospholipid 

may have been broken down by an enzyme contained in the assay mixture, and a 

metabolite may have caused the inhibition.

Conclusions.

Phosphatidylseine was found to inhibit methionine synthase activity, possibly 

because it carries a negative charge, an effect seen earlier with heparin. 

Phosphatidylcholine and phosphatidylinositol had no statistically significant effect upon 

enzyme activity. Glycero-phosphorylcholine also inhibited methionine synthase 

activity. Phosphorylethanolamine significantly stimulated enzyme activity.

The effect of these compounds was surveyed using partially purified (100 fold) 

enzyme, containing many different proteins. Therefore, effect of the phospholipids, and 

their metabolites may have been due to a direct or indirect action upon methionine 

synthase. For example it is thought that in E. colt that flavodoxin is a cofactor for the 

reaction, inhibition of this process would inhibit methionine synthase activity (see 

conclusions to part 1). Alternatively, the phospholipids may have been catabolised by 

another enzyme contained in the enzyme sample, and this breakdown product may have 

been responsible for the effect seen in this study.

It may be then that phospholipids may have some role in regulating methionine 

synthase activity, either directly or indirectly, and this should be investigated further.
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Summary of results

• Protein kinase A was shown to increase partially purified methionine synthase 

activity.

• Casein kinase II was also shown to cause stimulation of partially purified enzyme 

activity.

• Phosphatidylserine was shown to inhibit, partially purified, methionine synthase 

activity.

• Glycero-phosphorylcholine also inhibited methionine synthase activity.

• Phosphorylethanolamine stimulated enzyme activity,
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Chapter 7.__________________________________________________________________________ Ions.

Chapter abstract.

The effect of magnesium, manganese, calcium, zinc, copper, lithium and barium 

metal ions was tested upon methionine synthase activity, only magnesium had any 

significant effect. Magnesium stimulated enzyme activity, the concentration-dependent 

effect was explored and its effect upon the steady state kinetics of methionine synthase 

assessed. The effect of phosphate ions and EDTA, a metal ion chelator was also 

investigated.
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Introduction.

Metal ions have many uses physiologically, for example they are used as 

cofactors for enzymes. Nerve conduction is reliant upon the movement of metal ions 

across the nerve cell membrane, as is proper functioning of the heart. Kidney function 

also requires the presence of metal ions.

Some metal ions such as calcium also have a role in cell signalling systems and 

may regulate many enzymes. Protein kinase C, and nitric oxide synthase are just two 

examples of enzymes which are regulated by calcium.

Magnesium is required as a cofactor for many reactions, e.g. protein kinases; it is 

also essential for neurotransmission. Magnesium deficiency is thought to be relatively 

common as concentrations can be depleted by: inadequate diet, alcohol consumption and 

diuretic drugs [Rivlin 1994; Bara et al 1993].

Many of the functions of magnesium remain to be elucidated, for example it may 

be important in the ageing process [Durlach et al 1993], cardiovascular disease [Bara et 

al 1993] and the pathogenesis of multiple sclerosis [Yasui & Ota 1992].

Magnesium has the ability to substitute for polyamines in some interactions 

[Morgan 1990]. The E.coli cobalamin independent methionine synthase enzyme has an 

absolute requirement for magnesium for activity [Gonzalez et al 1992]. Therefore the 

effect of magnesium, and other ions, upon enzyme activity was tested for these reasons.
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7.1. The effect of magnesium concentration upon methionine synthase activity.
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Figure 7.1. The effect of magnesium concentration upon methionine synthase 

activity. Reactions were in itia ted  by the addition o f  homocysteine (final concentration 400 jjM ) after 5 

minutes pre-incubation. A.ssays w ere incubated in 50 m M  phosphate buffer p H  7.2 fo r  30 minutes. 20  

o f  protein  w ere used p e r  assay. The figu re  show s mean values ±  SD, * 0 .001< P < 0 .01; ** P<0.001, 

using two sam pled  t-test and  com paring to control values (0%), n=3 fo r  a ll values including controls.

Figure 7.1. shows the effect of magnesium concentration upon methionine 

synthase activity. Magnesium was found to stimulate enzyme activity exponentially; 

similar to spermine and spermidine (see chapter 5). Maximum stimulation was around 

120 %, this is higher than for a polyamine of equivalent charge (figure 5.5). From the 

data obtained in figure 7.1. the E C 5 0  was calculated to be 260 pM. The concentration of 

magnesium in the blood is 10.7 to 25 mM [Rang & Dale] and the intracellular 

concentration in heart cells is reported to be around 300 pM [Carlier, P. et al 1994].
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Thus the E C 5 0  for the interaction reported here is lower than the reported intracellular 

values, therefore, it is possible that this interaction may occur in vivo.

7.2. The effect of magnesium upon the Km and VmaxOf methionine synthase.

The effect of magnesium concentrations upon methionine synthase activity whilst 

changing MTHF and homocysteine concentrations was measured, the results are shown 

in figures 7.2. and 7.3..
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Figure 7.2 Lineweaver-Burke plot of the effect of magnesium upon methionine 

synthase activity when MTHF concentrations are changed. A ssays were pre-incu bated  

fo r  5 minutes a t 37  TT; reactions w ere in itiated by the addition o f  homocysteine (final concentration 400  

pM ) and w ere incubated fo r  5 minutes or less (less than 10 % o f  substrate conversion to produ cts  

occurred), a t 37  X! in 50  m M  phosphate buffer p H  7.2. 20 p g  o f  pro tein  w as used p e r  assay. The figu re  

shows mean values ± S D , n=3. The 95 % confidence intervals fo r  the slope fo r  control was: 0 .00036 to

0.00037 (R^O.94), fo r  O.l m M  M g was: 0 .00037 to 0.00038 (R =0.97) fo r  I m M  Mg was: 0 .00037 to  

0.0004 (R=0.95), there w as no significant difference.
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Figure 7.3 Lineweaver-Burke plot of the effect of magnesium methionine synthase 

activity when the concentration of homocysteine is varied. Reactions were pre-incubated  

at 37  %7; assays were in itia ted  by the addition o f  MTHF (final concentration 236 pM ) and incubated fo r  5  

minutes or less at 37  XJ in 50 m M  phosphate buffer p H  7.2. 20 p g  o f  pro te in  w as used p e r  assay. The 

figu re show s mean values ±  SD, n=2. The 95 %  confidence intervals f o r  the slopes were: fo r  control 

0.0003 to 0.00035 (R=0.94), fo r  5 m M  M g w as 0.00034 to 0.00035 (R=0.98), an d  fo r  50  mM  M g w as  

0.0003 to 0.00034 (R=0.93), no significant difference.

The effect of the magnesium upon the kinetic values in shown in table 7.1., 

magnesium causes an increase in both Km and Vmax, (as expected from the Lineweaver- 

Burke plots). Parallel lines were produced when the Lineweaver-Burke graphs were 

plotted. This effect had characteristics in common with spermine. These results show 

that the effect of magnesium upon methionine synthase activity occurred by 

uncompetitive stimulation. In this case one of the substrates must bind to the enzyme to 

reveal the binding site of the magnesium; or the magnesium binds to one of the
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substrates. Due to the fact that both magnesium and spermine have the same effect upon 

enzyme kinetics, it may be that they both bind to the same regulatory site (or to one of 

the substrates).

Homocysteine

K m  p M  V m a x  nmoI/houF

21 70

27 92

Assay conditions MTHF

Km pM Vmax nmol/hour 

enzyme only 14 35

100 pM (5 mM) 17 44

Magnesium

1 mM (50 mM) 21 52

magnesium

Table 7.1 The effect of magnesium upon methionine synthase steady state kinetics.

M agnesium  concen trations in brackets a re  those u sed  to  obtain  the hom ocysteine values. The d a ta  w ere  

ca lcu la ted  fro m  fig u re s  6.2. an d  6.3. using ‘E nzpack  3. ’

The Km and Vmax values, obtained when varying MTHF concentrations, were 

lower than expected (compare with the values in table 5.2.). This could have been due to 

experimental variation, inactivation of the enzyme during the purification process; or 

degradation of the enzyme by proteases during storage. However, the slope of the plots 

(Km/Vmax) remained the same.

The homocysteine Km value is higher than those reported for pig liver or E. coli. 

(see table 5.2.), this could be for similar reasons to those already discussed, or this could 

be due to the fact that the rat liver isoform has different Km and Vmax values.
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7.3. The effect of manganese upon methionine synthase activity.

Manganese is another divalent ion and is a similar size to magnesium. If a non

specific interaction was occurring between magnesium and an enzyme then manganese 

should have a similar effect. For this reason the effect of manganese was tested upon 

methionine synthase and the result is shown in table 7.2.

The table shows that inhibition occurred when manganese was added to the 

assay mixture, but only at the lowest concentration tested this may have been due to the 

occurrence of some precipitation at higher concentration. Although inhibition was 

significant at 10 pM, it was small in contrast to the degree of stimulation caused by 

magnesium, and implied that little interaction occurs between manganese and 

methionine synthase. These results suggested that stimulation of methionine synthase by 

magnesium is specific and not merely due to a positive ion effect.

Manganese concentration pM % Inhibition of methionine synthase activity

10 18 ± 2 *

100 18 + 5

1000 2 + 3

Table 7.2. The effect of manganese concentrations upon methionine synthase 

activity. A ssa ys w ere  incubated  f o r  30  m inutes a t  3 7  X! in 5 0  m M  p h osph a te  buffer p H  7.2. 60  p g  o f  

p ro te in  w ere  u sed  in each  a ssay . A ll values are  m eans ±  SD, * 0 .0 2 < P < 0 .0 5 , a ll  o th er values w ere

grea ter  than 0.1, a n d  w ere  not sign ifican t using tw o  sa m p led  t- te s t a n d  com parin g  w ith  con tro l values  

(0% ), n = 2  f o r  a ll va lues including control.
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7.4. E^ect of calcium upon methionine synthase activity.

The effect of calcium upon enzyme activity was tested. Calcium is a second 

messenger molecule and takes part in cell signalling, thus, it was possible that it could 

have some regulatory effect upon enzyme activity.

The results of this experiment are shown in table 6.3 The experiment was 

performed in 50 mM hepes buffer pH 7.2. to avoid the problem of calcium phosphate 

precipitation.

Calcium concentration pM % change in activity

15 -20  ±19

150 -19  + 25

1500 +36 ±24

Table 7.3 The effect of calcium upon methionine synthase activity. The a ssays w ere  

in cu b a ted fo r  30  m inutes in 50  m M  h epes buffer p H  7.2 f o r  30  minutes. 5 0  p g  p ro te in  w a s u sed  p e r  assay. 

A ll values a re  m eans ±  SD, none o f  these va lues w a s sign ifican t using tw o  sa m p led  t- te s t a n d  com paring  

w ith  con tro l (0% )(P  w a s a lw ays g rea te r  than 0.2), n=^2 f o r  a ll  va lues including controls.

The results show that calcium did not have a significant effect upon enzyme 

activity. The effect of calmodulin or other calcium binding proteins was not tested
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7.5. The effect of other metal ions upon methionine synthase activity.

test ion concentration tested % change in B12-MS activity

copper 1.3 mM -23 ± 47 %

zinc 0.5 mM -14 ± 5 %

barium 1.4 mM -8+  30%

lithium 1.3 mM -4 ± 12 %

phosphate 263.0 mM -5 ±2%

Table 7.4. The effect of various ions upon methionine synthase activity. A ssays w ere

p erfo rm ed  in 50  m M  ph osph a te  buffer p H  7.2 a t  3 7  T7 f o r  3 0  minutes. A ll va lues are  m eans ± S D , using  

Ttest a n d  com parin g  to  con tro ls no sign ifican t difference w as fo u n d  (P  w as a lw a ys g rea ter  than 0.1), n=2.

Table 7.4 shows that of the ions none had any statistically significant effect upon 

methionine synthase activity. It appeared that the effect of magnesium upon methionine 

synthase activity was specific.

7.6. The effect of EDTA.

EDTA is a metal ion chelator, it was tested for effects upon enzyme activity. It is 

possible that the purification process (Q-sepharose step only in this case) did not remove 

all the metal ions which could be attached to the enzyme in vivo, these metal ions could 

affect enzyme activity. The results are shown in figure 6.4.
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Figure 7.4. The effect of EDTA upon methionine synthase activity. The concentration o f  

EDTA w as 13 mM. A ssays w ere perform ed in 50 m M  phosphate buffer p H  7.2 a t 37 fo r  30 minutes. 

150 p g  o f  pro tein  w ere used in each assay. A ll values are means ±  SD, the effect o f  EDTA w as not 

significant, using tw o sam pled t-test and com paring to control, n=2.

The addition o f EDTA had no effect upon methionine synthase activity. This 

could have been due to the fact that partially purified enzyme was used in this 

experiment.

Conclusions.

The effect o f several ions upon methionine synthase activity was tested. 

Magnesium had the greatest effect upon enzyme activity. Manganese caused a small 

significant decrease in methionine synthase activity. Zinc , copper, barium, lithium, 

phosphate, calcium and EDTA had no effect.
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The stimulatory effect of magnesium upon methionine synthase activity, 

therefore appeared to be unique and specific. The effect was further investigated and the 

EC50 calculated to be 260 pM. This value was within the reported physiological 

concentration range, and it may be that this stimulation could occur in vivo.

The stimulatory effect of magnesium was explored further. Magnesium was 

found to increase the Km and Vmax of the enzyme; parallel lines were seen on a 

Lineweaver-Burke plot. This result was consistent with magnesium causing 

uncompetitive stimulation of methionine synthase. This effect was very similar to the 

effect of spermine upon methionine synthase steady state kinetics, therefore, it is 

possible that both spermine and magnesium bind to the same regulatory site on the 

enzyme.

Magnesium may then be able to decrease the stimulation of methionine synthase 

caused by spermine, and thus may have a regulatory role in controlling enzyme activity.

Summary of results

• Magnesium stimulated methionine synthase activity; the EC50 was calculated as 260 

pM.

• Magnesium increased the Vmax and Km of methionine synthase.

• Manganese had a small, significant inhibitory effect upon methionine synthase

• Copper, zinc, barium, lithium, phosphate, calcium and EDTA had no effect.
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Chapter 8.___________________________________________________________Alcohol & metabolites.

Chapter abstract.

The effect of alcohol upon methionine synthase activity in vitro was tested; 

previous reports had shown that alcohol inhibits methionine synthase activity in vivo. 

No effect was found in this study. The effect of acetate and acetaldehyde, alcohol 

metabolites, was also assessed.

Acetaldehyde inhibited methionine synthase activity, the time and concentration- 

dependent effect upon enzyme inhibition was determined. The reversibility of the 

reaction was also assessed.
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Introduction

Alcohol has been reported by several groups to inhibit methionine synthase 

activity in vivo. This appears to be a weak interaction, as it takes at least three days of 

very high levels of consumption before the effect is seen in rats [Koblin & Everman 

1991]. It may even take up to 22 weeks before the effect can be seen [Koblin & 

Tomerson 1989]. Inhibition of methionine synthase was measured by enzyme assay; the 

fact that the extracted enzyme was inhibited indicates that the reaction is irreversible, or 

that inhibition occurs at very low concentrations of inhibitor.

One report claimed that alcohol did not inhibit methionine synthase activity in 

vitro [Sherif et al 1993].

Acetaldehyde and acetate also mediate many of the actions of ethanol. 

Acetaldehyde has been reported to bind irreversibly to proteins; it can react with lysine 

and free amino groups [Pietrzak et al 1995].

Thus the aim of this investigation was to repeat the in vitro assay determining the 

effect of alcohol upon methionine synthase and then to ascertain whether any of the 

metabolites may be causing the inhibition in vivo.
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8.1. The effect of ethanol upon methionine synthase activity

Alcohol concentration mM % change in activity of B12-MS

0.6 ”  + 6 ± 8 %

5.7 + 3 ± 0 %

57.0 - 1 0 + 1 2 %

568.0 + 5  + 2%

Table 8.1. The effect of alcohol upon methionine synthase activity. A ssa ys w ere  

incubated  f o r  30  m inutes a t  3 7  ‘Ü in 5 0  m M  ph osph a te  buffer p H  7.2. 5 0  p g  o fp r o te in  w a s u sed  in each  

assay. A ll va lu es are  m eans ± S D , using tw o  sa m p led  t- te s t a n d  com parin g  to  con tro l va lues (OVo) none o f  

these resu lts w ere sign ifican t (P  w a s a lw a ys g rea te r  than 0.3), n = 2  f o r  a ll  va lu es including control.

The results expressed in table 8.1 show that alcohol had no direct effect upon 

methionine synthase activity at the concentrations tested. This experiment does not 

exclude an indirect effect of alcohol acting upon another substance which may then 

inhibit methionine synthase activity.

8.2. The effect of acetate upon methionine synthase activity

Acetate is one of the metabolic products of alcohol metabolism. One of its effects 

is to mediate the effect of ethanol upon hepatic blood flow, possibly via the adenosine 

receptor [Israel et al 1994]. The effect of acetate upon enzyme activity is shown below in 

table 8.2. The table shows that acetate like alcohol had no effect upon enzyme activity.
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It seems unlikely then that this could account for the reported in vivo inhibition of 

methionine synthase.

Acetate concentration mM %  change in activity of B12-MS

2.0 +23 ± 2 3 %

4.1 -23 ± 3 %

20.3 +27 + 9 %

Table 8.2 The effect of acetate upon methionine synthase activity. A ssctys w ere  

in cu ba ted  a t  3 7  f  f o r  3 0  m inutes in 50  m M  ph osph a te  buffer p H  7.2. 5 0  p g  o fp r o te in  w ere  u sed  in each  

assay. A ll va lu es are  m eans ±  SD, none o f  these values w a s sign ifican t using tw o  sa m p led  t- te s t an d  

com paring  to  con tro ls (0% ) (P  w a s a lw a ys g rea te r  than 0.1), n = 2  f o r  a ll va lues including controls.

8.3. The effect of acetaldehyde upon methionine synthase activity over time.

Acetaldehyde is the other metabolic product of alcohol metabolism. It is formed 

by the action of alcohol dehydrogenase upon ethanol. Alcohol dehydrogenase is found 

only in the liver and is easily saturated. Thus it appears that the concentration of 

acetaldehyde in the liver must remain low as its formation is slow. However, during 

chronic alcohol consumption a second method of alcohol metabolism is implemented. 

This method requires the induction of a cytochrome P450 (namely cytochrome P450- 

2Ei). This reaction is not rate limiting and accounts for both alcohol tolerance in 

alcoholics and a high level of acetaldehyde in the liver. Reported levels of acetaldehyde 

in the liver are 250 nmol/g [Hidiroglal 1994], or 5 - 250 pM [Itala et al 1995].
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Metabolism by this pathway also produces free radicals which are mopped up by 

scavenger molecules such as glutathionine, whose production is dependent upon the 

sulphur amino acid pathway (see introduction). Thus, in chronic alcohol consumption it 

is possible to generate high levels of acetaldehyde in the liver. If acetaldehyde was 

responsible for inhibition of methionine synthase activity, then the lag time to inhibition 

of 3 days would be accounted for by the need to induce the cytochrome P450 system.

The effect of acetaldehyde upon methionine synthase activity was first tested over 

time and the results are shovm in figure 8.1.

□ control

▲ 80 mM acetaldehyde

3̂ A-
10 20 30 40 50

time-minutes

60 70 80

Figure 8.1 The effect of acetaldehyde upon methionine synthase activity with time.

A ssays w ere pre-incubated at 25 T7 fo r  5 minutes before reactions w ere in itia ted  by the addition  o f  

hom ocysteine (final concentration 400 fjM). A ssays were incubated fo r  tim es up to 75 minutes at 25 V  in 

50  m M  phosphate buffer p H  7.2. 40  p g  o fp ro te in  w ere used in each assay. Reactions w ere perform ed  at 

25 as the boiling p o in t o f  acetaldehyde is 21 X̂ , the concentration o f  acetaldehyde used in this study  

w as 80 mM. The figu re  shows means ± S D , * , 0.001<P <0.01 , using tw o sam pled  t-test and com paring  

with control, n=2. The 95 % confidence intervals fo r  the slopes w ere control: 0 .0896 to 0.0915 (R =0.85) 

an d fo r  acetaldehyde: 0.00011 to 0.00013 (R=0.80), there w as a  significant difference between these two.
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Figure 8.1 shows that acetaldehyde, at high concentration, caused complete 

inhibition. Control and experimental reactions were linear with time (up to 75 minutes), 

no lag period was detected for the interaction of acetaldehyde with methionine synthase. 

However, the shortest incubation period was 15 minutes, and this period may have been 

long enough to obscure a lag time. The concentration of acetaldehyde was very high and 

it may be that at this concentration an interaction between the acetaldehyde and 

methionine synthase can take place almost immediately.

8.4. The effect of acetaldehyde concentration upon methionine synthase activity.
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Figure 8.2. The effect of acetaldehyde concentration upon methionine synthase 

activity. A ssays w ere pre-in cu bated  a t 25 T7 fo r  5 minutes; reactions w ere in itia ted  by the addition  o f  

hom ocysteine (final concentration 400 pM ). A ssays w ere incubated fo r  30  minutes a t 25 ‘XJ in 50  m M  

phosphate buffer p H  7.2. 40 p g  o f  pro tein  w ere used in each assay. The figu re  show s means ±  SD; * 

0 .01< P < 0 .02; **, 0.001<P <0.01, using tw o sam pled  t-test and com paring with control values (0%), n=2  

fo r  a ll values including control.
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Figure 8.2. shows the effect of acetaldehyde concentrations upon methionine 

synthase activity. Acetaldehyde inhibited methionine synthase activity exponentially 

(compare with the effects of NO in chapter 4). Complete inhibition of enzyme activity 

occurred at concentrations of 20 mM or higher. The IC50 was calculated to be 2.2 mM. 

The lowest concentration found to cause inhibition was 300 pM.

The IC50 for this interaction is high, and is probably much higher than achievable 

concentrations of acetaldehyde found in the livers of alcoholics. The lowest 

concentrations tested here did not have a significant effect on enzyme activity; the highest 

reported physiological concentration was 250 pM [Itala et al 1995].

An irreversible effect, coupled with the inhibition of protein synthesis seen in 

alcoholics, could lead to substantial inhibition of methionine synthase. The results 

obtained in figure 8.2 were acquired at 25 °C, the in vivo temperature is 37 °C. It was not 

possible to obtain an accurate IC50 at this temperature due to evaporation of the 

acetaldehyde. It may be that an increase in the temperature would cause a shift in the 

IC50 to lower concentrations.

8.5. The reversibility of the inhibition of methionine synthase by acetaldehyde.

Acetaldehyde is reported to exert its toxic effects by binding irreversibly to 

proteins. In this way it can alter the structure of the proteins to such an extent as to make 

then non-fimctional or it may cause them to become immunogenic. In which case the 

immune system destroys the activity of the protein [Pietrzak et al 1995].
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Acetaldehyde 

concentration mM

% Inhibition

predicted irreversible predicted reversible experimental
6 9 + 2 75 ± 3 19 ± Ï

4.5 93 ± 2  63 ± 7  25 ±15

2.3 93 ± 2  47 ± 5  4 ±22

1.2 93 ± 2  3 7 ± 9  (stimulation)

4 ± 8

Table 8.3 Study of the nature of the acetaldehyde induced inactivation of 

methionine synthase at 25°C. E nzym e o f  specific  ac tiv ity  1 ,340  nm ol m eth ionine/m g pro te in /h ou r  

w a s in cu bated  f o r  one hour a t 25  ‘C w ith  13 .8  m M  aceta ldeh yde (under a  redu cin g  atm osphere). A liquots  

o f  th is m ixture (150, 100, 5 0  a n d  25  p i)  w ere  a ssa yed  a t  25  ‘C f o r  one hour in 5 0  m M  ph osph a te  buffer p H

7.2. C on tro l values w ere  o b ta in ed  b y  rep ea tin g  the experim ent w ith  p h osph a te  buffer in s tead  o f  

a ceta ldeh yde an d  assayin g  a liqu o ts o f  th is enzym e mix. P red ic ted  resu lts  w ere  fro m  f i g  8 .2  o r  w ere  

estim a ted  fro m  the line o f  b e s t J it to  the results, in th is case s ta n d a rd  devia tion s w ere  e s tim a ted  fro m  the 

tw o  c lo sest poin ts. The resu lts  a re  m eans ±  SD, using tw o  sa m p led  t- te s t a n d  com paring  the resu lts  to  

con tro l va lu es there w a s  no sign ifican t difference. C om paring  resu lts to  the p re d ic te d  va lu es f o r  reversib le  

inhibition (using t-test) sh o w ed  th a t there w a s  a  sign ifican t difference, 0 .0 1 < P < 0 .0 5 . C om parin g  resu lts  

w ith  those p re d ic te d fo r  irreversib le  inhibition a lso  sh o w ed  a  sign ifican t difference P < 0 .0 0 1 , n=2.

To assess whether the interaction between acetaldehyde and methionine synthase 

was irreversible or not the dilution method was employed. The results are shown in 

tables 8.3 when the eigeriment was performed at 25 °C and 8.4 when the ejqjeriment was 

performed at 37 ®C.

The data in tables 8.3. and 8.4. show that the reaction between acetaldehyde and 

methionine synthase, under the experimental conditions, was reversible.

189



Chapter 8. Alcohol & metabolites.

Acetaldehyde % Inhibition

concentration mM predicted irreversible predicted reversible experimental

6 .9 93 ± 2 75  ± 3 7 8 ± 4

4 .6 93  ± 2 63 ± 7 65 ± 2

2 .3 93 ± 2 4 7 ± 5 58  ± 3 4 *

1.2 93  ± 2 3 7  ± 9 43  ±  10*

Table 8.4 Study of the nature of the acetaldehyde induced inactivation of

methionine synthase at 37°C. E nzym e o f  specific  a c tiv ity  1 ,340  nm ol m eth ionine/m g pro te in /h ou r  

w a s in cu ba ted  f o r  one hour a t  3 7  XI w ith  13 ,8  m M  aceta ldehyde (under a  redu cing  atm osphere). A liqu o ts  

o f  this m ixture (150, 100, 5 0  an d  25 p i)  w ere a ssa yed  a t  3 7  X! f o r  one hour in 5 0  m M  ph osph a te  buffer p H

7.2. C on tro l va lues w ere  o b ta in ed  b y  repea tin g  the experim ent w ith  p h osph a te  buffer in s tea d  o f  

aceta ldeh yde an d  assay in g  a liqu o ts o f  th is enzym e mix. The p re d ic te d  resu lts  w ere  fro m  f ig  8 .2  o r  w ere  

estim a ted  fro m  the line o f  b est f i t  to  the data, in th is case the s ta n d a rd  devia tion s w ere  estim a ted  fr o m  the  

tw o  c lo ses t po in ts. The resu lts are  m eans ± S D . These resu lts w ere  com pared  to  con tro l values usin g  tw o  

sa m p led  t- te s t a n d  fo u n d  to  be sign ifican tly  d ifferen t 0 .0 2 < P < 0 .0 5 . The resu lts  w ere  a lso  com pared  to  the  

p re d ic te d  va lu es f o r  reversib le  inhibition, no sign ifican t difference w a s fo u n d  0 .5<P . The resu lts  w ere  

co m p a red  w ith  those p re d ic te d  f o r  irreversib le  inhibition, * 0 .0 2 < P < 0 .0 5 , the o ther resu lts w ere  n o t 

significant, n=2.

The concentrations of the acetaldehyde in the experiment performed at 37 °C may 

be lower than those reported in the table due to evaporation of the acetaldehyde (as 

already discussed). There is a significant difference in the effect of the acetaldehyde at 

the two temperatures tested. When the experiment was performed at 25 °C less inhibition 

occurred than expected firom figure 8.2, also performed at 25 °C. The reason for this is
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unknown; it could be that the acetaldehyde was unable to react with the enzyme in the 

pre-incubation period. The inhibition produced therefore, may have occurred during the 

enzyme assay section of the experiment. Some of the acetaldehyde may have evaporated 

on transfer to the enzyme assay and thus the actual concentrations were lower than 

expected resulting in decreased inhibition. Alternatively, acetaldehyde may be interacting 

with the cobalamin cofactor, this is generally protected when the enzyme is not turning 

over (as occurs with nitrous oxide inhibition discussed in the introduction).

When the experiment was repeated at 37 °C greater inhibition was observed, 

despite a probable increase in evaporation of acetaldehyde and therefore decreased assay 

concentration. This observation lends weight to the argument that the IC50 for 

acetaldehyde may be lower at 37 ®C. The values obtained in this experiment were 

consistent with a reversible effect. The results shown in tables 8.3 and 8.4. were obtained 

after one hour of incubation of the enzyme with acetaldehyde; it is possible that longer 

incubation periods may have produced greater inhibition. It is known that the interaction 

of acetaldehyde with albumin at 22 °C takes 24 hour to reach completion; therefore, the 

incubation periods used in these experiments may have been too short, and one of the 

substrates may be required in the pre-incubation to allow the interaction between 

acetaldehyde and methionine synthase to take place.
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Conclusions.

Alcohol was found not to inhibit methionine synthase activity in vitro, in 

agreement with previously reported results. Acetate was also found to have no effect 

upon methionine synthase activity. Acetaldehyde caused 100 % inhibition of methionine 

synthase activity.

The inhibition of methionine synthase activity by acetaldehyde was investigated 

further. The IC50 was determined as 2.2 mM. This value was very high, much higher 

than physiological values casting doubt upon acetaldehyde being the in vivo inhibitor of 

enzyme activity. However this value was calculated from data obtained from 

experiments performed at 25 °C. An increase in temperature might have decreased the 

apparent IC50 value. An increase in the incubation time may also have had a similar 

effect since it has been reported that complete binding of acetaldehyde to proteins may 

take many hours [Hoffinan et al 1993].

From the reported in vivo experiments it might be expected that the inhibition of 

methionine synthase was irreversible. The reversibility of the acetaldehyde induced 

inhibition of methionine synthase was investigated. At 25 ®C the inhibition was more 

easily reversed than expected for reversible inhibition. At 37 °C inhibition was the same 

as the predicted reversible inhibition. No evidence of irreversible inhibition was found. 

However, the incubation time of the acetaldehyde and the enzyme may have been too 

short.

The possible mechanisms by which acetaldehyde may have inhibited methionine 

synthase include: substrate depletion by forming cyclic adducts with homocysteine 

[Koterba et al 1995]. It could also react with free amino groups on the enzyme [Lin et al
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1995]. In vivo an acetaldehyde adduct of methionine synthase could induce the immune 

system to destroy the enzyme [Pietrzak et al 1995].

From the results presented here it appears that acetaldehyde is the most likely 

candidate to inhibit methionine synthase activity in vivo. However it has also been 

reported that chronic ethanol consumption also induces nitric oxide production 

[Lancaster 1995]. Thus the true mechanism of alcohol inhibition of methionine synthase 

may be due to increased nitric oxide levels (see chapter 4)

Summary of results

• Alcohol and acetate did not inhibit methionine synthase activity in vitro.

• The IC50 for the interaction between acetaldehyde and methionine synthase was 2.2 

mM.

• The interaction between acetaldehyde and methionine synthase was reversible after 

short time periods (1 hour) at 25 °C and 37 °C.
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Chapter 9._____________________________________________________________ Synthetic inhibitors.

Chapter abstract.

Synthetic inhibitors (or stimulators) of enzymes are very useful tools. These 

compounds, however, are often not very soluble in water. For this reason the effect of 

various solubilising agents upon methionine synthase activity was investigated,. Two 

different types of synthetic compounds were tested: these were either methionine 

derivatives or lipidic amines, none of these compounds were very potent.
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Introduction.

Methionine synthase is considered to be a chemotherapeutic target. Methionine 

derivatives have previously been shown to be cytotoxic to cancer cells [Clement et al 

1989]. Folate derivatives are currently being examined as possible inhibitors of 

methionine synthase and chemotherapeutic drugs [Golding personal communication].

A potent and specific inhibitor of methionine synthase would also be an 

invaluable tool for studying the effect of methionine synthase inhibition in whole animal 

systems and thus, enable the pathology of various disease states to be elucidated.

One problem fi*equently encountered when testing the effects of synthetic 

compounds, is their solubility characteristics. Although many compounds are water 

soluble, not enough compound is available to test this property, and therefore an organic 

solvent such as DMSG is often used.

Methionine is a product of the methionine synthase reaction. It was postulated 

that derivatives may be able to bind to the enzyme substrate binding site and thus inhibit 

the reaction. Other possible inhibitors of this type would therefore be folate derivatives 

and homocysteine derivatives.

Lipidic amines were also tested, these compounds have some features in common 

with polyamines and might have been expected to cause stimulation of enzyme activity, 

however they also have features in common with phospholipids and these were found to 

inhibit methionine synthase activity.

Vitamin B 12 derivatives have also been considered as possible modulators of 

enzyme activity [Stabler et al 1987]. However, as the cobalamin prosthetic factor is
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reported to be tightly bound to the enzyme [Chen et al 1995] these are not specific (they 

also inhibit methyl malonyl CoA mutase) and are unsuccessful in vitro.

9.1. The effect of solubilising systems upon methionine synthase activity.

Synthetic compounds are not always water soluble, and often need to be 

solubilised in either DMSO, chloroform, ethanol, or require a detergent such as 

deoxycholic acid, or CHAPS. For this reason, the effect of various detergents and 

solubilising methods were tested to determine if they had any effect upon the activity of 

methionine synthase and which to use in fiiture experiments.

Dimethylsulphoxide (DMSO), a very useful, widely used solubilising agent. 

Although in figure 9.1 it has no significant effect upon methionine synthase activity it 

might be expected to increase the variability of enzyme assays and indeed assays 

containing DMSO were found to have larger standard deviations.

When possible the synthetic compounds were dissolved in chloroform or 

chloroform/ethanol, and prior to use in an assay, aliquots of the compound solutions 

were dried and resuspended in deoxycholic acid solution (final assay concentration 1 

mM) and sonicated. Deoxycholic acid was the solubilising system found to cause least 

change in enzyme activity and variability see figure 8.1
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Figure 9.1. The effect of detergents upon methionine synthase activity. Results were 

com pared w ith  control values to g ive a  percen tage change in activity. The concentration o f  BSA in the 

enzyme assay w as 10%, the concentration o f  ‘tween 20  w as 50%, deoxycholic ac id  concentration w as 

ImM, the concentration o f  chaps w as 0.5 %  an d  fo r  D M SO  the concentration w as 5%. A ssays were 

incubated in 50 m M  phosphate buffer p H  1.2 fo r  30  minutes at 37  XI. 100 p g  o fp ro te in  w as used in each  

assay. A ll values are means ± S D , * 0 .02< P < 0.05 , using tw o sam pled t-test and  com paring to control 

values (0%), n=2 fo r  a ll values including control.

9.2. The effect of synthetic methionine derivatives upon methionine synthase 

activity.

These methionine derivatives were synthesised by Mario Alves and Ester del 

Olmo-Femandez, Salamanca, Spain. These compounds were dissolved in chloroform, 

whenever possible, and resuspended with deoxycholic acid and compared to controls 

containing the same concentration of deoxycholic acid. Otherwise the compounds were
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dissolved in DMSO. The final concentration of DMSO in the mixture never exceeded 

5%, and the percentage inhibition for these compounds was compared to control assays 

containing the same quantity of DMSO.

The compounds were all tested at a concentration of 100 pM to enable 

comparison. Their structures and effect upon methionine synthase activity can be seen 

in tables 9.1 & 9.2.

CH3-S-X-COY

Code % inhibition

M SI 10 ±14

MS 2 2 ± 1 3

MS 3 10+10

MS 7 5 ±30

MS 10 5 ±2 3

MS 11 20 ±20

MS 5 15 ± 1 4 *

MS 6 5 ±26

MS 12 27 ±25 **

Table 9.1. Effect of thioester methionine derivatives on methionine synthase 

activity. The id ea lised  structure o f  the com pounds is show n a t the beginn ing o f  the tab le  a n d  the 

su bstitu ted  structu res show n in the tab le  w ith  the m ean p ercen ta g e  inhibition  o f  enzym e ac tiv ity  ±  SD. 

E nzym e assays w ere  p e rfo rm ed  in 5 0  m M  p h osph a te  buffer p H  7.2 a t  3 7  TZ f o r  3 0  minutes. 5 0  p g  p ro te in  

w a s u sed  p e r  assay. * 0 .0 1 < P < 0 .0 5 , ** 0 .0 0 1 < P < 0 .0 1 , using tw o  sa m p led  t- te st a n d  com paring  w ith  

con tro l va lu es (0% ), n = 5  f o r  a ll  va lues including controls.
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CH3-S -X-COY 
R'

Code % inhibition

MS 8 5 ±26

MS 9 2 ±39

OHMS 13 10 ±26

MS 14 30 ±25 **

MS 20 1 0±1 6*

MS 21 3 ±24

Table 9.2: The effect of sulphonium methionine derivatives upon methionine 

synthase activity. The id ea lised  structure o f  these com pounds is show n a t the beginn ing o f  the table. 

The grou ps X, Y  a n d  R ’ a re  show n in the tab le  a n d  the effect o f  each  com pou nd upon m ethionine synthase  

ac tiv ity  com pared  to  con tro l show n a s  m ean %  inhibition ± S D . A ssa ys w ere  p e rfo rm ed  a t  3 7  X! f o r  30  

m inutes in 5 0  m M  p h osph a te  buffer p H  7.2. 5 0  p g  o fp ro te in  w a s  u sed  in each  a ssay . * 0 .0 1 < P < 0 .0 5 , **,

0 .0 0 1 < P < 0 .0 1 , using tw o  sa m p led  t- te s t a n d  com parin g  w ith  con tro l va lues (0% ), n = 5  f o r  a ll va lues  

including control.

From tables 9.1 and 9.2 it can be seen that the only compounds which caused a 

significant decrease in activity were MS 5, MS 12, MS 14 and MS 20. None of these 

compounds caused a large decrease in enzyme activity, at high concentration and would 

be unsuitable for experimental use. These compounds would probably be unsuitable as 

lead compounds for further production of inhibitors as no specific characteristics of the
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compounds were found to determine inhibitory activity: the effective compounds were of 

different carbon chain length (X) with different functional groups (Y).

9.3. The effect of lipidic amines upon methionine synthase activity.

HCl. H2N-Œ-CH2-X

Compound R’ X % Activity of control

LAO 

LA 3 

LA 4 

LA 6 

LA 7

LA 10 

LA 11 

LA 12 

LA 13

LA 14

(CH2)i3-CH3 

(CH2)i3-CH3 

(CH2)9-CH3 

(CH2)3 - CH3

CH

(CH2) i i - C H 3 

(CH2)ii - CH3 

CH2 -CH -(CH 3)2

CH

OH 

NH2 • HCl 

OH 

OH 

OH

OH 

NH2 • HCl 

NH2 • HCl 

NH2 • HCl

+ 8 ±28

- 9 ± 46

- 20 ± 26 

+ 40 ± 22 

+ 59 ± 63

- 3 1 ± 3 5  

+ 37 ±14 

- 9 ± 2  

+ 20 ± 36

(CH2)i3 - CH3 CH2 -NH2 '  HCl - 56 ± 7

Table 9.3 The effect of lipidic amines upon methionine synthase activity. A g en era lised

structure is show n a t  the h ea d  o f  the table. The fu n ctio n a l groups, a n d  the effect o f  the com pounds upon  

m ethionine syn thase a c tiv ity  a re  shown. E nzym e assays w ere  p e rfo rm e d  in 2 0  m M  tr is  buffer p H  7.2 

con tain ing 10  m M N a C l, a t 3 7  XI f o r  3 0  minutes, each  com pourui w a s te s te d  a t  a  concen tration  o f  100  

jjM . Each a ssa y  con ta in ed  70 jug o f  pro tein . A ll va lues are  m eans ±  SD, none o f  the com pounds h a d  a  

sign ifican t effect, using tw o  sa m p led  t- te s t a n d  com parin g  to  con tro l va lu es (0% ) n = 2  f o r  a ll  va lues  

including control.
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These compounds were synthesised by Prof. George Kokotos of Athens 

University, and co-workers. The compounds were dissolved in DMSO and added to a 

normal assay mixture. The results are shown in table 9.3,

None of these compounds had any effect upon methionine synthase activity, 

although the effect of LAI4 may have been significant if the sample number had been 

larger. None of these compounds produced a lead compound for further production of 

more specific inhibitors.

Conclusions.

Neither group of compounds tested, yielded a potent inhibitor of methionine 

synthase activity, although some of the methionine derivatives did inhibit enzyme 

activity. It may be more productive to synthesise possible inhibitors based upon the 

structure of homocysteine or methyltetrahydrofolate.
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Methionine synthase activity is considered to be important to maintain normal 

cell functioning [Allen et al 1993]. Disturbance of enzyme activity has been linked to 

various disease states, such as: macrocytic anaemia [Chanarin et al 1992], subacute 

combined degeneration of the spinal cord [Green & Jacobsen 1990], psychological 

dysfunction [Regland & Gottfries 1992], cancer [Hoffinan 1984] and atherosclerosis 

[McCully 1996]. The regulation of methionine synthase, under normal physiological 

conditions, needs to be understood, in order to elucidate the pathogenic mechanisms, 

with relation to methionine synthase activity, of these disease states. The aim of this 

Ph.D. project was to discover what mechanisms could control methionine synthase 

activity. To this purpose, experiments were performed in vitro, initially, to screen a 

range of compounds, for their ability to change methionine synthase activity. The 

interaction of effective compounds was probed, and, in the case of nitric oxide, taken a 

stage further and the interaction assessed in an in situ experiment.

The enzyme used in these experiments was extracted from rat liver cytosol. The 

purification process is described in chapter 3. The purpose of the purification procedure 

was not to purify the enzyme to homogeneity, but to provide highly purified methionine 

synthase for the in vitro enzyme assays. The molecular weight of the rat liver enzyme 

was estimated, by gel filtration, to be approximately 160 kDa. This is in agreement with 

the molecular mass of the pig liver enzyme, estimated to be 151 kDa [Chen et al 1994]. 

On SDS PAGE the enzyme appeared to have two subunits, one of 60 kDa and one of 95 

kDa; the pig liver enzyme was reported to be a monomeric enzyme. It may be that the 

rat liver enzyme was digested by proteases or degraded during the purification process, 

or that these were two contaminating proteins. The reducing conditions of the sample
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buffer used in the SDS PAGE may have split the enzyme into these two fragments. The 

human placental enzyme was reported to have three subunits of 90 kDa, 45 kDa and 35 

kDa [Utley et al 1985]. Therefore rat liver methionine synthase may have features in 

common with the human placental isoform. Alternatively, the concentration of the 

enzyme was too low to be seen on the gel.

The enzyme was found previously, to co-purify with cytochrome C, and it may 

be that these two proteins are tightly associated within the cell [Magnum & North 1971]. 

The enzyme sample used in the in vitro assays contained at least three other proteins; 

these may have interfered with the experiments. In certain cases, this was shown not to 

be a problem, e.g. the nitric oxide donor: sodium nitroprusside, inhibited methionine 

synthase activity in vitro and in isolated cells. The effect of polyamines was the same 

(and of the same magnitude) using partially or highly purified enzyme extracts. This 

effect may have been important in the assays determining the effect of kinases, 

phospholipids and synthetic compounds.

Nitric oxide, and the NO donor sodium nitroprusside, both inhibited methionine 

synthase activity. The interaction between nitric oxide and the enzyme was irreversible 

with an IC 50 of 3 pM. The effect of sodium nitroprusside and methionine synthase was 

discovered to be more complex. The interaction between SNP and methionine synthase 

under steady state conditions was reversible and uncompetitive. This type of inhibition is 

not unusual with a two substrate enzyme. However, it was expected that the interaction 

would be irreversible due to the effect of released nitric oxide. The IC 50 was calculated 

to be 10 pM in vitro, as each SNP molecule releases one molecule of nitric oxide, this 

value is quite high. This may be because not all the NO had been released during the
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time scale of this experiment. Alternatively, SNP may bind to the enzyme and protect it 

from inhibition by NO. Cyanide (part of the SNP molecule) had no effect upon 

methionine synthase activity.

Longer incubation periods were used to assess the long term reversibility of the 

reaction, presumably propagated by nitric oxide. After incubating the enzyme with SNP 

and assessing the activity of aliquots of this solution, the results showed that the 

interaction was partially reversible and partially irreversible. It may have been that the 

pre-incubation conditions were not suitable for inhibition to occur, as no substrate was 

present. The conditions may not have been suitable for NO release as the incubation was 

protected from light and contained no reducing agent or thiol. It was postulated that 

reversible binding of SNP to the enzyme protected it from NO inhibition. It may be that 

when enzyme bound, SNP could not degrade to release NO, accounting for the lag 

period seen in the time-dependent experiment, and also for the mixed results found in 

this experiment. However, even were this not the case, large quantities of SNP at the 

initial stages of the experiment may have protected the enzyme until most of the SNP 

had degraded to form NO, and this too could have accounted for the results.

The effect of SNP concentrations upon isolated rat hepatocytes was examined. 

The activity of methionine synthase was inhibited by the addition of SNP; apparent IC50 

170 pM. This provided further evidence for the interaction of NO with methionine 

synthase occurring in vivo, as SNP is not thought to be taken up into hepatocytes in 

significant amounts. Complete inhibition was not achieved, but this may have been 

impossible as the concentrations were chosen such that they did not affect cell viability. 

Larger concentrations of SNP may have caused greater inhibition, but would also have
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killed the cells. Complete inhibition may not have occurred to the presence of a 

protective mechanism, or due to substrate protection of the enzyme. At higher 

concentrations not all the SNP may have been broken down. Although spontaneous 

release of NO can occur SNP can also be broken down by enzymes and in the presence 

of thiol groups, provided from the contents of broken cells [Rao et al 1991]. If the 

extracellular concentration of these elements was too low, then it is feasible that not all 

the SNP was broken down.

The ATP levels inside the cells were not affected by the SNP concentrations used 

in the experiment, but as methionine synthase activity was, it suggested that methionine 

synthase was more sensitive to the effects of NO than ATP levels and that this inhibitory 

effect may be important in vivo.

The interaction of NO (SNP) with methionine synthase, may then, be one of the 

cytotoxic effects of NO. The IC50 value, was in the upper range of the physiological 

range of NO concentration, and the irreversibility of the reaction tend to discount a cell 

signalling process.

Inappropriately large concentrations of nitric oxide, have been associated with 

neurodegenerative diseases [Zhang & Synder 1995]. Non-functioning methionine 

synthase has also been associated with neurodegenerative disease (documented in the 

introduction). A link between NO and methionine synthase may be important in the 

pathology of these disorders. In Multiple Sclerosis induction of iNOS has been reported 

[Bo et al 1994] resulting in high NO concentrations in the CNS. This might be 

expected, in view of the work presented here, to inhibit methionine synthase; this would 

reduce the SAM/SAH ratio, with the result that myelin and nerve function degenerate.
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In AIDS related dementia, induction of the (remaining) immune system occurs. This 

results in high levels of interferon [Keating et al 1991]. Interferon causes induction of 

iNOS, increasing nitric oxide levels with the possibility of inhibiting methionine 

synthase, even without a measurable decrease in vitamin B12 concentrations [Trimble et 

al 1993].

The naturally occurring polyamines: putrescine, spermidine, spermine and 

cadaverine were discovered to stimulate methionine synthase activity. A rank order of 

potency was established in which spermine > spermidine > putrescine = cadaverine. 

Potency was dependent upon charge; the greater the charge the greater the stimulation of 

enzyme activity. N-acetylpolyamines were also tested, but although they stimulated 

enzyme activity, did not fit to the same linear relationship found previously. The ECso’s 

for the interaction of spermine and spermidine were found to be 8 pM (21 pM in tris 

buffer) and 40 pM (100 pM in tris buffer) respectively. Incidentally, the ratio between 

the ECso’s found in the two buffering systems was the same. These ECso’s are within 

the reported physiological range in dividing cells, therefore stimulation could occur in 

vivo. The ECso’s reported here are comparable to the ECso’s found for other enzymes in 

table 5.1. The interaction of spermine with methionine synthase was investigated further 

and found to be reversible and uncompetitive, increasing both Km and Vmax for the 

enzyme (Kn/Vmax was constant); parallel lines were seen on the Lineweaver-Burke 

plots.

If this interaction occurs in vivo a positive feedback loop between spermine and 

spermidine and methionine synthase could exist. Stimulation of methionine synthase 

activity by spermine would increase substrate levels (dcSAM) to produce greater
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quantities of spermidine and spermine. Positive feedback may be important in growth 

and differentiation, as increases in polyamine concentration are seen at certain stages of 

the cell cycle, and both polyamines and vitamin B 12 are essential for these processes. 

The positive feedback effect may not occur under normal physiological conditions due to 

the high degree of regulation of enzymes further down the pathway, however it may 

operate in tumour formation and growth. The production of polyamines is greater in 

tumour cells, and it has been reported that when methionine production is low it may be 

diverted from other areas to ensure the production of polyamines [Porter & Sufnn 1986]. 

Therefore, the other functions of methionine e.g. in DNA production and 

transmethylation reactions would be neglected; this would increase the proportion of 

DNA copying errors, thus potentially increasing the malignancy of the tumour. 

Alternatively stimulation of methionine synthase activity may allow the polyamines to 

control protein production, DNA synthesis and transmethylation reactions.

Methionine synthase may, then, be a possible chemotherapeutic target. Nitrous 

oxide which inhibits methionine synthase activity, has been found to decrease tumour 

growth. The role of the interaction between polyamines and methionine synthase in the 

pathogenesis of cancer should be investigated further.

Phospholipids and kinases were found to affect enzyme activity, when a partially 

purified enzyme sample was used. When highly purified extracts were utilised 

inconsistent results were obtained. When phospholipids were tested experimental 

variation could have been due to solubility problems; the phospholipids solubilising 

better in solutions containing higher protein concentrations. Many phospholipids are 

metabolised to cell signalling molecules (most of which are soluble) and the component
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parts of these molecules were also tested with very similar results. It would seem that 

phospholipids may not have a direct effect upon methionine synthase activity, but may 

affect an intermediate compound present in the partially purified extract. This should be 

investigated further.

Protein kinases appeared to stimulate the activity of partially purified methionine 

synthase. The effect may also have been an indirect one, as the sample was rather 

impure. The effects of the kinases should be investigated further; as the sequence of 

methionine synthase is now known, possible phosphorylation sites and their effect on 

methionine synthase activity could now be examined in detail.

Another positively charged compound, magnesium, was also found to be capable 

of stimulating methionine synthase activity. This effect was found to be specific to 

magnesium, other positively charged ions had little or no effect. The EC50 was found to 

be 260 pM, which is within the reported physiological range. Magnesium is a cofactor 

in many reactions and is of vital importance for nerve conduction [Bara et al 1993]. 

Depletion of magnesium can be caused by inadequate diet, alcohol and diuretics [Rivlin 

1994]. Magnesium, when it stimulates methionine synthase is acting as a modulator of 

enzyme action, not as a vital cofactor. The significance of this interaction is uncertain. 

Magnesium has a similar effect upon the Km and Vmax of methionine synthase as 

spermine, and causes uncompetitive stimulation of enzyme activity. This may indicate 

that both compounds are acting at the same modulatory site. Magnesium has been 

reported to substitute for polyamines in some reactions [Morgan 1990]. Therefore one 

role of magnesium may be to decrease the degree of stimulation of the enzyme caused by 

spermine.
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Magnesium deficiency has been reported to occur in multiple sclerosis [Yasui & 

Ota 1992], alcoholism [Rivlin 1994] and ageing [Durlach et al 1993]; providing another 

link to the role of methionine synthase in these conditions.

Alcohol has been documented to inhibit methionine synthase activity in vivo, but 

not in vitro [Sherif et al 1993]. In this study ethanol and acetate were found to be 

incapable of inhibiting methionine synthase activity in vitro; but, acetaldehyde was 

found to be effective. However, the IC50 of 2.2 mM (physiological range 5 to 250pM), 

and the fact that the reaction was found to be reversible did not support acetaldehyde as 

the mediator of the in vivo findings. Acetaldehyde however, does mediate many of the 

actions of ethanol in vivo. It has been found to bind covalently to free amine groups on 

proteins and to react with thiols such as homocysteine. The experiments reported in this 

thesis were generally carried out at 25 °C, this may have increased the apparent IC50. 

When the reversibility of the interaction was assessed it was found to be reversible after 

one hour, perhaps longer incubation periods would produce different results. 

Acetaldehyde has been reported to take 216 hours to fully react with polylysine 

[Hoffinan et al 1993]. Alternatively it may be that a protein exists that controls 

methionine synthase activity in vivo (perhaps a kinase) and this protein is affected by 

alcohol. Alcohol has also been reported to increase nitric oxide concentrations 

[Lancaster 1995]; therefore methionine synthase may be inhibited by NO in vivo. 

Ethanol also causes depletion of magnesium and this may also reduce methionine 

synthase activity.

The synthetic compounds used in these studies were less effective than the 

physiological compounds, those compounds which had a significant effect produced less
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than 40% inhibition. They were not considered to be useful lead compounds, 

homocysteine or folate derivatives may be more successful.

In conclusion, several candidates were found to regulate methionine synthase 

activity in vitro. The nature of these physiological compounds also links methionine 

synthase to the pathogenesis of several disease processes common to both the enzyme 

and enzyme modulators. This work provides a basis for in vivo experiments to examine 

the role of these interactions in the pathogenesis of these diseases.

Future work should focus upon elucidating the role of the mechanisms reported 

here in regulating enzyme activity in vivo. The possible role of kinases should be 

explored. Further work should also be directed at the production of a potent and specific 

inhibitor of methionine synthase to assist in elucidating the enzyme’s role in disease 

processes.
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Vitamin Bj.,-dependent methionine synthase is an important 
enzyme for sulphur ammo acid, folate polyamine metabolism, 
5-adenosylm ethionine metabolism and also in the méthylation  
pathway o f'D N A , -RNA, proteins and lipids. ■ Consequently; 
studies aiming at exploring the control and regulation o f meth
ionine synthase are o f particular interest. Here we report the 
modulation o f enzyme activity in vi tro  by polyamines. Although  
putrescine, cadaverine. spermine and spermidine all stimulated 
enzyme activity, the last two were the jn o s t potent, causing

increases in enzyme activity up to 4 0 0 °o- The EC.g for spermine 
was determined as 8 /<M and for spermidine 40 /^M. The phys
iological concentration for spermine has been reported to be 
15-19 //M . Spermine was found to increase both the and the 
^max with respect to methyltetrahydrofolate for the enzyme. 
These data support the hypothesis that spermine and spermidine 
are feedback regulators o f  methionine synthase both in vivo and 
in vitro  and are consistent with the polyam ines’ regulating cell 
signalling pathways.

INTRODUCTION

Vitamin B^ydependent methionine synthase (5-methyltetra- 
hydrofolate-hom ocysteine methyltransferase, EC 2.1.1.13) 
catalyses the formation o f methionine and tetrahydrofolate 
(THF'i from homocysteine and methyltetrahydrofolate (M TH F) 
[1]. The mammalian forms of methionine synthase require 
cobalamin as a prosthetic factor. 5-adenosylm ethionine (SAM ) 
as a cot'actor and a reducing system for activity [2.3]. The 
Escherichia coli cobalam in-dependent methionine synthase has 
been extensively studied [̂ i]. and is considered to provide a model 
for the mammalian form, which is less well characterized although 
It has been punned from pig liver [5], rat liver [6]. human 
placenta [7] and pig kidney [8].

Methionine synthase is involved in many metabolic pathways 
(Scheme 1). The enzyme's involvement in the folate cycle means 
that ultimately DN.A and R N A  production are dependent on the 
correct functioning o f m ethionine synthase. Sulphur ammo acid 
recycling, and hence the méthylation pathway and the production 
o f polyamines. are also dependent on the enzyme's function [9]. 
.Administration of nitrous oxide, a well known innibitor of  
methionine synthase, proouces symptoms similar to vitamin B,., 
deficiency, namely macrocytic anaemia [10], neurological de
generation and psychiatnc symptoms [11]. M ethionine synthase 
has also been associated with atherosclerosis via an increase in 
hom ocysteine [12], tumour formation [13] and cell growth and 
differentiation [14],

.A number of substances have been reported to interact with 
methionine synthase and change its activity. Direct inactivators 
include nitnc oxide [15.16], nitrous oxide [17] and haiocarbons 
such as chlorot'orm [18]. Indirect inhibitors are ethanol [19], 
cobaiam in analogues [20], methylmercury [21], methotrexate and 
antiepileptic drugs [22]. Penicillamine increases the enzyme's 
activity [22].

The polyamines spermidine and spermine are formed from, 
putrescine and decarboxylated SAM  (dc-SAM ) [23]. They are 
found ubiauitousiv in mammalian svstems and have been shown

to be involved in many different biological processes such as 
regulation o f gene expression [24] and cell growth and differentia
tion [25,26]. Normal intracellular levels are o f  the order o f 0 .1- 
1.0 nmol per 10“ cells for putrescine. 0 .5-3.5 nmol per 10“ cells 
for spermidine and 0.75-1.5 nmol per 10“ cells for spermine [27]. 
Polyamines have been reported to inhibit the following: c.AMP- 
dependent kinase [27], protein kinase C [28], calcium / calmodulin- 
dependent protein kinase [2'T]. Ca'-'-.A.TPase [29]. nitric oxide 
synthase [30] and the .V-methyl-D-aspartate (NM D.A) receptor 
channel [31.32]. They stimulate casein kinases I and II [33].
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transglutam inase [34] and the N M D A  receptor channel [31,32], 
all o f which are com m on cell signalling system s. Because o f  their 
diversity o f  function, polyam ines have been proposed as cellular 
regulators [27].

M ethionine synthase has been show n to be another target for 
polyam ines [35]. Here we report a detailed study o f  the spermine 
and spermidine interaction in vitro w ith purified rat liver m eth
ionine synthase.

EXPERIMENTAL 
Materials
D,L-Homocysteine, SA M  (iodide salt), 2-m ercaptoethanol, 
M T H F  (barium salt), sperm ine, sperm idine, putrescine, cadav
erine, PM SF, tosyl-lysylchlorom ethane, trypsin inhibitor and 
aprotinin were all purchased from Sigm a. R adiolabelled [methyl- 
'̂‘C]m ethyltetrahydrofolate (barium salt, 56 raC i/m m ol) was 

obtained from  Am ersham . B io-R ad provided the A G 1-X 8 resin 
(200-400 m esh, chloride form), hydroxyapatite and Bradford’s 
reagent. Q -Sepharose fast flow, M ono-Q , Superose 12 and G 25  
colum ns were from  Pharm acia. Ultrafiltration membranes, X M - 
50 (cut-off 50 kD a), were purchased from  A m icon.

stirred for 60 m in and then filtered. U nbound protein was 
rem oved with the equilibration buffer. M ethionine synthase was 
eluted w ith a 20 m M  sodium  phosphate buffer, pH  7.2, co n 
taining 500 m M  N aC l.

Step 3 : Q-Sepharose chromatography

The active fraction w as diluted 2-fold with water and loaded on  
to a 1.6 cm X 20 cm colum n equilibrated with 20 m M  sodium  
phosphate buffer, pH  7.2. A  linear gradient containing 0-1  M  
N aC l was applied w ith flow rate o f  4 m l/m in . The active fraction  
was eluted between 270 and 350 m M  NaCl.

Step 4 : hydroxyapatite chrom atography

Enzym e from  the previous step was concentrated w ith an A m icon  
ultrafiltrator fitted w ith a 50 kD a membrane, diluted 2-fold  with  
water and loaded on to a 1.5 cm x 15 cm hydroxyapatite colunm  
equilibrated w ith 20 m M  potassium  phosphate buffer, pH  7.2.

The colum n was eluted with a linear gradient up to 500 m M  
potassium  phosphate (total volum e 110 ml). M ethionine synthase  
was eluted on the gradient between 10 and 25% .

Enzyme assay
M ethionine synthase activity was assayed w ith a m odification o f  
the procedure o f  W eissbach et al. [2]. A ssay m ixtures (total 
volum e 300 / l̂) contained 50 mM  potassium  phosphate buffer, 
pH  7.2, 4 0 0 /tM  D,L-hom ocysteine, 3 0 0 /iM  SA M , 125 m M  2- 
m ercaptoethanol, 2 3 6 /iM  M T H F  (5211 d .p .m ./n m o l) and the 
enzym e source. Incubations were perform ed in light-protected  
stoppered serum vials under nitrogen. R eaction m ixtures were 
preincubated for 5 m in at 37 °C. The reaction was initiated by 
the addition o f  hom ocysteine through a syringe and incubated at 
37 °C for up to 30 min. The reaction was term inated by the 
addition o f  400/^1 o f  ice-cold water and im m ediately passed  
through a 0.5 cm x 5.0 cm  colum n o f  B io-R ad A G 1-X 8 resin. 
['^C]M ethionine w as eluted with 2 ml o f  water, collected and 
quantified by scintillation spectrom etry.

Protein assay
Protein concentrations were determ ined w ith the B io-R ad protein  
assay based on the m ethod  o f  Bradford [31] with B SA  as the 
standard.

Purification of methionine synthase from rat liver
Step 1 : preparation of rat liver cytosol

A dult W istar rats were killed by CO.  ̂in toxication  and their livers 
im m ediately rem oved and stored at —80 °C. Rat livers (150 g) 
were placed in 500 m l o f  ice-cold 50 m M  potassium  phosphate  
buffer, pH 7.0, conta in ing  0.1 M N aC l and 1.5 m g o f  tosyl- 
lysylchlorom ethane, 12.5 m g o f  P M SF, 6.25 mg o f  trypsin in
hibitor and 1.31 m g o f  aprotinin. The livers were blended three 
times for 1 min. A ll the follow ing purification steps were per
form ed at 4 °C. T he hom ogenate was centrifuged at 1000 f  for 
15 m in, the supernatant was collected and re-centrifuged at 
27 000 g for 30 m in, and finally the supernatant was centrifuged  
at 100000 g  for 60 min.

Step 2; batch chrom atography on DEAE cellulose

The resulting cy toso l w as added to 200 g o f  D E A E -cellu lose  
equilibrated w ith 20 m M  sodium  phosphate buffer, pH 7.2,

Step 5: Mono-Q  chrom atography

The active fractions from  the previous stage were loaded on to a 
1 cm X 5 cm  M ono-Q  colum n equilibrated with 20 m M  sodium  
phosphate buffer, pH  7.2. The colum n was eluted with a linear 
gradient o f  N aC l up to  1 M  (total volum e 20 ml). The enzym e 
was eluted between 300 and 400 mM  NaC l.

D uring the sucessive steps o f  the purification the enzym e was 
stored at 4 °C.

Purified enzym e sam ples were stored for up to three weeks at
4 °C w ithout loss o f  activity.

Determination of the effect of polyamines on methionine synthase 
activity
The enzym e was buffer-exchanged with a 3.5 ml Superose G25 
colum n, in accordance w ith the m anufacturer’s instructions, 
im m ediately before use. Buffers used for the assessm ent o f  the 
effect o f  polyam ines were 50 mM  H epes, pH  7.2. Incubations 
were perform ed for 30 m in for the concentration dependence  
assay, and for times up to 10 min for the time dependence assay. 
In all other respects assays were performed as described above in  
the Enzym e assay section.

Steady-state kinetics
These were conducted w ith the radiolabelling assay, and de
termined w ith respect to M T H F . Sam ples were preincubated for
5 min, and reactions were initiated by the addition o f  h om o
cysteine and incubated at 37 °C for 10 min before ending the 
reaction by the addition  o f  400 /d o f  ice-cold water.

RESULTS
H ighly purified rat liver m ethionine synthase was purified 3000- 
fold from  rat liver by m ethods m odified from the literature 
[5,7,32]. The final active preparation contained no more than  
three m ajor bands on a C oom assie Blue-stained denatured  
S D S /P A G E  gel (results not shown)» The specific activity  
exhibited by this preparation was 90 nm ol o f  m ethionine per m g 
o f  protein.
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T a b le  1 P o l y a m i n e - i n d u c e d  s t i m u l a t io n  ( p e r c e n t a g e s )  of  rat l iver  m e t h 
io n in e  s y n t h a s e
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Figure 1 D ose-d eoen aen t stim ulation at m etfiionine syn thase by sperm ine  
(A) and saerm idlne (B)

"̂ e 'its '3 me 'laia .vere lereratea :rnm :ne lomciete :ata :et. 'he ïCc, .vas esiimatec Tom 
ne ecuatic.n 'or the me 31 :es: t.

Stim ulation of m ethionine syn thase activity by polyam ines
After punncation the enzyme sample was buifer-exchanged to 
Hepes. pH ".2: marked stimulation ot' the enz^/me activity by 
polyam ines was noted (Table 1). Spermine increased enzvme 
activity to a maximum 01' around 4Q0 at 5 mM and spermiüine 
to a maximum o f 2'TO'̂ .-, at 7 mM. Putrescine and cadavenne 
were also tested and round to give much weaker stimulation even 
at high concentrations 11 mM). This experiment was also per- 
rbrmed on partly punned 1 three steos) enzyme [291 and a similar 
eifect was observed (results not shown).

(//W) Spermine Spermidine Putrescine Cadaverine c
0

Ic
10 43 T 6 23 ±21 2±2 - 4 - 3 9
too 223 + 4 66 ±23 9 x 3 17x11 E
1000 402 x 5 272±16 50 + 11 42x8 Ô

10 -

I ' I ‘ I ' I ' I I ' 1 ' I 
0 1  2 3 4 5 6 7 8 9  10 11

time [min]

Figure 2 T im e-dependent stim ulation of m ethionine syn th ase  by sperm ine  
and sperm idine

A . Scermine (785 uM): ■ . soermidine (1.25 nlvl): C . control. The fits to the data were 
generatea trom the comoieie data set.

Table 2 Kinetic param eters reported for isoform s of vitamin B^^-dependent 
m ethionine syn thase

inr/me ana conaitions (nmoi/."

-leoes duiter. -at iver 
^̂ osonate du.ier -at iver 
^̂ oscnate ou tier, dig iver 
"̂’oscnate outfer. f. ;:// '27", 

^̂ oscnate dotfer dig <icnev 5]

3,7
73

■25
•33

C oncentration-dependent effect of sperm ine and sperm idine on 
m ethionine syn thase
The eiîect o f spermine and spermidine was further evaluated and 
the EC.,, values determined by a dose-dependence study (Figure 
1). Spermine was again found to be more potent than spermidine. 
The EC-,, for spermine in Hepes buffer 'was found to be S/rM. 
Soermidine was found to have an EC.,, of 4Q /<M.

T im e-deoenoent effect of sperm ine and sperm idine on methionine 
syn th ase
3oth  polyamines were t'ound to increase the activity o f methionine 
synthase after 30 s. and at 1 min the stimulation was 100 "“o 
( Figure 1). The reaction was seen to be linear tor 10 min. both tor 
control and stimulated enzvme.

Kinetic evaluation of the interaction between sperm ine and 
m ethionine syn thase
The and values with respect to M THF were evaluated m 
phosphate buffer and tbund to be o f the order o f 27 /(M and 
"S nmol o f methionine per hour respectively. These values are 
com oaraole to those found bv other zrouns (Table 2). In Hepes
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T a b l e  4  C o m p a r i s o n  of  tt ie c o n c e n t r a t i o n  of  s p e r m i n e ,  s p e r m i d i n e  and  
p u t r e s c i n e  in d i f feren t  ca l l  t y p e s  a s  a d a p t e d  from ttie l i t e ra t u re  [ 2 7 ]

C3‘; type
[pLitrescire'i
(,/'W)

[Spermidine]
(/'M)

[Spermir'.e]
(y/M)

Eryi.-.rocyies 0.5-C.5 18-23 15-19
Pestrg fibroblasts 29 159 635
loTocr ‘rar-sformea cells

Ascitss 43 430 602
sv-313 229 1835 694

l / I M T l I F

Figure 3 Effect of sperm ine on m etfiionine syntfiase  kinetics in H epes
buffer ■■ . . .  - .........

Concentrations of soermine were; □ . zero: ♦  14.6 2.4 mM. The fits to the data
were generatea from the complete data set.

buffer these values changed to 5 wM and 9 nm oi/h. The 
addition o f spermine increased both the and the : 4.6 ,aM 
spermine increased the to 10 ,«M and the to 13 nm ol/h; 
2.4 mM spermine increased the to 19 wM and to
20.5 nm ol/h. The Lineweaver-Burk plot tFigure 31 at spermine 
concentrations of 0 « M . 14.6 «M and 2.4 mM is consistant in 
form wuh stimulation o f the enzyme by spermine. The parallel 
nature o f  the three lines is consistent with a mechanism by which 
spermine (and spermidine) stimulates the rat liver methionine 
synthase in an uncompetitive manner [361.

D ISC U SSIO N

.All the polyamines tested in these e.xpenments were found to 
stimulate methionine synthase. Spermine was the most active o f  
the polyamines tested iEC-„ S /rM). whereas putrescine caused 
stimulation only in the millimoiar range. The number of positive 
charges associated with the polyamines was correlated with their 
ability to stimulate enzyme activity, because spermine has four 
positively charged groups, spermidine three and putrescine two. 
To test this hypothesis further, the effect o f cadavenne. also with 
two charged groups, was e.xamined and it was found to be similar 
to that o f  putrescine. Thus at least part o f the effect o f polyamines 
on methionine synthase was probably due to electrostatic bind
ing. In most of their functions polyamines are documented to 
interact by electrostatic binding, although polyamines have been 
shown to bind covalently to amino acids and proteins [38]. 
Poivammes have also been reoorted to exhibit radical scavenzimz

Taole 3 Comparison of itie reporteo EC.„ values tor polyam ines and 
various sy stem s

Svstem Scermine Soermioire EC,.

:a-.4T?3se [291 200 ,(M ■80/iM
fasein \inase i [331 < 250 ,(M ■ mM
4M DA '?c80!or [31 [ < '0 ,/M. aimuiaiion: 

> "0 ,vM. nnioition 
,lCcg 200 uM)

nwaro 'ectiner snanneis associaiion 
lonsiani 42]

- 5 -M T,9 CM

Vietnionine syninass 3 ./<M CO /<M
'east Tiitocnonanai 3a‘* jciaKe [4cj 12/tM 50
4itnc jxiae svninase [30] 56 vM ’39 .(M

properties [38]. Because the cobalt o f the vitamin B^, prosthetic 
group is known to be susceptible to oxidation, polyamines acting 
as scavengers could offer protection against oxidizing radicals 
and hence stimulate enzyme activity. .Alternatively it is possible 
that the polyamines inactivated a natural inhibitor o f methionine 
synthase that had not been removed during purification. H ow
ever. the magnitude o f  stimulation is the same in partly purified 
and highly purified enzyme samples [34], suggesting a more 
specific interaction.

The EC.q values found here for spermine and spermidine, 
8 /uM and 40 /vM respectively, compare with the reported EC,,, 
values for the interaction o f polyamines with other enzymes, and 
the N M D A  receptor channel (see Table 3). Estimates o f  the 
normal physiological levels o f polyamines in nmol per 10* cells 
are quoted in the Introduction section, and these, converted into 
concentrations [2*]. are shown in Table 4. Serum and plasma 
concentrations of the order o f 0 .1-0.5 nmol, ml for putrescine.
0 .1-0 .3  nmol, ml for spermidine and below O .lnm ofim l for 
spermine have been reported '2"1. In the cerebrospinal fiuid 
polyamine levels are quoted as: putrescine. 1 8 4 -5 4  nM; spermi
dine. 150 =  48 nM : and spermine, undetectable [38]. Looking 
at the polyamine concentration quoted in Table 3. the EC,g value 
for the interaction between spermine and methionine synthase is 
within the physiological intracellular range and the EC,,, value 
for spermidine is within the range found in tumour cells. These 
results give credence to the hypothesis that the poly- 
amine-induced stimulation of methionine synthase might be 
physiologically relevant.

Polyamines have been reported to exhibit many different 
effects both m vivo and in vi:ro. Phospholipase A.̂  and phospho- 
lipase C are inhibited by polyamines. which have also been 
shown to suppress lipolysis and stimulate a/i-glycerol 3-phosphate 
acyitransferase; this has anti-mfiammatory implications [39]. 
Platelet aggregation in resoonse to .ADP and thrombin was in
hibited by polyamines. possibly by inhibition of binding or 
through the relevant seccnc-m essenger system [ 4 0 ] .  Polyamines 
have been shown to inhibit several ceil signalling processes. Tne 
cell-signailing kinase, protein kinase C. is inhibited by polyamines 
[28]. The movement o f C a-‘ has been shown to be aiîected by 
polyamines [ 4 1 ] .  The time-dependent gating o f inward rectifier 
K." channels has been reported to be mediated by polyamines. 
which could infiuence cell growth and division [42]. Low concen
trations o f polyamines increased the frequency of opening of the 
NM D.A receptor channel, with high concentrations decreasing 
the opening time and receptor sensitivity: thus polyamines could 
m odulate brain activity [43]. Polyamines were reported to be 
essential tor ceil growth and differentiation, partly through 
binding to D N A  [25]. .As has been discussed above, the interaction 
between polyamines and methiomne synthase could occur in 
VIVO. Indeed as the reported intracellular concentration ot sperm
ine IS higher than the EC.,, for the interaction it may be that
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methionine synthase is chronically stimulated by spermine. The 
stimulation o f methionine synthase by polyamines could help 
prepare for cell division, as methionine synthase activity is 
required for protein, D N A  and R N A  synthesis. The concen
tration o f  polyamines in cancer cells was found to be much 
higher than in normal cells and o f a magnitude to stimulate 
m ethionine synthase maximally. This interaction could provide 
a link between the observations that inhibition o f methionine 
synthase by nitrous oxide can be used to halt tumour growth, as 
can inhibition o f ornithine decarboxylase inhibit the formation 
of spermine and spermidine.

The data in Table 3 show that polyamines affect a variety of  
enzymes involved in cell signalling processes and are thus 
probably themselves involved in cell signalling, . as- .well-as in 
growth and differentiation. It is therefore'cbhcei'vable'that 
vitamin B^^-dependent methionine synthase is also involved in 
cell signalling processes, and could certainly be a future target for 
cancer chemotherapeutic agents.
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Abstract. The research described here provides one 
mechanism o f  uniting current effects o f  nitric oxide 
(N O ) with the elevated levels o f  homocysteine  
detected in patients with cardiovascular and other 
disease. T ime- and dose-dependent studies o f  the 
inhibit ion o f  purified mammalian methionine 
synthase by N O  were performed. The in vitro  studv 
gave an effective IC<,, value o f  3/amol L''. Methionine 
synthase converts cellular homocysteine to methio
nine and IS a major enzyme in the biosynthetic path
ways for folates. 5-adenosyim ethionine and biological 
méthylations, sulphur amino acids and polyamines.  
Nitric oxide-induced inactivation o f  methionine 
synthase alters the levels o f  these metabolites and 
could therefore provide a connection between the 
cardiovascular effects o f  NO. the plasma h o m o 
cysteine levels and cardiovascular diseases that is 
com plem entary to the more traditional NO-induced  
stimulation o f  guany late cyclase and the con vert ion o f  
hom ocysteine to oxidized sulphur amino acids.

Keywords. C ytotoxicity, homocysteine, methionine,  
methionine svnthase. nitnc oxide.

in troduction

N itn c  oxide (N O ) is widely accepted as a ubiquitous  
physiological regulator. It is produced by NO  
synthases in almost every mammalian tissue at dif
ferent levels. In the nervous system NO has been 
impiicated in neurotransmission and neuromodula- 
tion. in the cardiovascular system it induces relaxation 
o f  tile va>calar smooth muscle and innibiis platelet 
aggregation and adhesion. In the immune system it 
participates in the non-specific immune responses to 
various pathogens, exhibits cytotoxic  activity and has

C i'rresp o n d cn ce : W . G ib n o n s . D ep a rtm em  ol'Pharm ace-aticui 
and B io iou ica i C hem isin .'. T h e S eh o o i oi' Pharm acy. 2 9 - .'^  
B ru n sw ick  S q u a re . L on d o n  W C IN  l.A.X. L'K.

been shown to arrest tumour cell growth. In patho
logical conditions or in the immune responses to 
various pathogens. N O  production exceeds the 
normal physiological levels necessary for signal trans
duction responses. Being cytotoxic and cytostatic in 
Its ow n right. N O  could affect and damage the cells 
that produce it. A s a consequence N O has been 
implicated in a variety o f  pathological situations 
including septic shock, inflammation, hypertension,  
stroke and neurodegenerative diseases [1-5].

Biomolecules containing transition state metals are 
targets for NO. The formation o f  iron-nitrosyl  
comple.xes in the target proteins alters their functional 
response [6]. Characteristic examples are the activa
tion o f  the soluble guanylate cyclase [7]. an effect that 
is considered to be the major biochemical pathway for 
the NO-m ediated cell signalling, the inactivation o f  
cytochrom e c oxidase in macrophages [8] and the 
arrest o f  D N A  synthesis in the invading pathogens 
by inactivation o f  the nbonucleotide reductase [9].

.Methionine synthase (.\'--methyltetrahydrof'olate- 
homocysteine 5-methyUransferase. EC 2.2.2.13) is 
one o f  the only two mammalian cobalamin-dependent 
enzymes. It catalyses the production o f  methionine 
f'rom homocysteine using N'-m ethyl tetrahydrof'olate 
(M T H F ) as co-substrate and methyl donor. Through  
Its reaction products this enzyme connects two 
major biochemical pathways: 5 -adenosylmethionine  
(S.A.M)-dependent méthylation reactions and the tetra- 
hydrofolate-dependent one-carbon unit transfers. 
Pathological conditions such as megaloblastic 
anaemias and homocystinuria have been related to 
the malfunction or inmbition o f  methionine svnthase 
[1 0 - 1 2 ].

Methionine synthase is known to be inactivated 
in VIVO and in vitro  by nitrous oxide (N :0 ' [13.M] and 
preliminary reports o f  its inhibition oy NO [15 - 1 “] 
and stimulation by polyamines [18] have appeared. In 
the present study we report accurate dose- and

I"'->6 B lack w ell S c ien ce  LiU 167
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time-dependent studies o f  the in vitro irreversible 
inactivation o f  rat liver methionine synthase by NO.  
This inactivation may contribute to the further under
standing o f  biological mechanisms related to 
methionine synthase activity and could add another  
dimension to the understanding o f  NO-induced cyto-  
to.xicity. Hom ocyste ine  is a substrate for methionine  
synthase w hose  inactivation by N O  is e.xpected to 
result in elevated homocysteine levels. Since plasma 
homocysteine has atherogenic properties and is 
considered to be a risk factor for vascular disease 
[19], this research adds a possible important co n 
nection between the latter and the NO-mediated  
effects. ............. .. ............

Materials and methods

(DL)-Homocysteine. 5-adenosyl-L-methionine (iodide  
salt), 2-m ercaptoethanol, methyltetrahydrofolic acid 
(barium salt), D EA E-cellu lose, phenylmethylsulphonyl  
fluoride (P M SF ),  Na-p-tosyl-L-lysine chloromethyl 
ketone (TLCK ), trypsin inhibitor and aprotinin were 
obtained from Sigma. [5’‘*C]methyltetrahydrofolic  
acid, barium salt (55 mCi m m o l~ ‘), was from 
•Amersham. N O  gas (99%) was from Merck. 
■AGl-XS resin (chloride tbrm, mesh size 200-400) ,  
hydroxyapatite (HTP) and Bradford's reagent were 
purchased from Bio-Rad. Q-Sepharose fast flow. 
M ono-Q . Superose 12 and G25 colum ns were from 
Pharmacia. Ultraffltration membranes X M -50  
(cui-off 50 kD ) were purchased trom .Amicon.

Enzyme assay

Methiomne synthase activity was assayed using a 
modined version o f  the Weissbach et al. method [20]. 
Assay mixtures (total volume 3 0 0 //mol L) contained 
50 mmol L"' potassium phosphate buffer pH 7-2, 
400/zm olL~' (DL)-homocysteine. 350/amolL-> SA M .  
125 m m ol L ~ ‘ 2 -J-m ercaptoethanol. 236 /vmol L"'
M T H F  (5211 dpm nm ol“ ‘ ) and the enzyme source. 
Incubations were performed in light-protected,  
stoppered serum vials under nitrogen. The assay  
mixtures were deoxygenated by flushing with 
nitrogen and preincubated for 5 min (37'C). The  
reaction was initiated by the addition o f  hom ocys
teine through a gas-tight syringe and the reaction 
mixtures were incubated for 1 0 min (37'C) unless 
otherwise stated. The reaction was terminated by 
the addition o f  40i)/vL o f  ice-cold water and the 
resulting solution immediately passed through a 
i)-5 < 5 -0 cm co ium n o f  A G l- X S  resin. [‘‘̂ Cjmethio- 
nine was eluted with 2 m L  o f  water, collected and 
quantitated by scintillation spectrometry.

Innibition. time and Juse-depenUent studies. Methio-  
une s} nthase ucto uy was determined at different 
times and  with diii'erent concentrations o f  NO.  
. \d c u c t s  o f  a 3"„ IV V) N O  solution iapproximately  
13 m m ol L "‘ ) were used [21]. N O  solutions o f  various

concentrations were prepared in deoxygenated  
50 mmol L"' potassium phosphate buffer, pH 7 4. 
The aliquots were injected into the assay vials using 
a gas-tight syringe. All the NO solutions were kept in 
ice and used within 30 min o f  their preparation. When  
authentic NO gas was used it was directly inserted into 
the thoroughly deoxygenated assay vial by a gas-tight 
syringe.

Protein assay

Protein concentrations were determined using the 
Bio-Rad protein assay based on the method of  
Bradford [22] using bovine serum albumin as the 
standard.

Purification o f  methionine synthase from  rat liver

S tep  I: preparation o f  rat liver cytosol. Adult Wistar 
rats were killed by CO] intoxication and their livers 
were immediately removed and stored at - S O X .  Ten 
livers (1 5 0 -2 0 0  g) were placed in 500 mL ice-cold  
potassium phosphate buffer, pH 7-0, containing  
0-1 mmol NaCl and a cocktail o f  protease inhibitors 
consisting o f  1-5 mg o f  TACK.. 12 5 mg o f  PMSF,  
6-25 mg o f  trypsin inhibitor and 131 mg o f  aprotinin. 
The livers were blended three times for 1 min. The 
hom ogenate was centrituged at lOoO y t'or 15 min. the 
supernatant was collected and recentrifuged at 
27 000,^ for 30 min. Finally, the supernatant was 
centrifuged at 100 000 if for 60 min to yield the cyto
solic fraction. All the centrit'ugation steps were 
performed at 4 X .

Step 2: hatch chromatography on DE.AE-celliilose. 
The resulting cytosol was added to 200 g o f  DE.AE-  
cellulose equilibrated with 2 0 mmol L “ ' sodium phos
phate buffer pH 7-2. stirred tor 60 min and Altered. 
U nbound protein was removed by successive wash
ings using the equilibration buffer. The methionine  
synthase activity was eluted from the resin with 
20 mmol L"' sodium phosphate buffer. pH 7-2. 
containing 500 mmol NaCl.

Step 3: 0 -Sepharose  chromatography. The active 
fraction o f  the previous step was diluted with water 
and loaded onto a 1-6 x 20 cm Q-Sepharose column  
equilibrated with 20 mmol L"' sodium phosphate  
buffer pH 7-2. .A linear gradient containing  
0 -1  mol L"' NaCl was applied at a flow rate o f  
4 m L  m in“ ‘ . The methionine synthase activity was 
eluted between 270 and 350 mmol L"' NaCl.

Step 4: H T P  chromatography.  The enzyme prepara
tion from steo 3 was concentrated to small volume 
using an Amicon Ultrariltrator (50 kD), diluted two- 
id Id with water and loaded onto a 15  < 15cm HTP  
column equilibrated with 20 mmol L"’ potassium  
piiosphate buffer pH 7-2. The column was eluted 
with a linear gradient up to 500 mmol L~' potassium
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Fi«ure 1. ( A )  T im e cu rve !br the N O -in d u ced  m eth ion in e sy n ih u ie  
in a c t iv a tio n  by N O : m eth io n in e  syn th ase  activ ity  in the p resence ot' 
N^ (C l a n d  in the p resen ce  ot' 5 0 (xL ot' saturated  N O  so lu tio n  i l l .  
(B l D o se  - re sp o n se  cu rve for the m eth io m n e synth ase in activa tion  
bv N O . A liq u o ts  oi' an N '0 -sa tu ra ted  so lu tio n  lè ^ /m o lL " ')  were 
used. T h e  resu itm a anparent IC<„ value o f ?  m m ol L"' was estim ated . 
T h e Doi nt s  represent m ean  values o f  three d ilferent exp erim en ts, 
w ith  e a c h  oo in t 'e o resen tin e  a a u o iic a te  m easurem ent.

phosnitate. .Methionine synthase eiuied between 10",r 
and 2 :  ' „ iradient.

Sicp f:  Mduo-O c.'inimmoi'rapiiv- The active fractions 
from step 4 were pooled and loaded onto a M ono-Q  
co iu m n  I X 5 cm  equilibrated with 20 mmol L~' 
sod iu m  phosphate binfer pH 7 2. The column was 
eiuted using a linear gradient o f  NaCl up to 1 mol .

The enzyme eluted between 300 and 400 mmol L “ ' 
NaCl.

Between the successive purification steps the 
enzyme was maintained at 4"C and concentrated 
solutions o f  the purified enzyme were stored similarly. 
In both cases no losses o f  activity were observed over 
a period o f  2 weeks.

R esu lts and discussion

Methionine synthase was purified 3000-fold from rat 
liver according to modified literature methods  
[15,23,24]. C oomassie  blue-stained denaturing SDS-  
P A G E  gels o f  the enzyme preparation showed three 
major bands. The specific activity was o f  0 T 9 -  
0-22/umol methionine m g ~ ’ protein min~E Kinetic 
studies (S. H. K enyon  e! al., submitted for pub
lication) yielded the following parameters: 
^ma.xiViTHF| =  50 n m o l h ' '  and =  100 nmol.

The rat liver methionine synthase was completely  
inactivated when the assay was performed in the 
presence o f  authentic N O  gas or aliquots o f  saturated 
N O  solutions. The inactivation occurred almost 
instantly (< 3 0  s) after the N O  introduction and the 
enzyme did not regain its initial activity when 
incubated tor 1 h. A time curve o f  the enzyme 
inhibition performed under nitrogen and in air-tight 
vials, was used as a control for the NO inactivation  
experiment (Fig. 1 A).

In order to explore the mode o f  inactivation, 
irreversible or reversible, solutions o f  methionine 
synthase incubated in the presence o f  NO for 5 min 
(both authentic N O  gas and 50 aliquots o f  
saturated N O  solution were used). The assay mixtures 
were then submitted to thorough bubbling with N: to 
remove excess N O  and assayed: no significant activity 
was observed, suggesting irreversible inactivation.

A dose-dependent study performed with aliquots o f  
serial dilutions o f  a freshly prepared N O solution gave 
an apparent IC50 value o f  3 umol L~' (Fig. IB). Given  
the poor solubility o f  NO (3"'o at 25 C) and its high 
reactivity in the presence o f  even traces o f  oxygen, this 
value represented an upper limit to the effective IC50. 
In many cases o f  N O  production concentrations 
reached approximate 1 - 5 /.imol L " ‘. implying that 
the IC50 reported here can be valid and that NO  
could be an important physiological regulator o f  
methionine synthase and the related pathways.

Homocysteine, the substrate for methionine 
synthase, is cytotoxic at high concentrations and 
elevated concentrations in plasma are considered as 
a risk factor for vascular disease and have been 
correlated with hcmocvxtinuria and atherosclerosis 
[l'T25.26j.

Homocysteine metabolism is complex and its cell 
and plasma levels can also 'I'e affected by. say. selective 
inhibition or stimulation o f  its convertion to cysteine 
and a whole family o f  oxidized sulphur amino acids. 
Nevertheless, the research described here, if confirmed 
at the cell level, can brina together the fields o f  NO
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and hom ocyste ine  in cardiovascular physiology, since 
it provided evidence that N O , at physiological levels, 
inhibits methionine synthase, and hence results in 
elevated homocysteine levels. By inhibiting methionine 
synthase N O  should lower methionine and SA M  
levels. T hese two effects, combined with the control 
that m eth ion ine  synthase exhibits on folate levels, 
biological transméthylations and transulphurations 
and po lyam ine  pathways, could provide an attractive 
and simple explanation  o f  the cellular and cytotoxic  
etîects o f  N O .
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In v itr o  p h o s p h o r y la t io n  o f  v ita m in  B ,,  d e p e n d e n t  
n ie th io n in c  s y n th a s e  by  p r o te in  k in a s e  A .

S u san  H. K en y o n , T am ara A st and W illia m  A  G ib b o n s. 

l,‘n iversity -in du sir>  centre for p h arm aceu tica l research . S c h o o l o f  
p h arm acy . 2 9 - ? ‘5 B ru n sw ick  square. L o n d o n . W C IN  LA X . LtK.

M e th io m n e sy n th a se fL -h o m o c y ste m e -S -m e th y ltr a n sfe r a se i  
IS a c y to so lic  e n zy m e  c a ta ly sin g  the fo rm a tio n  o f  m e th io n in e  and  

tetrah yd ro fo la te  from  h o m o c y s te in e  and m eth } Itetrah} d ro fo ia te . 

It is  on e o f  tw o  v itam in  B ,;  (co b a la m in )  d ep en d en t e n z y m e s , in 
m am m a ls , the o ther b e in g  m eth y lm a io n y ! Co.A m u tase . In b acteria  

a co b a ia m in  in d ep en d en t form  o f  m eth io n in e  syn th ase  a iso  e x is ts '.
In v itam in  B ,;  d e f ic ie n c y  m eth io m n e  syn th ase  a c tw ity  is  

a ffec te d . S y m p to m s o f  v itam in  B .- d e f ic ie n c y  in clud e: p er n ic io u s  

an aem ia , n e u ro lo g ica l and p sych ia tr ic  ab n orm aird esx - In h ib itio n  
o f  m eth io m n e syn th ase  is  co n s id ere d  to be im p ortan t in  p ro d u c in g ,  

at lea st so m e, o f  th ese  sy m p to m s  as it stan d s at the c o n v e r g e n c e  
p o in t o f  the fo la te  m eta b o lic  p athw ay as w e ll  as the su lp h u r a m in o  

acid  p athw ay. In activa tion  o f  m eth io n in e  sy n th a se  w ill th u s a ffe c t  

fo la te  m e ta o o iism . m eth io n in e , p o ly a m in e  & S -a d e n o s y im e th io n in e  
p rod u ction  (and n en ce  m éth y la tio n  re a c tio n s) and h o m o c y s te in e  
m e ta o o iis m '.

it can be seen that methionine Synthase is biologicaii} 
important. So it was of interest to us to stucy the regulation o f  this 
enzyme.

T here are a co u p le  o f  reports ab out the reg u la tio n  o f  g en e  
tran scription  in bacteria '. It has a iso  b een  su g g e ste d  that e n z y m e  
a c tiv ity  cou ld  be regu lated  by c o n tro llin g  the a v a ila b ility  o f  

co b a ia m in . T h is  se e m s  u n iik e i\ as m ost o f  the b od y  s v ita m in  B p  
is stored  in the e n zy m e  boun d  fo r m f

N itric  o x id e  has n een  sh ow n  to in h ib it m eth io n in e  sy n th a se ,  
a lth ou gh  It is u ncerta in  w n e ih er  th is co u ld  be a p n y s io io g ic a i or 
to x ic  effectL

.A iogicai r'lrst step to initiate studies on possible 
mechanisms for regulating methiomne synthase was to ascertain 
whether protein kinases changea the actwity of the enz^'me. as 
icinases are well known regulators of man\ enzy matic processes.

Here we report preiiminaip- investigations into the possible 
regulation of methionine synthase by protein kinase .A.

M eth ion in e  sy n th a se  a c tiv ity  w a s  a ssa y e d  for . u s in g  a 

m o d ifie d  versio n  o f  the m eth od  o f  W eisb ec h  e i a i  and in cu b a tin g  

for variou s tim es up to 30  m in s. P rotein  k in a se  A. 5 p ic o u n its  
(fro m  S ig m a  1.3 pm oiar un its  is eq u iv a le n t to  l u g ) w as in tro d u ced  

in to  the standard assay  m ixtu re , a io n g  w ith  lm.VI .ATP. I .lm .V l  
M gC l; and 1 2 .6 u M  c.A M P. C ontrol a ssa y s  con ta in ed  a il e le m e n ts  
e x c e p t  the k in ase , to accou n t for the m a g n es iu m  in d u ced  
stim u la tio n  o f  the m eth io n in e  sx n thase. .A tim e d ep en d en t stu d y  

w a s p erform ed  and can  be seen  in figu re 1.
T h e ex p er im en t w a s p erform ed  on  tw o  m eth io n in e  sxm thase  

sa m p les  at d ifferen t sta g es  o f  p u r ifica tion L  T h e purer sa m p le  
sh o w e d  a fou r fo ld  in crease  in stim u la tio n  (ta b le  1 ).

I S a m p le con trol

activ ity
D p m

k in ase ! p erc en ta g e  

s tim u la ted  s t im u ia tio n  
activ ity  D p m  j

I ((^-sepharose j 2 5 .1 6 8  

I p u r ified  j

2 7 .1 8 8  S“'o

i i

1 Q -sep h a ro se . I 5 .9 5 0  
i H T P  and  

1 m o n o -O  j
i p u r ified  j

7 .7 5 7

1

3 0 .4 %

— 80000 —

400 00  —

T im e  [ m i n s . ]

1. T h e  e f f e c t  of  modlnç  5 e m o i a r  u n i t s  of p r o t e i n  
Kse  A to 4 n o r m a l  e a e a y  for  m e t h i o n i n e  t y n t h a e e .

It w o u ld  appear from  th ese  resu lts that m eth io m n e sy n th a se  
c o u ld  b e p h y s io lo g ic a l ly  regu la ted  by protein  k in ase .A. .As the  
e n z y m e  sa m p le  used  w a s not pure, it cou ld  be that m eth io m n e  
sy n th a se  is  not d ire ctly  phosphor>'iaied  by protein  k in ase .A. but 
that s o m e  in term ed ia te  p rotein , co -p u rified  w ith  m eth io n in e  

sy n th a se  is a c tiva ted  w h ich  then stim u lates m eth io n in e  syn th ase . 
H o w e v e r  th is  co u ld  a lso  be the m eth od  o f  p h y s io lo g ic a l con tro l. 
W e h a v e  tried to s h o w  that the k in ase in d u ced  stim u la tion  cou ld  

be rex ersed  u sin g  the p ep tid e  p rotein  k inase inh ib itor. H o w ev e r  

th is  p ep tid e  w as fo u n d  to in d ep en d en tly  cau se stim u la tio n  o f  
m e th io n in e  syn th ase .

In c o n c lu s io n  w e  p ro p o se  that m eth ion in e syn th ase  c o u ld  
be re g u la ted  by p h o sp h o ry la tio n  by protein  k in ase .A. W e are n o w  

in v e s t ig a t in g  th is p h e n o n o m en  further.

W e thank D r M . .Vlunday and D r .A. N ic o la o u  for  
a ss is ta n c e  w ith  th is  project.
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Polyami nes  c a n  r e g u l a t e  v i t ami n  B,, d e p e n d e n t  
me t h i o n i n e  s y n t h a s e  act ivi ty.

SUSAN H. KENYON, TAMARA AST, A. NICOLAOU a n d  WILLIAM A 
GIBBONS.

U n iv e r s i t y - ln d u s t r y  C e n t r e  f o r  P h a r m a c e u t i c a l  R e s e a r c h ,  S c h o o l  
o f  P h a r m a c y ,  29-39 , B r u n s w ic k  S q u a r e ,  L o n d o n  WC1N lA X. UK.

V itam in  B,^ d e p e n d e n t  m e t h i o n i n e  s y n t h a s e  (L- 
h o m o c y s t e i n e - S - m e t h y l t r a n s f e r a s e )  is a p i v o t a l  e n z y m e  o f  t h e  
f o l a t e  a n d  t h e  s u l p h u r  a m i n o  a c id  p a t h w a y s ;  c o n v e r t i n g  
h o m o c y s t e i n e  (Hey) a n d  m e t h y l  t e t r a h y d r o f o l a t e  in t o  
m e t h i o n i n e  (m et )  a n d  t e t r a h y d r o f o l a t e  (11. T h e  e f f e c t  o f  n o n 
f u n c t i o n i n g  m e t h i o n i n e  s y n t h a s e  is s e e n  in v i t a m i n  8 1 2  
d e f i c i e n c y  a n d  n i t r o u s  o x i d e  t o x ic i t y ;  s y m p t o m s  i n c l u d e  
a n a e m ia ,  n e u r o l o g i c a l  a n d  p s y c h i a t r i c  p r o b l e m s  (21. T hus  it is 
i m p o r t a n t  t o  u n d e r s t a n d  t h e  r e g u l a t i o n  o f  th is  e n z y m e  in 
h e a l t h  a n d  d i s e a s e .

w e  h a v e  a l r e a d y  s h o w n  t h a t ,  in" v i tr o ,  m e t n i o n i n e  
s y n t h a s e  a c t i v i t y  c a n  b e  m o d i f i e d  b y  p r o t e i n  k in a s e  A (3), a n d  
nitr ic  o x i d e  (41. H e r e  w e  r e p o r t  s t i m u l a t i o n  o f  m e t .  s y n t h a s e  
a c t iv ib /  b y  p o l y a m i n e s .

P o l y a m i n e  f o r m a t i o n  is d e p e n d e n t  u p o n  m e t h i o n i n e  
s y n t h a s e  a c t i v i t y  as s h o w n  in t h e  f o l l o w i n g  p a t h w a y  (51:

Hcy -  M e t  -  SAM dCSAM MTA
y

P u t  s p e r m i d i n e / s p e r m i n e  
(SAM is s - a d e n o s y l  m e t h i o n i n e ,  dcSAM is d e c a r b o x y l a t e d  SAM, 
MTA is m e t h y i t h i o a d e n o s i n e .  P u t  is p u t r e s c i n e . )

It w a s  lo g i ca l  t o  s u p p o s e  t h a t  s o m e  f e e d b a c k  c o n t r o l  b y  
p o l y a m i n e s  o f  e n z y m e s  e a r l ie r  in t h e  p a t h w a y  (such  as 
m e t h i o m n e  s y n t h a s e )  c o u l d  o c c u r .

A ssays  w e r e  p e r f o r m e d  u s i n g  a m o d i f i e d  v e r s i o n  o f  
w e i s b a c h  e t  ai (61 a d d i n g  v a r io u s  c o n c e n t r a t i o n s  o f  p o l y a m i n e s  
a n d  i n c u b a t i n g  f o r  30  m i n u t e s .  E n z y m e  s a m p l e  w a s  b u f f e r
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Fig 2. The e ffect of polyamines upon a 
mono-Q purified sample of rat liver 
metnionine syn tnase  in tris (upper) and 
hepes ( lower) buffers.
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e x c h a n g e d  f r o m  p n o s p h a t e  t o  tris  o r  h e p e s  b u f f e r  u s in g  a G25 
c o l u m n .  W h e n  t h e  a s s a y  w a s  p e r f o r m e d  in p h o s p h a t e  b u f f e r ,  
t h e  p o l y a m i n e s  a p p e a r e d  t o  h a v e  n o  e f f e c t ,  b u t  in tris or  
h e o e s  b u f f e r  a c h a n g e  in e n z v m e  a c t i v i r /  w a s  n o t e d .

The a d d i t i o n  o f  s p e r m i n e  a n o  s p e r m i d i n e  an  g a v e  
in c r e a s e  in e n z y m e  a c t i v i r /  in t h e  o r o e r  o f  4C0°-b w i t h  ICC mM 
s p e r m i n e  w a s  o b s e r v e d .  P u t r e s c i n e  a n d  c a d a v e r i n e  a p p e a r e d  
t o  h a v e  l i m i t e d  e f f e c t s  s e e  f ig s . i&  2.

in c r e a s in g  t h e  p u  h r /  o f  t h e  e n z y m e  t o  a m o n o - 0  
s a m p l e  (f ive s t e p  p u r i f i e d )  f r o m  a 0 - s e p n a r o s e  s a m p l e  ( t h r e e  
s t e p  p u r if ie d )  7 ]  h a d  li t t le  e f f e c t  o n  t h e  d e g r e e  o f  in c r e a s e  o f  
e n z y m e  a c t i v i r / .  This w o u l d  s u g g e s t  t h a t  t h e  i n t e r a c t io n  
b e r w e e n  m e t h i o n i n e  s y n t h a s e  a n o  t h e  p o l y a m i n e s  w a s  q u i t e  
s p e c i f i c .

P o l y a m i n e s  m a y  p r o v i d e  a n o t h e r  m e t h o d  f o r  r e g u l a t i n g  
m e t h i o n i n e  s v n t n a s e  a c t i v i r / ,  p r o o a c i y  bv a i l o s t e r i c  f e e d b a c k  
c o n t r o l .
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Fig 1. Tba art ac t ot po lyam inas  upon a 
O -sa o b a ro sa  pur if iad aampta or rat 
l ivar mattnomna sy r i tna ss  in tris (uppar) 
and napas ( lowar) bu ffa rs .
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