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ABSTRACT

S-Adenosyl-l-methionine (SAM) is an endogenous methyl donor which is actively 

involved in the methyl and aminopropyl transfer processes of a large number of 

biologically important molecules. Particularly, SAM is involved in the regulation of 

nerve cell activity by méthylation of phospholipids and biogenic amines and is 

involved in the biosynthesis of one third of all liver phospholipids via the 

transmethylation pathway.

The major metabolites of SAM are S-adenosyl homocysteine (SAH), decarboxylated 

SAM (dc-SAM) and methylthioadenosine (MTA). These compounds are also 

involved in different cellular functions, such as transsulphuration and polyamine 

biosynthesis.

Several HPLC assays have been applied by others to this study but were based on 

single reversed-phase or cation-exchange chromatography. In reversed-phase HPLC 

relatively short retention times resulted, causing difficulties in the separation and 

quantitative determination of SAM from the other polar endogenous compounds. In 

cation-exchange chromatography, SAM had a much longer retention time, but SAH, 

MTA and adenosine (ado) showed relatively short retention times. In this study, 

since the reversed-phase or cation-exchange chromatography methods often resulted 

in overlapping peaks, a two dimensional HPLC assay was developed, which involved 

a gradient reversed-phase HPLC separation followed by cation-exchange 

chromatography.

The measured hepatic levels of SAM, SAH, MTA, dc-SAM, adenine (ade) and 

adenosine (ado) by this method, (nmol g^ wet weight) were found to be 35.5, 10.2,

0.27. 4.0, 49.3 and 43.3 respectively, from 24 hour starved rats. The absolute values 

for SAM in rat livers are in good agreement with previous published data obtained 

from 24 hour starved rats. The hepatic concentrations of SAH and MTA were found 

to be lower than previously reported.

Two dimensional HPLC has proved to be a suitable assay for SAM and its related 

metabolites in different tissues and cultured cells, and has suggested that assay 

procedures using single HPLC methods may give erroneous results.

Finally, a number of different LC/MS techniques were investigated for these assays. 

These were performed to try and utilise the greater specificity and sensitivities of the



mass spectrometer as an LC detector. The MS techniques investigated included, 

thermospray, flowing FAB and electrospray. Use of an internal standard S-adenosyl 

ethionine (SAE) gave good reproducibility within runs and allowed better 

signal/noise ratios to be achieved.

Thermospray was disappointing in sensitivity term for these compounds, but better 

detection limits were obtained by flowing FAB and electrospray (ESP), with levels 

of 0.012 nmol, 0.009 nmol and 0.004 nmol for SAM, SAH and MTA respectively 

being achieved by ESP/MS. These results show that a double HPLC method can 

serve for routine bioassay in conventional laboratories, and further that LC/ESP MS 

may form the basis for a very specific and sensitive assay for this important class 

of compounds, in blood and other body fluids, where the concentrations are less than 

0 2 nmol.
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1.1 Biochemical aspects

S-Adenosylmethionine (SAM) is a co-factor involved in various biochemical 

transformations, of which transmethylation, transsulphuration, polyamine biosynthesis 

(1) and ethylene formation (2) are the most important . Since the discovery of this 

compound (3), a great deal of research has been directed toward its synthesis (4), 

elucidating the sterio and regiospecificity in biological transmethylation reactions (5), 

determining the function of méthylation reactions in DNA (6), RNA, or during post- 

translational modification of proteins. SAM also takes part in the regulation of 

nervous cell activity by phospholipid and biogenic amine méthylation and alters the 

biological function of a wide variety of chemicals including neurotransmitters and 

hormones.

The demethylated product of SAM, S-Adenosyl-L-homocysteine (SAH) was first 

recognized by Cantoni and Scarano (7). The structure they suggested was verified 

by total synthesis by Baddiley and Jamieson (8). De la Haba and Cantoni (9) 

described the enzyme synthesis of this compound from adenosine and homocysteine 

by a condensing enzyme prepared by rat liver.

SAH can be cleaved further to adenosine and L-homocysteine by a specific 

hydrolase (10). Adenosine is effectively metabolized to uric acid (11), and 

homocysteine can be either remethylated or irreversibly converted via cystathionine 

into cysteine and other metabolites (12). The latter reaction chain, the trans

sulphuration pathway, is also the major route for methionine catabolism in mammals. 

5’-Methylthioadenosine (MTA) is the another metabolite of SAM which is a 

naturally occurring nucleoside originating from S-adenosylmethionine (SAM) by 

several biochemical pathways (13). In mammalian tissues MTA is produced 

stoichiometrically with the polyamines spermidine and spermine (14) and by direct 

enzymatic cleavage of SAM (15). In eukaryotes the thioether does not accumulate 

intracellularly(16) because of its rapid cleavage into adenine and 5-methyIthioribose-

1-phosphate that are salvaged to adenine nucleotides and methionine respectively(lT). 
c

The niÿeoside is known to be a powerful product inhibitor of aminopropyl transfer 

reactions (18) and irreversible inhibitor of adenosylhomocysteine hydrolase(19). In 

recent years growing interest has been given to this sulphur nucleoside particularly
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in relation to its cytostatic effects(20).

As reported by several authors, the thioether exerts a variety of regulatory effects 

on a number of biological systems (21) and is a potent inhibitor of mitogen- and 

antigen- stimulated lymphocyte proliferation (22).

S-Adenosyl-(5’)-3-methylthiopropylamine (dc-SAM) is a sulphonium compound 

which is formed by enzymatic decarboxylation of SAM. It represents a key 

intermediate in the pathway of polyamine biosynthesis (23) by the donation of the 

propylamine moiety to putrescine or spermidine, yielding spermidine and 

spermine respectively.

1.1.1 Trans-methvlation:

Biological méthylation is a broad subject that spans two principal areas of 

metabolism. First is a series of reactions leading to the biosynthesis of methionine 

(méthylation of homocysteine) and then the multitude of reactions that utilize the 

methyl group of methionine after its activation to SAM. The enzymatic machinery 

required for the synthesis of SAM is ubiquitous and occurs in almost all cells. The 

enzyme SAM synthetase catalyses the transfer of the adenosyl moiety of adenosine 

triphosphate (ATP) to the sulphur atom of methionine.

The two steps mentioned above in fact are not completely separate areas, and a link 

between them is provided by the highly specific requirement for SAM in the 

terminal reaction of the methionine biosynthesis pathway (24). Moreover SAM plays 

a role as an inhibitor or a repressor of several enzymes that catalyze earlier steps in 

the methionine biosynthetic pathway (25).

SAM the so-called activated methylating agent plays diverse roles in biochemistry 

(26), specifically in numerous enzymatic transmethylation reactions. SAM has a 

complex structure. This molecular complexity is critical for enzyme-substrate 

interactions in the catalytic transition state, which leads to the large catalytic 

accelerations that trans-methylases achieve (27). On the other hand, the elaborate 

structure is paid for by the organism through the very high energy cost of SAM 

biosynthesis (3). Atkinson (28) writes” ... in being reduced and activated to form the 

methyl group of S-adenosylmethionine, a carbon atom from glucose is promoted
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from an average value of 6.3 [ATP] equivalents (38/6) to a cost of 12 equivalents. 

Active methyl is probably the most expensive metabolic compound or group on a 

pre-carbon basis” . This suggests that organisms should experience a strong 

evolutionary pressure towards preservation and efficient utilization of SAM. 

Although SAM is involved in most biological methylating reactions as a methyl 

donor compound, but an important exception to this general rule is the méthylation 

of homocysteine to methionine, in which the methyl donor is 5’-methyltetra- 

hydrofolate (CH, - THF)(29). So it is not acceptable to say that SAM is the sole 

methyl donor in all methyltransfer reactions. Moreover than that, a series of reports 

suggested that CH3 -THF also donates a methyl group for the biosynthesis of epinine 

and other methylated catechol or methylated indolamines (30). SAH, the 

demethylated metabolite of SAM has a key role by its allosteric activities in the 

transmethylation pathway and is also a strong inhibitor of many methyl transferase 

enzymes. For example Catechol-O-methyl transferase (COMT), histamine N-methyl 

transferase, indolethylamine N-methyltransferase, phenylethanolamine N- 

methyltransferase and tRNA methyl transferase are subjected to product inhibition 

by SAH (31). Because of the different sensitivities of the various methylating 

enzymes towards SAH, the control of tissue SAH levels is of physiological 

importance in regulating cellular transmethylation. In rat liver, the transmethylation 

procedure chiefly takes place (in mammals), the level of SAM and SAH change 

during in a 24-hr cycle (32). It has been suggested that during the day there is a flux 

of méthylation pathway from SAM, whereas during the night the metabolic 

conditions favour SAH accumulation, with the consequent inhibition of the 

transmethylation reaction. SAH hydrolase (SAH-H) is the enzyme which can cleave 

SAH to the L-homocysteine and adenosine . This enzyme has been shown to be 

present in mammals (33). It has been suggested that the level of the mentioned 

enzyme changes during 24 hr and thus would effect the level of SAH and adenosine. 

Hence during the transmethylation and those 24-hrs the level of adenosine is also 

affected, not only by the mentioned enzyme but also by the change of 5’- 

nucleotidase (5’N), adenosine deaminase (A.D.) and adenosine kinase (A.K.). Also 

it has been understood that the 24-hr profile of the level of SAM and adenosine is 

parallel to each other. So there is a possibility that the nucleoside plays a role in
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modulating SAM méthylation. Since concentrations of adenosine, being regulated by 

its own metabolism, could modulate SAH-H activity in the hydrolytic or synthetic 

pathway, promoting either the metabolic flow of the transmethylation reactions or 

their inhibition by leading to SAH accumulation.

1.1.2 Remethylation of homocvsteine(34)

The transmethylation pathway has a branch point at the level of Hey, as shown in 

figure 1.1. Hey may be remethylated to Met in the reaction catalysed by Met synthase 

or in that catalysed by betaine-Hcy methyltransferase. It may also be useful for 

resynthesis of SAH by reversal of the hydrolysis catalysed by SAH-H, or irreversibly 

converted to cystathionine via the reaction catalyzed by cysi^ÿonine 6-synthase. 

This branch point is an important regulatory locus. Hydrolysis of SAH is inhibited 

by the presence of either product. Hey or Ado, and inhibition is accompanied by the 

accumulation of SAH and SAM (35). Purine nucleoside toxicity (in purine 

nucleoside phosphorylase deficiency) as well as the growth inhibit ory properties of 

MTA may be mediated partially through inhibition of SAH (36).

Met synthase is widely distributed in mammalian tissues. It is responsible for the de- 

novo synthesis of Met methyl groups from one-carbon units in THF coenzyme 

systems. The inactivation of Met synthase by exposure of intact animals to nitrous 

oxide decreased tissue concentrations of Met and SAM and impaired essential 

méthylation reactions (37 & 38). Inhibition of SAH-H also may lead to decreased 

intracellular Met synthesis from Hey and altered folate metabolism due to the methyl 

trap effect. SAM at normal tissue concentrations activates Met synthase.

Unlike Met synthase, which is widely distributed in mammalian tissues, betaine- Hey 

methyltransferase is generally found only in high concentrations in mammalian liver 

(39). SAH and SAM in vitro have an effect on the inactivation of betaine-Hcy 

methyltransferase. This occurs at higher concentrations than the physiological level 

of SAM and SAH; hence the physiological levels of SAM and SAH will not affect 

the inactivation of the enzyme (40). The intracellular concentration of SAH and Hey 

is important in remethylation to Met either by regulation of methyltransferases or by 

Met synthases and SAH-H. It is noteworthy that a large fraction of intracellular
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adenosine and Hey exists as a complex with cellular proteins and SAH is also 

complexed with proteins. The amount of protein-bound in whole liver is 7-18 nmol/g 

(41), which is about one-half of the intracellular SAH in rat liver.

1.1.3 Biosvnthesis of polvamines associated with the SAM metabolites:

MTA and dc-SAM, the metabolites of SAM, are by product and substrate 

respectively of polyamine synthesis (figure 1.2). In many mammalian tissues, the 

spermidine synthase and spermine synthase apparently represent quantitatively the 

most important pathways for MTA formation (42). These two polyamine synthases 

are distinct and separable enzymes that exhibit no co-factor or prosthetic group 

requirements. The equilibrium constants of the reactions catalyzed by these enzymes 

have not been determined precisely but it is likely that they greatly favour the 

respective formation of spermidine or spermine and MTA from decarboxylated SAM 

and putrescine or spermidine. There are at least four independent pathways (43) 

which MTA can enzymatically be formed from SAM. SAM cyclotransferase is the 

known enzyme which converts SAM to MTA and homoserine lactone. This enzyme 

is present in mammalian liver (44). MTA is a powerful product inhibitor of spermine 

synthase and to a lesser extent of spermidine synthase in mammalian(45). In term 

of polyamine synthesis, it is noteworthy that SAH as a potent inhibitor of nearly all 

methyltransferases, does not influence ornithine decarboxylase (24) and has only 

feeble inhibitory effects on mammalian polyamine synthases (18). 5’- 

methylthioadenosine nucleotidase represents the main enzyme related to the 

degradation of MTA (46). There are two types of the nucleotidase. The phosphorylic 

nucleotidase cleaves MTA into adenine and methylthioribose-1 -phosphate (MTR-l-P) 

(47).

The physiological significance of the cleavage of MTA is probably related to the 

removal of the thioether, which in turn exerts a significant inhibition on several 

methyl transfer reactions (48). The reaction also plays a primary role in the salvage 

and recycling of adenine and methionine. Since MTA is a potent inhibitor of cell 

proliferation(16) and can be metabolized to adenine by SAM phosphorylase, there 

is a hypothesis suggesting that MTA toxicity might be mediated by adenine (49).
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The tiny concentrations of MTA in many mammalian cells suggests that this 

nucleoside, when formed as a result of polyamine biosynthesis or direct enzymatic 

cleavage of adenosyl methionine, must either be degraded rapidly or excreted by the 

cells in which it is produced. Thus if exogenous MTA molecules are accumulated 

by cells, they might cause massive depletion of 5-phosphoribosyl-l-pyrophosphate 

(PRPP) and in turn this might be expected to depress de novo synthesis of purine 

and pyrimidine nucleotides (50).

It is clear that the cellular concentration of MTA is much more lower than 

polyamines (51) and that is undoubtedly due to the activity of MTA phosphorylase. 

However in growing malignant tumour cells which apparently are devoid of MTA 

phosphorylase activity, a large amount of MTA is secreted into the cultured 

medium(52).

Ac .’-SAM is a another important metabolite of SAM which is actively involved in

the pathway of polyamine biosynthesis (53). The sulphonium compound is formed

by enzymatic decarboxylation of SAM and, in turn is the donor of the propylamine

moiety to putrescine or spermidine, yielding spermidine and spermine respectively

(54). It has been reported to be a precursor of the new polyamines sym-nor-

spermidine and sym-nor-spermine (55). SAM decarboxylase is the enzyme which

converts SAM to its decarboxelated metabolites. It has a key role in the biosynthesis

of the poly amines, spermine and spermidine. The supply of dc-SAM is normally

regulated very tightly by the cellular polyamine content and this regulation is brought

about by changes in the activity of SAM decarboxylase (56). The cellular content of

dc-SAM is usually kept very low as its synthesis is linked to the ability of

aminopropyltransferases (spermine & spermidine synthases) to form the relative

poly amines. Compared to the synthetic process the activities of SAM decarboxylase

are very low, even when fully induced. SAM decarboxylase has a remarkable fast

turnover rate. In fact, it is among the shortest known for mammalian enzymes (57).

Thus the level of dc SAM rises, only when cellular polyamine metabolism is

deranged by inhibition of the other enzymes in the polyamine biosynthetic pathway.

An increase of several hundred fold (400 times)(58) occurs when ornithine

decarboxylase (ODC), the enzyme which is involved in the formation of putrescine
o

from ornithine, activity is inhibited by drugs such as a-diflij^omethylomithine
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(DFMO) (59). This increased content of SAM decarboxylase is due to inability of 

the aminopropyltransferases to utilize the dc-SAM formed. Which is caused by the 

absence of putrescine and spermidine to serve as aminopropyl acceptors. Therefore, 

the regulation of SAM decarboxylase is a critical factor in the maintenance of 

normal cellular polyamine levels and that the abnormal accumulation of dc-SAM in 

cells treated with polyamine biosynthesis inhibitors may contribute to the effects of 

these compounds.

Structural similarity betweenjc- SAM and its parent sulphonium compound raises 

difficulties in a quantitative separation of the two compounds (60). On the other hand 

the availability of pure dc-SAM free of contaminating SAM in any biological assay 

is essential for a correct evaluation on the studies based on the actual level of 

spermine and spermidine as well as the activities of their synthase enzymes during 

inhibition and induction of polyamine biosynthesis by different drugs. Furthermore 

there is net any commercial source of dc-SAM.

Its chemical synthesis is quite complicated and yields a racemic compound (61). On 

the other hand, the enzymatic synthesis by a specific SAM decarboxylase has to be 

followed by a separation of the decarboxylated product from the substrate(62).

1.2 Biological importance of SAM & SAH in different aspects of

methvlation:

Among the biochemical compounds, SAM owns a unique versatility: its chemical 

structure, with three substituents attached to the sulphonium pole, permits its 

participation in several different types of biochemical reactions involving both high 

and low molecular weight compounds as acceptors of alkyl groups (catecholamine 

metabolism, indolamine and histamine méthylation). In the case of macromolecules, 

both the informational (proteins and nucleic acids) and the non-informational ones 

(polysacharides, and complex phospholipids in membrane assembly) are acceptors 

of alkyl groups.
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The transfer of the methyl group occurs in a large variety of reactions and also the 

transfer of both the adenosyl moiety and of that 3-amino-3-carboxypropyl group have 

been described: the acceptor molecules are enzyme proteins for the adenosyl moiety 

(63) and transfer RNA (tRNA) for 3-amino-3-carboxyl propyl group.

Among the mentioned aspects of biological functions of SAM, the méthylation 

process is of importance since first: the enzymatic méthylation reactions of proteins 

and nucleic acids in the presence of SAM are fundamental for the cell division, 

differentiation and the normal genome expression. Thus the regulation of SAM and 

SAH metabolism in tumours may control malignant growths (64). Also the 

involvement of some inhibitory enzymes during the méthylation process ( e.g. SAH- 

H (SAH-hydrolase)) have some importances such as cellular differentiation (65), 

immunological (66) and antiviral effects (67). Secondly, the receptor mediated signal 

transduction through the cell surface is indicated with phospholipid méthylation 

transferase activation which is associated with a number of cell functions(68) such 

as changes in histamine release, chemotaxis, Ca^  ̂ influx, metagenesis and cyclic- 

AMP (69). SAM is a donating methyl group and changes to its demethylated 

product. The determination ratio of SAM/S AH before and after méthylation could 

be of importance because in méthylation process many different enzymes are 

involved. Therefore consequently a change in the SAM/S AH ratio can be very 

different for different enzymes. This will depend on the concentration of both 

compounds, on the Ktn for SAM and the Ki for SAH. Generally, enzymes with a 

high affinity for SAM, and therefore with a Km that is considerably lower than the 

intracellular concentration of SAM, are more tolerant to changes in the SAM/S AH 

ratio than enzymes that operate optionally at intracellular concentrations of SAM 

higher than its intracellular concentrations(70).

1.2.1 SAM and phospholipid N-methvlation

An important metabolic role of SAM indicates méthylation of phosphatidyl 

ethanolamine (PE) to phosphatidyl choline (PC) which is inhibitory but represents 

30% of all PC production in liver. This pathway has been identified in different 

types of cells, including erythrocytes, hepatocytes, neuronal and glial cells. In this
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process two membrane bound enzymes are involved (69) : (a) methyltransferase I, 

which converts PE to phosphatidyl N-monomethylethanolamine (PNE) and requires 

Mĝ "̂  for its optimal activity: and (b) methyltransferase II, which first transfers the 

methyl group of SAM to monomethylethanolamine in order to form phosphatidyl-N- 

dimethylethanolamine and then PC. This enzyme does not require any divalent cation 

(71). In sequential méthylation of the primary amine of ethanolamine to the 

quaternary ammonium moiety of choline three molecules of SAM are involved. 

The lipid bilayer of biological membranes is mainly composed of two types of 

phospholipid, PE largely facing the cytoplasmic side and PC mainly orientated 

toward the outside (72). During méthylation the methylated phospholipids are 

translocated from the cytoplasmic side of the membrane to the exterior surface (73) 

and this has an influence on membrane fluidity. However either this translocation of 

phospholipid takes place or an enzymatically facilitated flip-flop of phospholipid 

méthylation which is a rapid procedure, in less than 2 minutes (74) happens, since 

the viscosity of the membrane is changed many membrane events will be affected. 

On the other hand the binding of a specific ligand such as different types of drugs, 

hormones and immunoglobulins with their surface receptors initiates a cascade of 

biochemical changes (e.g. stimulation of phospholipid méthylation ). Also the 

inhibition of phospholipid méthylation blocks the synthesis of certain biological 

important metabolites (e.g. release of arachidonic acid). For this reason, 

understanding the ratio of SAM/S AH, which is certainly dependent on PC/PE, could 

be of interest. Moreover, it has been reported that the SAM/S AH ratio controls 

SAM/phospholipid N-methyltransferase activity (75). But as mentioned earlier the 

level of endogenous SAM and the ratio of SAM/S AH in certain species (e.g. rat) 

does not have a simple profile. This is due to changes with sex, age, nutrition and 

even through the 24-hr cycle (32). The lowest ratio of PC/PE occurs when, during 

the night, SAH is at the high concentrations. However, phospholipid méthylation is 

an initial common pathway for the transduction of many receptor mediated biological 

signal; SAM and SAH are the regulators of the phospholipid méthylation. Therefore 

they have been subjects for many biological studies and hence an immense interest 

is directed towards the correct endogenous concentration of both compounds as well 

as their ratio in different animal species (69 & 76).
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1.2.2 SAM and protein methvlation:

The enzymology of protein méthylation has primarily been considered from the 

efforts of Kim and Paik (77). They have characterized three different protein 

methylases: protein methylase I ( protein arginine methyl transferase), and protein 

methylase II (SAM protein carboxyl methyl transferase), and protein methylase HI 

(SAM protein lysine methyl transferase). The existence of more than one arginine 

protein methylase can be surmised from published works(78). In fact, the presence 

of a variety of methylated proteins and specificity of the méthylation protein show 

a great complexity in the specificity and distribution of the protein methylases. 

Protein methylase II, which can transfer the methyl group of SAM to the free 

carboxyl group of proteins or polypeptide substrates may effect the activity of certain 

surface enzymes and may have a role in the repair or degradation of damaged 

polypeptides. The physiological regulation of protein methylases II by Ca^  ̂has been 

studied in intact human erythrocytes (79). Increased concentration of intracellular 

Ca^  ̂ ions depletes SAM and lowers methylase II activity. The decreased level of 

SAM under these conditions is probably due to reduced SAM synthases. However 

protein methylases use SAM as the sole methyl donor, and although the for SAM 

is of the order of 1 x 10^ M, but since the intracellular concentration of SAM is 

dependent on the availability of L-methionine and the maximum level of SAM 

obtained in the presence of high concentrations of L-methionine is 0.3 x lO"® (76), 

from the above it seems that the activity of these methylases is not controlled by the 

methyl donor concentration. However the affinity of most methyl transferases for 

SAH, a competitive inhibitor of those enzymes, has been observed to be greater than 

the affinity for the substrate, SAM (80). In the area of protein méthylation the 

identification and characterization of the various proteins that function as substrates 

for the different methylases can be noteworthy. The timing of méthylation and the 

biological significance of the reaction could be considered of interest. Most of the 

proteins where methylated amino acids have been detected are structural proteins or 

carriers such as histones, flagellar proteins, cytochrome c, actin and myosin.
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1.3 The importance of enzymes involved in polvamine biosvnthesis

Since SAM, in its decarboxylated form, acts as a key precursor of spermidine (spd) 

and spermine (spm) (81) and MTA is a by-product of polyamine biosynthesis, 

therefore, if the cellular endogenous level of SAM and its metabolites changes and 

if the related enzymes involved in the connected pathway are affected by either 

inhibitory or stimulatory substrates, somehow, they will affect many biological roles 

of spd and spm directly and the other polyamines indirectly.

Ornithine decarboxylase (ODC) is an enzyme which catalyses the reaction of 

polyamine biosynthesis in all eukaryotic species. Among the enzymes involved in 

polyamine metabolism ODC and SAM-decarboxylase (SAM-DC) are very unstable 

and are highly regulated by intracellular polyamine pools. Thus, perturbation, results 

in substantial increase in one or both enzyme activities. For example ODC inhibitors 

increase SAM-DC activity, SAM-DC inhibitors increase ODC activities(lS). 

However, the fast turnover of ODC and SAM-DC permits rapid increases in their 

concentration that can overcome even irreversible inhibitors and in particular, they 

are not very effective at producing substantial depletion of intracellular spm (82). 

The dc-SAM concentration for aminopropyl transferases is very low in the cell and 

these enzymes turnover relatively slowly. Therefore they may be important sites at 

which polyamine biosynthesis can be inhibited. Furthermore, polyamine production 

in the cell can be subject to regulation by endogenous sulphur-containing 

nucleosides. Although MTA is a strong inhibitor on aminopropyl group transferring 

promoted by mammalian spe and spd synthases(49), the ubiquitous distribution and 

high activity of MTA phosphorylase may limit its ability to inhibit polyamine 

production and clearly decreases the level of inside MTA much more lower than the 

polyamine concentration. The effects of MTA on mammalian polyamine synthases 

seem to vary with the source of the enzymes. MTA on homogenous bovine brain 

spm synthase is competitive with respect to SAM-DC. SAM (10-500 pM) and SAH 

(10-100 pM) have no influence on the spm synthase reaction (83). Somewhat 

different results (47) on partially purified spm and spd synthases from rat ventral 

prostate showed that at saturating (42 pM) dc-SAM concentration, MTA (100 pM) 

evoked 98% and 82% inhibition of both enzymes respectively. In contrast to bovine
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brain spm synthase which is unaffected by SAM and SAH, the rat prostate spm and 

spd synthases were reported by the same reference to be inhibited by 100 pM SAM 

30% and 75% respectively; whereas both enzymes were less sensitive to inhibition 

by 100 pM SAH. Another important point of view in polyamine biosynthesis in cells 

is their effects on the SAM concentration. Spd, due to its negative influence on 

SAM-DC, may possibly contribute to the maintenance of SAM level, but studies on 

rat liver have suggested that, under a variety of physiological and experimental 

conditions, changes in polyamine metabolism are not primarily connected with 

changes in concentration of SAM (84). ic-SA M  under normal conditions, does not 

accumulate in cells and organs because of its rapid consumption by the spd and spm 

synthases reactions. Thus, invitro studies have indicated that dc-SAM can inhibit 

SAM-DC activity when used in high concentrations (47) and has only a feeble effect 

in transmethylation reactions relative to SAM and SAH respectively. But in 

polyamine deficiency (use of an effective inhibitor of putrescine biosynthesis) in 

which a marked accumulation of dc-SAM occurs, it is expected that the SAM level 

changes. However in cultured rat hepatoma cells in spite of the marked increase of 

dc-SAM content elicited by polyamine starvation, SAM level remained constant, 

whereas a 40% reduction of SAH content was reported (85).

1.4 Pharmacological effects of SAM and SAH

A wide array of pharmacodynamic and therapeutic effects of SAM have been 

reported, chiefly from studies in rodents and humans. In the past decade, SAM has 

been used in the treatment of neuropsychiatrie diseases and cholestasis. Increased 

therapeutic use of SAM was made possible by the availability of a stable salt. The 

neuroph|piacologic profile of activity of SAM is summarised (29) in table 1.1. 

SAM itself has been shown to improve changes in the calcium content and glucose 

metabolism after transient ischemia in rats by its ability to decrease the toxic effect 

(86). In transient ischemia, there are changes in lipid metabolism and neuronal 

generation occurs. These process are related to calcium homeostasis in the cell. SAM 

is known to facilitate the recovery from behavioral disturbances due to brain damage
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and to prevent neuronal death included by transient ischemia. SAM can be a useful 

compound in treatment of cerebrospinal diseases because of these effects. SAM also 

is the methyl donor for the N-methylation of phospholipids. PLMTase has been 

proposed to be coupled to G-adrenergic receptors and to be involved in biological 

transmission of signals (87). Stimulation of B-adrenergic receptors in HeLa cells (87) 

and changes in phospholipid méthylation affect the function of these receptor-linked 

adenylate cyclase (68).

Since SAM increases membrane fluidity, it has been established that such membrane 

changes underline many of the pharmacological effects of SAM. Increased membrane 

fluidity is known to be correlated with selectively increased binding of x- 

aminobutyric acid and benzodiazepines to their receptors, and decreased activity of 

membrane Na^/K^ ATPase.

In migraine treatment with prolonged use of SAM in human, it has an apparent 

ability to relieve migraine attacks (88).

Also of considerable interest is that intramuscular SAM 200 mg/day was reported 

significantly better than placebo in improving neuropsychiatrie symptoms associated 

with alcoholism, in increasing the proportion of patients who remained abstinent 

during the treatment period and decreasing the withdrawal rate (89).

SAH, the endogenous inhibitor of méthylation reactions is sleep inductive (90), and 

an anti-convulsan it in rats (91). Observations that are linked to the modification of 

neurotransmitter metabolism in the brain, later showed the binding of SAH to rat 

cerebral cortex. This binding was enhanced by Mg^  ̂and Ca^ ,̂ but not and Na"*". 

SAH also is involved in the metabolism and invitro uptake of catecholamines in rat 

brain synaptosomes.

1.4.1 Pharmacological significances of other metabolites of SAM

The biological action of MTA and the key role of MTA phosphorylase for the 

metabolism of MTA is highlighted in several places in this thesis. With respect to 

the concept that phosphorylic cleavage of MTA may provide the major, if not the 

sole, non-dietary source of adenine in mammalian cells, rather than adenosine or 2-
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deoxyadenosine being phosphorolysed (92). MTA lowers the concentration of 

spermine and inhibits growth, in a way which is not reversed by the addition of 

exogenous poly amines. It seems the changes of its endogenous level besides changes 

in activity of MTA phosphorylase, is associated with most of the pharmacological 

effects of polyamine (93).

For example it has been reported that in some patients with acute leukaemia, 

melanoma, squamous cell lung cancer, and rectal adenocarcinoma, a large amount 

of MTA is excreted into their urine during relapse (94). Since such increases were 

absent in those patients in remission, it has been suggested that rapid cell 

proliferation leads to an accelerated synthesis of polyamines, and therefore the 

increased synthesis of MTA (95 & 96).

In administration to living mammalian organisms, MTA elicits a variety of 

pharmacological effects including lowering of body temperature of guinea pigs and 

depression of rabbit blood pressure (49 & 97).

MTA also elicits relaxation of intestinal strips in rabbits and contraction of isolated 

guinea pig uterus (49). It seems possible that these effects could be related, at least 

in part, to the demonstrated interactions of MTA with specific adenosine receptors 

on the surface of appropriate cells (98), which also have neuropharmacologic 

implications (99 & 100).

Although for dc-SAM, the precursor of MTA, classic pharmacological effects such 

as administration effects and clinical application have not been really indicated, but 

there is a great deal of pharmacological studies based on the involvement of most 

enzymes (e.g. SAM-DC, ODC, etc..) which are responsible for the control of the 

biosynthesis of dc-SAM (101 & 102).

The effects of some drugs have been tested with the reduction of intracellular 

polyamines by mediation of dc-SAM effects (103). For example nitrous oxide as a 

inhibitor of methionine synthase and as a anaesthetic drug, has a certain effect on the 

perturbation of the SAM/S AH ratio (104 & 105) in animal tissues, is furthermore 

causes a decrease of spermine level in rat (103). This effect has been explained by 

the fact that an aminopropyl donation from dc-SAM is required.

These results may lead to determining the possible role of dc-SAM in 

neuropharmacology (106) and also the possibility of its analogues acting as
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inhibitory drugs in the synthesis of dc-SAM in treatments of cancer diseases.

Clinical and general actions

Antidepressant

Potentiates barbiturate-induced sleep

Reduces levels of luteinizing hormone and prolactin;

may increase levels of corticotrophin and corticosteroids or reduce their release 

by stress.

Effect on monoamine systems

May facilitate central effects of Bj- agonists 

Minor changes in catecholamine turnover in brain 

Weakly inhibits monoamine oxidase type B 

May increase COMT activity 

May inhibit tyrosine hydroxylase

Enhances rise of homovallinic acid in cerebrospinal fluid after probenecid 

administration

Increase serotonin turnover and level of 5-hydroxyindole-acetic acid in CSF 

May reduce affinity of noradrenaline for neuronal transport

Table 1.1 Pharmacological actions of SAM (85).
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1.5 Use of SAM in Central Nervous System (CNS) disorders

Due to multiplicity of reactions in which SAM participates the understanding of the 

ways it may affect the CNS may cause complications. However, it is obvious that 

SAM as an important co-factor in many transmethylation reactions is necessary for 

normal function of the CNS.

The distribution of SAM within the CNS has been demonstrated in both animal and 

humans (107). Animal data have shown that SAM administration can protect to some 

extent against the reductions in cell membrane fluidity and associated loss of 

dopaminergic and B-adrenergic binding sites can be seen with ageing (108). Also it 

has been shown that concentrations of SAM in the cerebrospinal fluid (CSF) of 

patients increases from basal values after administration of single intervenons doses 

of the exogenous substance (109). These data take into account the possibility of 

using SAM in various disorders of the central nervous system (110).

1.6 Antidepressant effects of SAM

Fazio et al. ( I l l ) ,  in a study of patients with schizophrenia, first reported that SAM 

benefited depressive symptoms. Their work was based on the transmethylation 

hypothesis in which postulates that the abnormal formation or accumulation of an 

endogenous transmethylated psychotogen plays a key role in the etiology of 

schizophrenia (112). Since then numerous clinical trials have supported, Fazio et al. 

initial observation and many reports followed which compared intravenous SAM 

with standard tricyclic antidepressants (imipramine and amitriptyline) (109 & 113). 

In general, these studies have shown that SAM was at least as effective as the 

tricyclic antidepressant with which it was compared, but unlike standard 

antidepressants (producing reuptake blockade and inhibitors of mono-amino oxidase 

(MAO)) the exact mechanism by which SAM produces its antidepressant effects is 

still unknown (44). It has only been reported that in some depressed patients, a 

significant lower plasma and CSF SAM is observed compared to neurological 

controls (114). This is associated with erythrocytes of depressed patients which show
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a decrease in methionine adenosyl transferase (MAT), the enzyme which catalyses 

the production of SAM from methionine (110). Also the association of serum folate 

deficiency with clinical depression has been demonstrated by Reynolds et al. (115). 

Thus there is a possibility of the interrelation of folate and SAM pathways which 

may be important in both the genesis and treatment of depression (112). In a trial for 

understanding intermediate mechanism by which SAM produces its antidepressant 

effects Bruce M. Cohen et al (116) showed the changes in a- and B- adrenceptors 

after one week of treatment with SAM. They suggested that the adrenergic system 

successfully accommodates to these changes induced by SAM and in combined 

treatment with standard antidepressant they have supported the past observations that 

treatment with classical antidepressants leading to depletion in tissue concentrations 

of SAM. (117).
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2.1 Analytical aspects

i. Radio-Enzymatic assay

Since 1966, the radioenzymatic assay of SAM in biological samples developed by 

Baldessarini (118 and 119) , characterises various types of reaction between SAM 

and substrates catalysed by different enzymes.

For example, Giulidori et. al. have used a modified method based on double-labelled 

melatonin formation from N-acetyl serotonin (NAS) and SAM, catalysed by 

hydroxyindole-O-methyl transferase (HIOMT). In the preliminary set-up stage of this 

method serotonin acétylation is followed by hydrolysis of the resultant N,0- 

diacetylserotonin in order to yield N-acetyl serotonin (NAS). In the next stage, NAS 

needs to be purified by HPLC prior to reaction with SAM.

Giulidori has observed a 20-fold higher sensitivity (around 10 ng of SAM) of his 

method in comparison with other methods employing the same enzymatic reaction 

(119 and 120). Carney et.al. (121) have used the same procedure for the 

measurement of SAM in plasma, and CSF, in man and different animal species 

shown in table 2.1.

Species Plasma CSF

Rat 46 ± 9 -

Rabbit 65 ± 12 -

Dog 33 ± 8 72 ± 15

Man 17 ± 5 71 ± 32

Table 2.1 SAM Concentrations in CSF and Plasma (ng ml^) (119 Table 2.).
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Based on data obtained by Camey, Giulidori (119) has now suggested that the 

concentration of SAM, has been Unidf estimated and is 10 - fold higher than 

previously reported (122).

He has remarked that NAS obtained from his method, although with some 

impurities, is lower in concentration than that seen in the preparation used in the 

method developed by Baldessarini.(Table 1. of 119).

SAM also has been estimated by an assay using a Catechol-O-methylt ransferase 

(COMT) system developed by Yu (123). The assay has been based on the 

measurement of the conversion reaction of SAM and tritium-labelled dopamine to 

tritiated 3-methyltyramine in the presence of COMT. COMT has to be prepared from 

rat liver and the purity of radiolabled dopamine and SAM, routinely needs to be 

checked. Since SAH is known to be a potent endogenous methyl transferase 

inhibitor, the presence of this compound severely interferes with the enzymatic assay 

of SAM in the formation of labelled 3-^^'methoxytyramine (123). Besides SAH, Wu 

has addressed a list of factors effecting the assay procedure and its reproducibility. 

However, COMT is a very specific and sensitive enzyme for SAM. It detects about 

1 ng or more and has a much higher Km than for HIOMT, used by Baldessarin and 

Koplin (118). It has been suggested to be a choice enzyme in the bioassay of SAM 

(123).

ii. Thin Layer Chromatography (TLC)

Several authors (124 and 125) have suggested a TLC assay for evaluating SAM in

different tissues. Parks (126) has suggested to use the following solvent system:

butanol, glacial acetic acid and water (60:15:25) based on cellulose TLC sheets. The
TO a

required migration time during TLC was about 2.5 hours for each^time and 1.5 

hrs of equilibration prior to chromatography (124). Since the TLC method is a time 

consuming procedure and SAM is an un-stable compound even during

chromatography, then it first has to be hydrolysed to MTA. It is MTA which is run 

on TLC.

In the TLC method, the calculation of the assay procedure is generally based on
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isotope dilution techniques. Since no enzyme is involved during the assay as 

described by the radioenzymatic method, then there is no possible interferences such 

as SAH with COMT enzyme. Hence the calibration curve for recovery during the 

assay generally is more precise and it is not necessary to use double isotopes to 

correct the calibration line. Since during use of radiolabled SAM in the TLC assay 

and SAM contains impurities in its commercial form then its specific activity (dpm 

pg‘‘) has to be considered correctly.

The radiolabled commercial form of SAH, MTA and dc-SAM is not available and 

a complex procedure needs to be followed for their synthesis and purification. 

Therefore causing limitations on the application of TLC technique to these related 

compounds.

During the TLC assay used by Hyde et. al.(124), the unwanted materials were 

precipitated by ammonium reineckate. It has been reported that the specific activity 

of [3H] SAM will be decreased by 22% if this method is used.

TLC can provide a routine technique for the bioassay of SAM yet it will probably 

not provide a routine technique for its metabolites. The reproducibility of the TLC 

assay is referred either to the hydrolysis of SAM or to its separation from other 

compounds on the TLC plate which is dependent on the loading capacity of the TLC 

plate.

2.1.2 Liquid chromatographv in the assav of SAM and its metabolites.

SAM and its metabolites (e.g. SAH and dc-SAM) are relatively polar compounds. 

Consequently they have a relatively short retention time in reversed-phase 

chromatography even if a very low concentration of organic phase is applied in the 

mobile phase (104 and 105). To increase the retention time of the positively charged 

SAM, reversed-phase ion-pair chromatographic methods have been suggested. 

Heptane or Octane Sulfoni c acids in the acidic mobile phase have been used (127 

and 128). The drawback of using relatively short retention times was manifested 

when SAM and its related metabolites were to be separated from other polar 

endogenous compounds (129). The application of cation-exchange chromatography
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has already been published (130 and 131). As expected, SAM has a much longer 

retention time, as it remains a cation at all pH values in the mobile phase. But SAH, 

MTA and adenosine (Ado) have showed relatively short retention times. All of the 

separations were carried out on a silica-based HPLC stationary phase. HPLC on 

silica is limited by poor chromatography of silanophillic compounds. The indicative 

symptoms are peak asymmetry, retention drift and un-reproducible separations. The 

retention times and even the retention order of the compounds could be changed by 

pH variation of the mobile phase. This may provide some difficulty to optimize a 

unique HPLC profile for SAM and its metabolites. Since then Valko et.al. (132) have 

recently studied on the comparative retention behaviour of SAM and its related 

metabolites as a function of the mobile phase pH. This has been obtained on the 

Hypersil ODS stationary phase and on a column designed suitably for the analysis 

of acidic, basic, zwitter-ionic, and neutral compounds.

Racémisation at the sulfur atom of SAM has been reported by Wu et.al. (133). The 

study of the absolute configuration at the sulfonium centre of SAM by Comforth et. 

al. (128) and by Stolowitz et. al. shows that the racémisation of bioactive (S,S)-SAM 

to the inactivated form of (R,S)-SAM configuration. Both forms of diasteroisomers 

are normally co-chromatographed on a reversed-phase HPLC. In commercial SAM 

both are included. This can appear as a broad peak or sometimes as a splitting and 

can effect the shape of the racemised peak of SAM. Hoffman (134) has described 

a chromatographic method for the separation of the two diasteroisomers.

i. Reversed-phase Chromatography

In the isotope dilution technique, the achievable sensitivity for the assay of SAM is 

about 1 pmol range (135). A radioenzymatic procedure combined with HPLC has 

been described for the SAH analysis (136). These methods, although satisfactory and 

as mentionec^ quite sensitive, need either a complex sample preparation or isotope- 

dilution techniques (137). Giulidori has also described (119) that they require large 

samples and are time-consuming methods (138).

The HPLC determination of SAM and its metabolites has appeared in the recent 15
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years (80). However, lengthy sample preparations (130), derivatizations (139) and 

gradient elutions (140) are generally addressed for their chromatography. The 

reversed-phase chromatography of SAM and its related compounds is increasingly 

replaced by other techniques of chromatography (e.g. ion-exchange), due to the ease 

of handling mobile phase parameters in reversed-phase chromatography. Such a 

replacement is preferable since the introduction of hydrophobic ions as components 

of the mobile phase (127). A disadvantage of ion-exchange chromatography 

procedure is that the solutes are not eluted in the sequence of their charges but in a 

series of mixed analogues. However, ion-exchange columns can be even more 

valuable if their properties are understood better. In reversed-phase chromatography 

the ion concentration has little effect on retardation, but in ion-exchange 

chromatography it has an important effect.

Isocratic reversed-phase procedure using a paired-ion has been used in the bioassay 

of SAM and its related compounds (141). However, under isocratic elution, the 

coefficient of variation for the determination of SAM and SAH in biological samples 

is reported to be 14 and 18% respectively. These values seem to be better than those 

reported by Finkelstein et. al. 14% and 54%, respectively (142) and those reported 

by Hoffman et. al. 29% and 75% respectively (35).

Despite a better reproducibility provided by the isocratic procedure, unresolved peaks 

of SAH and other nucleotides, such as adenosine, may cause problems of inaccuracy. 

Fell et. al. in their trial, which was based on isocratic elution of SAM in biological 

samples, have reported that hepatic adenosine concentrations are at least four times 

higher than previously published values (141). This could be due to the co-elution 

of adenosine with other compounds eluted in a very unretained volume.

A gradient reversed-phase elution will help to resolve peaks occurring in the isocratic 

procedure. It can also prevent the delay of compound elution in the HPLC procedure 

(143) and unretain the SAM peak near the dead volume (144).

A gradient profile of reversed-phase ion-pair chromatography has been developed 

by Wagner et.al. (127) in order to achieve a satisfactory separation of the major 

SAM analogues and natural polyamines. By using a small-diameter packing (particle 

size 5 pm) which results in greater column efficiency^J^cceeded in improving their 

separation of the related compounds. The variation in polarity and ionization

47



properties between dc-SAM, MTA, SAH and SAM is due to the fact that the 

retention times of the amines increases more rapidly than that of the amino-acids 

(127). Though, they had to optimize precisely the concentration of the anionic 

modifier, ionic strength of the buffer, the column temperature, the amount of 

acetonitrile and especially the pH of the mobile phase in order to obtain the desired 

separation (145).

ii. Ion Exchange Chromatography

The rational reason for applying cation-exchange chromatography for SAM, and its 

related metabolites is based on the positive charges on their molecules. The charges 

makes them suitable compounds for this type of chromatography. For example, at 

pH 4.0 and at a low-salt buffer, (e.g. ammonium formate) the a-amino and carboxyl 

groups of SAM and SAH will become zwitterions, the adenine amino groups will 

be partially positively charged (pK= 3.5) on both SAH and SAM, while the SAM 

sol^nium ion will still carry a unite positive charge. Therefore the analogous 

compounds e.g. S-adenosylethionine (SAE), MTA and dc-SAM will bind tightly to 

the cation-exchanger and then can be eluted separately with the applied buffer. The 

interaction of SAM analogues with a cation-exchanger such aspartisil-10 SCX is 

attributed to the binding with suljpnyl groups. The suljJpnyl groups are generally 

coupled via a spacer composed of aliphatic or an aromatic moiety to a silica gel 

matrix (146). Different types of interactions can occur on a cation-exchanger i.e. a 

cation-exchange on the sulfonyl group, reversed-phase on the aromatic or aliphatic 

spacer; and normal-phase chromatography on the unprotected silanol groups of the 

matrix. These interactions are described by Haasetert (146). Considering the nature 

of the charged compounds, optimization on cation-exchange and therefore the 

achievement of a precise chromatographic process needs the involvement of different 

parameters which have an effect on the retardation of charged compounds. A detailed 

list of parameters including; the polarity, pH, ion concentration of mobile phase 

investigated by Haastert (146). In a unoptimized condition most interferences refer 

to a poor resolution between adenine and MTA and /or MTA and SAH (130). The
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same problem can possibly occur for SAM and adenine in reversed-phase 

chromatography as described by Ragione et.al. (144). In order to remove this kind 

of interaction and verify the identities of compounds in cation-exchange 

chromatography, Zappia et al have used the ’’enzymatic peak shift”  procedure. 

During this procedure they have used adenine deaminase to deaminate MTA, 

whereas the SAM and adenine peak cannot be converted. They also used the same 

procedure for identifying or ’’unmasking” a chromatogram where an interference of 

SAM with MTA occurs. The displacement of the peak retention times in different 

procedures of cation-exchange chromatography for SAH and MTA is another point 

which can possibly happen. Although on cation exchange chromatography eluting 

of the bound compounds is based on the number of positive charges located on the 

molecule but due to the reversed-phase interactions retardation of the compounds 

may happen despite of their charges. The addition of acetonitrile to the mobile phase 

can result a removing possible reversed-phase interactions and possible silanol 

groups become more activated. Thus a reduction of retention times of corresponding 

compounds occurs. For example the displacement of SAH with MTA in the presence 

of acetonitrile in the mobile phase can be seen in fig.l in ref. 131 and in fig.2 in 

ref. 132 .
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2.2 Direct MS-coupling to HPLC

The mass spectrometer has the potential to be utilized(jn place) as a universal detector 

for high-performance liquid chromatography (HPLC). A non specific detector such as 

that using UV absorbance can face problems when presented with poorly resolved 

peaks. A mass spectrometer enables a multicomponent peak to be identified and the 

individual components can be resolved where they have different molecular masses 

in the liquid chromatogram. The coupling of a mass spectrometer with a LC provides 

a more specific detector with increased selectivity and sensitivity. There are several 

problems associated with the coupling of MS to LC and interfaces. To achieve a 

’’respectable” direct combination of liquid chromatography/mass-spectrometery (LC- 

MS); we first have to know how to deal with the liquid solvents running through the 

interface. Even if the flow rate is as low as a few micro-litres per minute, for micro 

columns, this can still cause problems in maintaining an operating vacuum in the 

mass-spectrometer. Secondly, LC is usually reserved for compounds which are polar 

and not amenable to analysis by gas-chromatography/mass-spectrometry, also they are 

frequently not amenable to routine ionization techniques such as chemical-ionization 

(Cl) or electron-impact (El). There are few general solutions to these problems:( 147)

1. Match the LC flow to the (realistic) pumping capacity of the MS.

2. Run the mass-spectrometer source at atmospheric pressure.

3. Make use of the ionising properties of various methods of solvent removal and 

carry this out in a separately pumped chamber connected to the source by a restrictor. 

Since the first report of on-line HPLC/MS appeared (148), many other approaches 

have been reported (149). Thermospray, Electrospray and continuous flow fast atom 

bombardment are among the most important techniques explained later in this chapter.
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2.2.1 Thermosprav interface

Since the commercial introduction of thermospray, approximately seven years ago, 

This technique has been used both as a versatile LC/MS interface and as a new soft 

ionisation method (149).

i. Principle

The combination of high pressure liquid chromatography with mass spectrometery has 

long been recognised as having great potential for the analysis of non-volatile and 

polar compounds.

An original approach to the problems of LC-MS coupling, (150) employed a focused 

CO2 laser to vaporize the liquid. Later the laser was replaced by an array of oxy- 

hydrogen torches (151). In the present version, an inexpensive electrical heater is 

employed in order to vaporise the eluent and direct the sample into an El or Cl 

source. The principle of a commercial TSF interface is demonstrated in figure2.1.

In practice the use of TSF as an LC-MS interface must overcome two fundamental 

problems;

I. It must be capable of providing a pressure reduction due to vaporised HFLC solvent.

II. It must generate ions of the analyte, w h ich freq u en tly  nonvolatile.

In order to over come the first problem addressed with thermospray, an auxiliary 

mechanical pump has been directly coupled with the ion source and is designed to 

accommodate the excess vapour flow delivered from the vaporiser probe.

It is essential that droplets of the analyte carry a significant initial charge in order to 

overcome the second problem. However the use of a thoriated-iridium filament is 

necessary when using eluents containing a high percentage of organic modifier.

In this case the solvent vapour acts as a reagent gas and solvent mediated Cl spectra 

are produced. When used an organic compound (e.g. ammonium acetate) with an 

aqueous solvent, the interface can be used without the filament and the thermospray 

ionisation mechanism will occur.

51



ii. Ionization technique (152)

The thermospray technique emerged from Vestal’s efforts to develop a practical 

interface between high performance liquid chromatography (HPLC) and mass 

spectrometery (MS). It is an efficient technique which allows the LC-MS to obtain 

molecular weight information from non-volatile and thermally labile samples (153) in 

an aqueous eluent at flow rates of at least 1 ml min'^ . A typical schematic diagram 

for a TSF interface is shown in fig 2.1
km

loro

, from

Figure 2.1 Typical scheme of thermospray interface.

As the eluent consisting of an electrolyte (i.e Ammonium acetate) and a non volatile 

sample is pumped through the interface, they reach the vaporizer probe and a jet of 

small droplets of the mixture emerges from the tip of the vaporizer in a fine mist, 

directed through the chamber. If the droplets experience even a small temperature 

gradient they evaporate to form a super heated mist carried in a super sonic jet of 

vapour. The droplets in the mist are randomly charged positively or negatively and 

consist of molecular ions clustered with a few solvent molecules. As they are 

evaporated and become smaller and smaller in size, the repulsive forces on the 

surface of superheated droplets become bigger and the ejection of ions from the liquid 

phase is promoted. Ammonium salts (10'  ̂ M) as an electrolyte enhance the mass 

spectra of analytes, presumably by preionizing them (154) in the gas phase. 

Ammonium acetate is both, an efficient proton donor (NĤ " )̂ and acceptor (CH^CO^). 

Thus, this process produces molecular and adduct ions of the non volatile analyte as 

the HPLC solvent is removed. Finally, the ions present in the source diffuse to the

52



sampling aperture (sampling cone) and are transmitted to the mass analyzer. Fig 2.2 

conceptually illustrates the process thought to be operable in thermospray ionisation 

(151).
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Figure 2.2 Schematic illustration of the mechanism of ion production in the 
thermospray process.

iii) Fragmentation in TSP

a.
The reduced fragmentation is^esult of soft ionization in^thermospray technique 

with mostly [M+H]^ or some [M+NH^]^. This provides insufficient structural 

information from unknown compounds. Therefore fragmentation often has to be 

deliberately induced. Voltage on a repeller, (see figure 2.2) ’holds up’ +Ve ions in the 

high pressure region. This causes them to undergo more collision with solvent 

molecules and leads to increased Collision Induced Dissociation (CDD). This method 

can allow fragment ions to be observed for a wide range of compounds.

The effect of changing voltage and repeller position on fragmentation control in TSP
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experiments is discussed in (155). Besides the other ways that ion fragmentation can 

be obtained; e.g. (1) control of the vaporizer temperature (2) effect of the ionisation 

mode; (use of filament or discharge ionization) are listed in (149).

2.2.2 Electrosprav 149, 156 and 157

The generation of a charged aerosol beam by electrospray at atmospheric pressure was 

first reported in scientific literature in 1917 (158). When a liquid in a small capillary 

is held at several kilovolts, a fine mist or a thread of droplets is generated by electrical 

forces that draw the liquid out of the capillary even without the use of a pump. 

Recently new developments in the area of API, have used an analyte in liquid sprayed 

from a fine needle held at high voltage (5 k\jt This solution is sprayed at a rate of up 

to 10 pi min ‘ and forms a jet of charged molecules without extensive clustering with 

water or other solvent molecules. A schematic diagram of the electrospray interface 

and atmospheric pressure ion source is shown in^figure 2.3
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Figure 2.3 Typical schematic diagram of an electrospray interface.

If the analyte, passed through the capillary and sprayed into the ion source, as the 

droplets contains cation s ^e  sites, then as the droplets formed evaporate, the 

columbic repulsive forces cause the analyte to be protonated. Desolvation of the 

charged ions happens as they pass through an orifice, a ’’curtain” of dry nitrogen gas 

is passed, and helps to prevent solvent vapour entering the analyser. Many sample, 

solvent and other background ions are formed as clusters in the ionization region and
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are accelerated in the free jet expansion stage. These cluster ions then collide with the 

curtain of nitrogen gas before the sampling orifice and mild collisions suffices to 

break the hydrogen bonds holding the clusters together.

The resulting sample ions can then be analyzed by a simple instrument such as a 

quadropole, or ion trap, although it is possible to use magnetic sector instrument as 

well.

Electrospray is now regarded as a well developed interface to HPLC and has some 

advantages including the absence of critical temperature control.

2.2.3 Continuous Flow FAB

Since 1981 Fast Atom Bombardment (FAB) ionization, first described by Baber et al 

(159) has provided a very useful technique for the analysis of involatile and polar 

compounds with molecular weights up to 10,000 palton. Ionisation in FAB is caused 

by a beam of neutral atoms or charged ions e.g. Caesium^ (8-30 ke V) which bombard 

the surface of an analyte mixed with a viscous, low-boiling matrix such as a glycerol. 

This process causes both neutral species and ions to be sputtered into the gas phase. 

Ionisation may occur as a result of acid/base equilibria in solution or through gas 

phase ion/molecule reactions (160) producing both positive and negative ions. 

Despite its utility, FAB has several disadvantages e.g. ion suppression effects and high 

chemical background due to the matrix. Standard FAB ionization is carried out at 

ambient temperature without a filament. Continuous Flow FAB (CF-FAB) was 

developed to retain the inherent advantages of FAB and allow as the HPLC system 

to be linked to MS.

The instrumental arrangement for CF-FAB MS operation in flow injection mode is 

illustrated below(figure 2.^ •

In CF-FAB, a direct insertion probe containing a fused silica capillary is introduced 

directly into the mass spectrometer ion source. The liquid sample ((%5 to 5.0 pi) is
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Figure 2.4 Instrumental arrangement for CF-FAB MS 
operated in flow injection mode.

introduced via a micro-injection valve into the carrier solution which usually contains 

5% glycerol as matrix.

Glycerol is required to provide a non volatile hydrophi lie coating on the target so that 

the sample solution flows smoothly over the surface to create a stable film of sample 

plus carrier solution. Production of a continuous regenerating stable film is assisted 

by either an absorbent pad or by gentle heating. Use of CF-FAB has some 

disadvantages, these are well documented in a recent book by Capriole (161).

In a system where CF-FAB is used to directly couple an HPLC to a MS, the volumes 

of water and glycerol being transferred to the mass spectrometer source need to be 

carefully controlled, so that the high vacuum can be maintained.

This requires a long capillary tube roughly one meter in overall length with an internal 

diameter of 50 pm and ^  flow of 1-10 pi min'\ are the maximum which can be 

tolerated. The low flow rate and small volumes mean that great care must be taken to 

minimise any dead volume so that losses in chromatographic resolution are minimal. 

Control of the dynamic process, which balance the rate of liquid delivery with the rate
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of solvent evaporation from the probe tip, and lead to the production of a stable film 

are crucial and must be maintained for optimum performance.

2.2.4 Quantitative Mass Spectrometerv

The objective in quantitative analysis by mass spectrometery is to correlate the 

response of the instrument with the quantity of the analyte present in the sample. 

Quantitative mass-spectrometery requires the two fundamental tasks to be performed 

in order to achieve a successful analysis: first the mass-spectrometer response must 

be calibrated with standard quantities of the analyte. Second an internal standard must 

be used in order to ensure that the measured quantity of the analyte in the sample 

introduced in the mass-spectrometer is the same as in the original sample. In terms of 

the application of mass-spectrometry to quantitative analysis, there are several 

techniques which are useful: most often the mass-spectrometer is operated in the 

Selected Ion Monitoring (SIM) or Multiple Ion Monitoring (MIM) modes. These are 

methods which originated from the published work of Henneberg (162) and Sweeley 

et.al. (163). SIM is a very sensitive method in which the instrument looks at only a 

few ion signals typically perhaps, the molecular ions from the species of interest and 

any standard used, and thus integrates ion currents for much longer than during a 

scanned spectrum. Multiple Ion Monitoring looks at several ions from each compound 

including standards and is therefore more specific but the more ions monitored, the 

less time can be spent integrating the ion signal and therefore sensitivity is less than 

with SIM. The technique of repetitive scanning with subsequent generation of mass 

chromatograms can concomitantly confirm the presence of the compound of interest 

in a multicomponent mixture.

i. Use of different types of standards

External or internal:

An external standard is added at the end of an extraction or run separately. In the 

external standard method in LC-MS, a series of solutions of the reference compound
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are run and a plot of peak area or height versus concentration is constructed.

If the system is operating properly, the calibration plot should result in a straight line 

(within a given concentration range) intercepting the origin. Better accuracy is 

achieved if calibration plots are constructed with aliquots of the sample matrix to 

which varying amounts of reference compound have been added. This eliminates 

possible interference from background components. Points on the calibration curve 

should be checked daily by running the standard solution through the column and LC- 

MS interface. If deviations are encountered, a new calibration plot should be 

constructed.

The internal standard method involves the addition of a reference compound of known 

concentration to the unknown sample. It is added at the earliest possible stage to 

compensate for extraction errors etc. For a compound to qualify as a internal standard, 

it should fulfil the following requirements:

1. It should be chemically similar to the compound of interest.

2. It should be added at a concentration similar to the peak of interest.

3. It should be stable, or produce a stable product under the conditions of the 

experiment.

4. It must be absent in the sample.

In using of internal standard, it is assumed that the relationship between mole ratios 

and response ratios is linear. There are basically three types of internal standards:

a: Stable isotopes

These are structurally the same as the compound to be determined but contain stable 

isotopes usually deuterium because of the cost but and are also used as other 

stable isotopes. Mainly they are produced synth^Wl^nd the isotopes must be non

exchangeable.

A labelled compound or derivative used as an internal standard should contain a 

sufficient number of labelled atoms to avoid cross contamination with the normal 

isotope peaks from the analyte, usually three or more is sufficient. Since they are 

chemically the same as the compound of interest, so they have the advantages of the 

same extraction efficiency and derivatisation properties.
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b: Homologues:

They are very similar in chemical structure and therefore have similar extraction 

efficiency, However partition ratios may be somewhat different. Homologues offer no 

cross-contamination at ions monitored as compounds are chromatographically 

separated and the calibration lines are unlike the previous type of internal standards 

(stable isotopes which may some times be non-linear due to isotopic exchange from 

one compound to the other) are linear and should go through^ongin.

The application of homologues can be associated with greater precision and higher 

sensitivity due to the presence of common ions between the standard and the analyte, 

this allows single ion monitoring or reduced channel switching.

c: Analogues:

These are different compounds which yield different ions but which have possibly 

similar solvent extraction and chromatographic properties to the compound of interest. 

In this method channel switching is usually involved and more ions may need to be 

monitored. It is therefore the least accurate method for the use of internal standards. 

Use of analogues may pose particular problems in FAB since their ion abundance may 

not increase proportionally with the amount of analyte, since the dynamic ranges of 

internal standard and analyte or the ratio of the two may differ, due to different 

ionisation efficiencies(164).

ii. Sources of error 147, 149 and 165

In a quantitative mass spectrometric analysis, the overall error for the determination 

will result from the cumulative effect of the errors introduced by different parts of the 

system. The most important sources of errors come from sample handling and 

introduction. Recent improvements in mass spectrometer design, and associated data 

systems have minimised errors from these sources but they can still cause problems 

if they have not been set up properly.
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a. Instrumental errors

In the introduction of samples into the mass spectrometer the abundance of the ions 

produced is generally affected by several factors including fractionation in the inlet 

system, eg. ’’split” capillary injector; fractionation in interface, the temperature of the 

source, the state of cleanliness of the source, the condition of the filament, the electron 

beam energy, the trap current and the repeller voltage. Other factors such as the active 

metal surfaces and cold spots can cau^cmidensatioi^^în the case of thermally labile 

compounds intensity measurements could be more difficult due to their decomposition. 

It is essential that the instrument is properly calibrated and tuned for maximum 

stability before any quantitative work is carried out, in this case instrumental errors 

will usually be small as long as the experimental conditions are appropriate for the 

particular assay.

b: Sample handling and introduction

The type of problem encountered in quantitative mass spectrometery falls into two 

categories. The first is the determination of the amount of a component in a fairly 

simple mixture where all the other components are known.

The other type of problem, often occurring in real samples, is when the absolute 

amount of a few components in a complex extract has to be determined. In both cases 

the major source of error is the accuracy of weigh ing and volume measurement. 

Whem the internal standard are to be used they need to be added at the earliest 

possible stage, so that any determination or extraction steps are applied to all of 

interest compounds including standard. In the latter case, during the extraction and 

clean-up procèsŝ is important to know how much of the compound of interest has been 

recovered from the biological source. The spitting of sample during evaporation to 

dryness, spillage and instability of the compound of interest are potentially the most 

serious errors.

Other sources of error include, poor injection technique eg. due to air bubbles in 

syringe, leaky septum, leaky syringe (usually lose-fitting plunger) and even the volume 

of chosen loop (bigger than volume of injected sample) or the ratio of injected sample
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volume to the volume of loop (should be at least 3 times loop volume) and all can 

cause problems in quantitative measurements.

Most of these difficulties can be overcome by the use of an internal standard,

iii. accuracy and precision of MS measurements

For an evaluation of precision and accuracy to be meaningful, the conditions under 

which they were determined should be clearly stated. For example, the precision of 

analyzing a sample that corresponds to a quantity of material at the midpoint of a 

calibration curve will be quite different from that obtained with a quantity near the 

detection limit. Furthermore, analyses of extracts from biological samples show a 

higher relative standard deviation (RSD) than do analyses of a pure standard of the 

same concentration.

However the accuracy and precision of the experimental data, have to be considered 

from various points of view such as the introduction of the sample and its chemical 

pretreatment, type of internal standard, purity and stability of standard compounds, 

interferences from chemical or instrumental noise, linearity of calibration curves, 

instrumental calibration and measurement of ion ratios.

a. Instrumental and chemical noise

The accuracy of mass measurement is vastly dependent upon the setting up of the 

mass spectrometer.

McLafferty (166) has identified the major sources of error in the data acquisition 

system, and these are discussed below.

The noise coming from the individual parts of an instrument eg. drifting of the 

magnet, thresholding, ion statistics etc (discussed earlier in part i.) will affect the 

accuracy of mass measurements. Moreover the abundance of peaks is not only 

dependent on the amount of sample introduced, but also on the scan rate and the 

resolving power.

If the scan rate is high, the integration time for any given ions hitting the detector is 

very small, thus below a minimum number of ions (which depends on the sensitivity
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of the detector and smooth base line), the ion statistics are too poor and the signal 

cannot be distinguished from noise.

Chemical or biological noise is always associated with a sample assay and this is due 

to the interference of the peak of interest for other with peaks coming from solvents, 

reagents and sample matrix in the eluent from the LC. These effects could be 

minimised by elimination of the contributing factors, if known, use of a more selective 

ionization technique, or changing the assay to other ions in SIM or to other 

derivatives. However in practice it is necessary to run in order that blanks the 

contributions of background noise to the data can be assessed.

b. Calibration Curve and Instrument Calibration

The response of the mass spectrometer to the introduction of standard quantities of 

an analyte, will be affected by the choice of derivative used. The derivative selected 

should give maximum signal at suitable masses to be monitored. The response should 

allow assessment of any losses due to adsorption or decomposition at low sample 

concentrations. These effects can usually be seen from the calibration curves e.g. best 

fitted line inteisecting x-axis (concentration) indicates decomposition occurring, or 

irreversible adsorption, while a line interacting y-axis (response) indicates cross 

channel interference.

These factors become increasingly important at lower sample concentrations, and 

necessitate the use of a correction factor being, applied to the measured instrument 

response to compensate for adsorption or cross channel interference.

Since the largest errors are associated with the sample and instrumental response 

measurements, Millard has suggested reviewing the axes on calibration plot e.g. use 

regression lines on plots of mole ratio versus response ratio (165).

iv. Selected ion monitoring (SIM)

SIM  was deve loped  by H am m er et.al. (167) for drug analysis under the nam e ’’mass 

f rag m en to g rap h y ” . It has also been ca lled  multiple ion detection (M ID ) or multiple 

ion m onitoring. For a selected peak at a given m /z  value to be m onitored, a m in im u m
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of 100 ions are needed to define the peak shape, but in practice, the detection limit 

is not as good as this due to the presence of random noise. In the SIM mode the 

instrument looks at only a few ions, and therefore the signal is integrated for longer 

time periods giving up to 1000 times the sensitivity of full scan mode. However, 

unless a full scan spectrum has previously been obtained for the sample there is a 

danger of missing some important ions if SIM is the main method of analysis. For a 

mixture, it is better to carry out a preliminary analysis in scanning mode, so that the 

peaks of interest in terms of intensity and identification of molecular ions can be 

identified. This also allows both the instrument parameters to be properly set prior to 

commencing SIM analysis. For SI\^ despite the increase in sensitivity it is important 

to consider the signal/noise ratio in relation to the observed peak intensity. For a large 

sample where enough ion current is produced to provide a strong signal, the S/N is 

dependent on the integration time for that signal. If the integration time is reduced it 

will increase the S/N ratio, this means that th^c^annels examined in a given time the 

higher the S/N. For a low sample level the abundance of ions arriving at the collector 

is fewer than for a high sample level, so in this case using several channels rather than 

single ion monitoring will effect the sensitivity. The number of ions collected will be 

divided into the number of channels, thus the coefficient of variation (c.v.) of 

measured intensity will be affected by this factor (165). On some occasions single ion 

monitoring may be preferable to selected ion monitoring, but may increase the risk of 

background or co-eluting interference. One way of overcoming the problem of 

interfering signals is to increase the mass resolution of the mass spectrometer so that 

the interference is not detected, however this is not possible with a quadropole 

instrument. An alternative method is to check the background signal in the absence 

of the analyte so that the interfering signal can be measured in isolation. A correction 

for the interference can then be applied. The quadropole instrument is very well suited 

for SIM (168), because selected ions from the region of the mass spectrum can be 

monitored without altering optimum conditions in the ion source or mass analyzer but 

still in a low sample level, the dwell time the analyzer sta>5 on a voltage (RF and DC) 

until the ions passed through the rods for a certain mass-over-charge before rapidly 

changed the next voltages is important in term of the abundance of the ions and the 

intensity of the peaks.
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CHAPTER III EXPERIM ENTAL M ETHODS
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3.1 Measurement of HPLC Parameters:

3.1.1 Retention Volumes and Capacity Factor(169)

The retention time is defined as the time that elapses from the moment the sample 

is introduced onto the column to the point of maximum concentration of the eluted 

peak in the detector (Figure 3.1). That is in fact due to of the sample interaction and 

column packing. When there is no interaction between a compound and the column 

packing material, the compound is said to elute with the void volume (dead volume, 

Vq) of the column.If a sample’s flow through the column is retarded due to its 

interaction with the column packing material,it will elute from the column in a 

volume larger than the void volume. This volume which is the sum of the void 

volume plus the volume of the mobile-phase which is required to overcome the 

interactions between the compound and the column packing is known as the 

retention volume (Vr) for that particular compound. The retention volume of a 

sample compound can also be expressed in terms of the elution volume of a non

retained component (Vq). The ratio which is referred to as the capacity factor, k ’, is
(F -Vfd

given by the equation 3.1: ^ —

Where Vr and Vq are the retention volumes of the retained and non-retained peaks 

respectively.

When there is no change in the mobile phase flow rate expression can be represented 

as equation 3.2:

Where tR and to are the retention times of the retained and non-retained peaks 

respectively.

3.1.2 Selectivity and Resolution:

i. Selectivity:

For a separation in liquid chromatography, it is essential that a mixture sets apart 

into individual components, in other words each component has a different^elocity
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in the chromatography system. Under such circumstances the system is said to be 

selective towards the components being analyzed. In chromatographic terms 

selectivity, (a) is defined, for two peaks, as the ratio of the capacity factors,with the 

larger one in the numerator a= k \ /k \ .  Thus the separation of two components in a 

mixture will only be possible if the selectivity factor, a , has a value higher than 

unity.

ii. Resolution:

For the separation of two peaks from solutes of different chemical types, their bands 

must move sufficiently apart during their passage through the column.The resolving 

power of the column, which relates the width of the eluted peaks ( W ) to the 

distance between their maxima , is referred to as the resolution, RS , and is given 

by equation 3.3:
wfc+wa

Where t^a and t^b are the retention times of compounds a and b and Wa and Wb are 

the base peak width of triangles which match the chromatographic peaks of 

compounds a and b. When RS = 1, the overlap between the two bands is quite small 

(about 2%) and when RS = 1.5, the separation is essentially complete (overlap less 

than 1 %) (169).

3.1.3 Efficiency of Column:

The ability of a column to minimise peak spreading to obtain efficient separations

and narrow bands is defined as the efficiency of column. This could be

mathematically expressed by the number of the theoretical plates ( N ) of a column

as the fig 3.1, where Vr = the retention volume of a sample and -  the volume

occupied by the solute (peak width, it means a volume, not a length). The more

efficient the column, the smaller will be wb at a given value of Vr. The efficiency
y

measurement in this thesis was made by calculating equation 3.4: ^=5.54(_
> Vl

2
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Figure 3.1 M easurem ent of column efficiency ,( N ), for Uracil a s  a  tes t com pound on a  Partisil SIO SCX column 

vvitfi a  mobile pfiase Ammonium Form ate ( 250 mM, pH 3.8) and  a  flow rate 0.6 ml min'V Detection w as carried out 

a t 254 nm, tfl = 6.7 min is ttie retention time of Uracil and W 1/2 is ttie peak width at half hight. 17664 w as calculated 

a s  the num ber of theoretical p la ^  m

3.2 Evaluation of HPLC peak assay

2.3.1 Calibration and quantisation

Calibration plots for SAM and its metabolites are constructed, based on individual 

known concentrations of each compound made as a standard solution (dissolved in 

water pH adjusted to 4-5) and then a fixed volume of each standard solution was 

injected and processed as plot of peak size (area) versus pmol of injection for each 

compound. The calibration curves obtained at 267 nm, the chosen wavelength, were 

linear for all the mentioned compounds. The calibration factor A (area pmol^ 

injection) is determined as the slope of the calibration st^ght line. Each point of the 

calibration curve was the average of 3-5 injection of the same volume and 

concentration,and then the molarity (pmol) or weight (ng) of injected sample is 

calculated based on the following expression (Equation 3.5): Y=AX±C

where Y is the area of the standard or the injected sample, A is the slope (calibration 

factor), X the mole or weight of the sample.

The validity of calibration on chromatography of standards was checked once daily 

to make sure that the A value did not deviate from the previous slope by more
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Column Mobile Phase Flow

(ml/min)

Sens.

(A.U.F.S.)

Injector Column Efficiency ( N m ' )

Type Dimension (Length x i d.) SAM SAH MTA

Partisil 5 SCX RAC II 100 X 4.6 m m Ammonium formate 250 mM pH 4.0 0.6 0.02 Valve 4160 - 5200

# # Ammonium format 25 mM pH 4.0 # # # 3860 - 1300

PartsilslO , SCX 250 X 4.6 mm Ammonium formate 250 mM pH 3.8 # # 6500 10700 5900

Hypersil slO , ODS-2 # A Ammonium formate 10 mM pH 2.9 B Acetonitrile # # # 20000 108000 98000

Supelcosil™ LC-ABZ 150 X 4.0 m m Ammonium formate 10 mM pH 2.8 in 10% Acetonitrile 1 # Valve 45000 41000 52000

Hypersil slO, ODS-2 # # 1 # # - - 40000

Table 3.1 HPLC columns, conditions and efficiency of the column used in assay of SAM, SAH and MTA by UV detection at 267 

nm.

68



SAM

( a )

§
CL
03 .  ,
o  O ' / '

SAH

MTA
03

TD

H
CO

30 .
T i m e ( mi n )

A SAM~I
90 ( b )

30 _ MTA

Q- 70 _

SAH50 _

40 _

30 J

1 0 -

T i. m e ( m i n )

Figure 3.2 HPLC trace for UV detection at 267 nm of standard solutions of SAM, 

SAH and MTA. Chromatographic conditions are shown in table 3.1.

(a) Reversed-phase HPLC. (b) Ion Exchange chromatography.
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than 2 times of the standard deviation for each compound. The checking has been 

based on the injection of a standard solution, which is the same^compoundy^nalysed, 

during chromatography and a fixed volume of standard as big as the amount which 

exists in the sample and consecutively same as one of the calibration points. In this 

manner the weight calculation of the interest compound in the injected sample is 

double checked by using the equation of 3.6:

Weight o f  Sample-—— Standard xRecoyery{%) xArea o f Sample
Peak Area o f Standard

3.2.2 Accuracv

The accurate measurement of recovered SAM and its metabolites was calculated 

from 3 sets of triplicated various amounts of added SAM, SAH and MTA standards 

( 0.7 to 3.9 nmol ) in a mixture solution by performing the double chromatography 

method. Firstly reversed-phase was done and collected the right retention times of 

fractions belonging to each three standards , freeze-dried and reconstituted in water 

( pH= 5 ) and then injected into the SCX column. The obtained results were 

compared with the areas belonging to the same retention times of the same solution 

and the volume injected on to the SCX column alone .

The same experiment with the same number of duplicated mixture of three standards 

as above were added to a volume of duplicated rat plasma sample. Then they were 

performed on to the top of a Dowex column and the obtained results were calculated 

by subtracting from the endogenous level of SAM,SAH and MTA which was 

determined in a separate assay.

3.2.3 Reproducibilitv

To estimate the precision of assay, analysis were performed in single, duplicated and 

triplicated measurements of the standard solutions and prepared samples.

The data from such a determination were calculated in order to obtain within run
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precision. Standard deviations (S.D.) were calculated from the following expression 

(Equation 3.7) (170):
SJ).=

N
where N= number of samples were assayed and d= difference between the duplicates

(in single measurement is difference between values and mean).

Relative standard deviation (R.S.D.) then were calculated from the following

expression: _ 100SJ).
m

where m= mean of samples were assayed.

The precision between several assays (between-run) was calculated by using equation 

3.9:

s ^ .

3.2.4 UV Absorbqncv

Whole UV spectra for SAM and SAH (made solution in water pH 4.5) was scanned 

in a Rerkin Elmer UV/Vis spectrometer. The reference solution was water pH 4.5. 

The maximum UV absorbency for SAM and SAH together with respective scanned 

UV spectra is shown in figure 3.3 .

'■ 1
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Ü
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, y S A M

Wa v e l e n g t h  (nm)

Figure 3.3 SAM and SAH UV/Vis scanned spectra.
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3.3 HPLC systems and conditions:

3.3.1 Reversed Phase

i. Isocratic:

The mobile p hase always contained 10% (v/v) acetonitrile and 10 % (v/v) stock 

solution of 100 mM ammonium formate (pH 6.4). The pH of the mobile phase was 

adjusted with . : concentrated formic acid for lower than pH 6.4 and concentrated 

ammonia solution for higher pH just before the dilution to the final volume by 

distilled water.The mobile phase was pumped at l.(X) ml min^ flow rate, and the 

retention time measurements were repeated 3 times consecutively and the average 

was taken into account in the calculations of the capacity ratio (k’). The first solvent 

peak was regarded as a dead time.

ii. Gradient:

The mobile phases were A: 10 mM ammonium formate pH 2.9 and B: acetonitrile.
&

A 20 minutes gradient from 0% B to 10% B and then 90% A and 109(^for 20 min 

was applied. The flow rate was l.CX) ml min ‘ . The detection of the peaks was 

carried out at 267 nm (0.02 A.U.F.S.). The chromatogram was recorded for 40 

minutes and fractions corresponding to the standard retention times of 

SAM,SAH,MTA,Ado,dc-SAM and Adenine were collected and freeze dried 

immediately.

3.3.2 Cation-Exchange Chromatographv:

Measurements of the fractions obtained from reversed-phase chromatography was 

carried out at detection wavelength at 267 nm. 0.02 A.U.F.S. .

The mobile phase contained various concentrations of ammonium formate buffer, e.g. 

SAM, MTA and Ade fractions 250 mM ammonium formate ( pH= 3.7 ) and a flow
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rate 0.6 ml min \  for Ado and SAH fractions 12 mM ammonium formate containing 

20% acetonitrile and a flow rate 1 ml min ‘ and the mobile phase contained 20% 

acetonitrile in 250 mM ammonium formate (pH= 2.8) and a flow rate of 1 ml min ' 

for measurement of dc-SAM.

3.4 Derivatisation of the amino acid part of SAM and SAH

3.4.1 Post-Column

Amino acid analysis is achieved by a cation exchange chromatography process. The 

resin has a negative charge and amino acids are added at a low pH to ensure that 

they are all positively charged. The conditions on the column are then altered to 

increase the pH, the temperature and the concentration of the buffer counter ions. 

These changes result in the isoelectric point of an amino acid being reached, at which 

point the ionic attraction to the resin is lost and the amino acid elutes from the 

column.

The ion exchange process can be represented as:

MATRIX-SO3 Na" + NH3"CH(R)C00H MATRIX-S03H3̂ NCH(R)C0 0 H+ Na+ 

The column elufntis mixed with ninhydrin reagent and the resultant mixture is pumped 

through a high temperature reaction coil. On leaving, the reacted mixture is passed 

through a photometer where the absorbtion of the coloured complex is measured 

simultaneously in a single flow cell.

a) Elution buffers

The buffer system, using 4 sodium citrate buffers, (appendix II) was as 

follows:

A stepwise program was applied for the standard mixture of 18 amino acids and also 

for hydrolysed SAM and SAH: buffer 1 (pH 3.20, 0.2 M) for 17 min, followed by 

buffer 2 (pH 4.25, 0.2 M) for 32 min, buffer 5 (pH 6.45, 1.2 M) for 30 min sodium 

hydroxide (NaOH, 0.4 M) 3 min, buffer 1 for 26 min. The column was regenerated
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with sodium hydroxide for 3 min, followed by buffer 1 for 26 min.

b) Ninhydrin

Ninhydrin is a powerful oxidising agent and elicits the oxidative determination of the

a-amino group. The colorimetric assay for organic compounds with a-amino groups
the, ^  fWw3

can be quantified by^absorbance of purple colou^ which is a linear function of

the amount of a-amino groups present.

c) Apparatus and running conditions

Amino-acid analysis was performed with an LKB 4151 Alpha plus amino acid 

analyser. The instrument was fitted with the 200 x 4.6 mm stainless steel HIGH 

PERFORMANCE analytical column, filled with ULTROPAC 11 pm cation exchange 

resin. The column was initially heated to 50°C and then altered and a stepwise elution 

program of buffers was used (see appendix II). The volume of standard working 

solutions ( made up in 0.2 M pH 2.2 sodium citrate buffer) loaded on the ion- 

exchange column was 20 pi. The flow rate was 35 ml h * for each buffer. The amino 

acids were detected with ninhydrin reagent pumped at 25 ml h ' through a reaction 

coil set at 135 °C. The O.D. range/gain was 0.5 for both the 440-nm and 570-nm 

absorbance. In the chromatography shown, the 440-nm absorbance was the lower 

signal and the 570-nm absorbance the upper signal. The recorder speed was 10 mm 

min \

3.4.2 Precolumn Derivatisation

0-Phthaldialdeh]fde(OPTH)

The amino acid part of SAM and SAH molecules are a good target for several 

derivatisation methods. The isolation of methionine from hydrolysed S-Adenosyl-L- 

methionine as mentioned before is strongly dependent on pH and temperature (171).
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s AH has been found to be quite labile in the presence of weak acid, producing 

adenine and s-ribosyl-l-homocysteine. The latter compound could yield homocysteine 

in the presence of a stronger acid by hydrolysis (172).

Several reagents are available for the fluorescent detection of amino acids (173). 

High performance liquid chromatography has been employed for the assay of the 

amino acids as their dansyl(174), phenylthiohydantoine (PTH) (174) and O- 

phthaldialdehide (OPTH) (175) derivatives.

Since a mixture of the OPTH and the reducing agent appeared to be the most 

favourable reagents for amino acids (because of the short analysis time) including 

methionine and homocysteine (176), the combination of OPTH and 2-mercaptoethanol 

was used for quantitative analysis of these two compounds by the multiple-step 

gradient system reverse phase ODS column.

The suggested isoindole structure (173) of these derivatised compounds at room 

temperature is unstable and a slow decrease is then observed within 5 and 25 min 

(177) after the reaction has been started.

To avoid this time dependent stability, all the samples were injected on to the column

1-3 min after their reaction with the OPTH.

a) Apparatus:

A GILSON, liquid chromatographic system consisting of two high pressure pumps, 

302 and 303, data module, system controller 712 was used for amino acid analysis. 

The UV intensity of OPTH-amino acid derivatives were detected with UV-detector 

(GILSON) model 115 set up at 254 nm. The sensitivity was set up at 0.5 A.U.F.S. . 

The separation was carried out on Spherisorb SIO- ODS2 (250 x 4.6 mm I.D.). Before 

and after every run the column was equilibrated with 50% methanol-water. A flow 

rate of 1.0 ml min * was normally employed.

b) Reagents

HPLC-grade methanol and tetrahydrofuran were purchased from RATHBURN. 

Sodium tetrahydroborate, sodium dihydrogen orthophosphate, disodium hydrogen 

orthophosphate and potassium hydroxide were from (ANALAR), (HOPKIN &
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WILLIAMS), (BDH) AND (PHARMACOS). 2-mercaptoethanol, Brij (30%) and 

OPTH (SIGMA GRADE) were obtained from SIGMA. SAM, S AH, L-methionine, D- 

norleucine (SIGMA GRADE) were obtained from SIGMA (STANDARD) and DL- 

homocysteine from SIGMA.

Individual standard stock solutions of the amino acids, SAM and SAH were prepared 

in buffer containing trisodium citrate.lHzO 19.6 g, cone HCl 16.5 ml, thiodiglygol 

20.0 ml, phenol 80% (v/v) 1.2 ml made all in 1 1 of double distilled and deionized 

water and the pH was adjusted to 2.2.

c) Preparation of buffers

Disodium hydrogen orthophosphate, 7.1 g, and sodium dihydrogen phosphate, 6.9 g, 

were separately dissolved in 1 L. of double-distilled water, and the pH was adjusted 

to 7.4 with concentrated HCl. It was then filtered through a 0.2 pm membrane filter 

(Millipore) to yield a 0.05 M phosphate buffer. Buffers were prepared fresh every day.

0.4 M Borate buffer was made by adding proper amount of Sodium tetraborate into 

the boiling water.

d) OPTH Reagent

The derivatisation reagent was prepared by dissolving 0.050 g of anhydrous o- 

phthaldehyde in 1 ml of methanol. To this solution 9 ml of 0.4 M borate buffer ( pH 

adjusted to 10.4 with 1 M potassium hydroxide containing 0.6 % of 30% Brij) were 

added. This was followed by addition of 50 pi of 2-mercapto ethanol. The mixture was 

kept at 4°C for 24 hrs before use. The solution was stable for one week, provided that 

20 pi of 2-mercapto ethanol was added every 3 days .

e) Procedure of derivatisation

20 pi of OPTH reagent was mixed with the same volume of the amino acid standard 

or hydrolysed SAM and SAH. Then this solution was kept at room temperature for

2-3 min before injection on to the column.
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ii. Synthesis of etheno-derivatives of SAM

The reaction of SAM and some related compounds with chloroacetaldehyde to form 

the fluorescent l,N^-etheno derivatives has been described (139) and suggested as a 

short-cut method for some biological assays and with a better sensitivity in a 

fluorescence detector comparing with UV detector. The reaction of chloroacetaldehyde 

with general compounds containing an active amino group on purine on carbon 

number 6 is demonstrated in figure 3.4.1.

H OH

Figure 3.4.1 The reaction of adenosine analogues with chloroacetaldehyde.

a) Procedure

0.0224 g SAM (0.05 mM) was dissolved in 0.8 ml of distilled water in a thick wall 

test tube with a sealing cap. 0.2 ml (1.5 mM) chloroacetaldehyde was added and 

mixed together the pH was adjusted to 4-4.5 with drop wise 0.1 M HCl and checked 

with paper indicator. The solution was left in a water bath at 24-37°C for 72 hrs. After 

15, 24, 48 and 72 hrs after starting the reaction it was checked in a UV detector at 

294 nm in an ion exchange chromatographic system using a ̂ artisil 5 SCXcolumn (100 

X 4.2 mm i.d.) with an isocratic elution of ammonium formate buffer (pH3.8). The 

reaction was terminated at 72 hrs and the ” e” product was then decolorised with 

charcoal and evaporated to dryness in vacuo (lyophilizer). The FAB spectrum of the 

crude mixture of e product as shown in figure 3.4 which is indicated M/Z 423, 322 

and 160 the derivatives of SAM, MTA (yield from SAM or as an impurity in 

commercial SAM) and purine base. The chromatograms for this derivatisation 

procedure during 72 hrs is showed in figure 3.5 and indicated the e formation SAM 

and MTA. Compounds with higher polarity than parent eluted at higher retention times 

(11.44 and 19.44 min fore-MTA and e-SAM) respectively. Low temperature was used
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in order to prevent complete decomposition of SAM before reaction with 

chloroacetaldehyde.
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Figure 3.4 FAB-mass spectrum of 1, N^-etheno-SAM derivatised.

MTA

SAM

T i m e ( m i n )C L  & e a  
CO e e _

S  M
3# M 35 W

■ e-SAMe-MTA4_) •’C -
o® 5« -
m 5,j e-SAH

T i m e ( m i n )s.ea IS.0# 3# M

Figure 3.5 SCX-HPLC trace for UV detection at 267 nm of etheno derivatives o f standard 

solutions of SAM, SAH and MTA in reaction mixture a) after 2hrs b) after 72 hrs.
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3.5 Capillary Electrophoresis (178 and 179)

Since 1930s, with Tiselius’s article (180) electrophoretic techniques were employed 

for analyzing mixtures of biomolecules. The theory of electrophoresis is based on the 

mobilities of solute molecules, as they are charged species (ions), either positive 

charges (cations) or negative charges (anions), in an electric field. When a

narrow zone of a mixture of molecules is injected into the migration channel and an 

electric field is applied, the mixture separates into various zones that migrate at 

different rates depending on their mobilities. The use of capillaries as the migration 

channel in electrophoresis can overcome the poor resolution which is general^ with 

free-zone electrophoresis (181). Capillary electrophoresis is also called capillary zone 

electrophoresis (CZE) and high-performance capillary electrophoresis (HPCE). While 

HPCE separation is achieved by using small diameter channels, selectivity of samples 

is obtained by choice of proper separation medium within the capillary.

Free-solution capillary electrophoresis (FSCE) is the most common mode of operation. 

In this method HPCE separations are based on electrophoretic mobilities of individual 

sample components. These mobility differences are achieved in optimum condition e.g 

ionic strength, composition of electrolyte and pH either (p H ^ ) or basic (pH>8) in 

order to reduce analyte-wall interaction. The more recent developed wall-coating 

capillary improves the separation by reducing the solute-wall interaction to prevent 

unwanted effects such as electroendosmosis and adsorption (182).

3.6 TLC chromatography

The TLC procedure for SAM, SAH and MTA was carried out on a thin-layer cellulose 

plate (Eastman 13254 cellulose with fluorescent indicator). The solvent system was 

a mixture of isobutanol, formic acid and water (60:15:25) (137). The separation was 

achieved during 1.5 hr chromatography. The Rf. values obtained for SAM, SAH and 

MTA were 0.35, 0.45 and 0.77 respectively.
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Figure 3.6 A typical capillary electrophoresis of the standard solution of comercial 

SAM. (a) 30 X 10 '" Mol (b) 0.5 x 10" Mol
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1 2  LIQUID CHROMATOGRAPHY/MASS-SPECTROMETERY

3.7.1 Thermosprav methodology

i. Procedure for optimisation of thermospray:

To get equilibration of the interface of HPLC to the mass spectrometer in 

thermospray, a careful procedure of heating the interface and simultaneously 

increasing the flow rate of the mobile phase is needed. Prior to introduction of any 

mobile phase the rotary valves need to be opened. The chamber and the nozzle heater 

and the thermocouple provide heating to the interface. The source must be heated to 

about 200 °C, the chamber and the nozzle must be allowed to get about 100°C and 

20°C respectively before any introduction in to the system. The flow rate of the eluent 

is increased slowly in steps of 0.2 ml min * as the nozzle and chamber temperature 

reach to 140°C and 170°C in 2-3 min, each increment must be accompanied by a 

subsequent increase of the above devices in steps of 20°C and 10°C for the chamber 

and the nozzle until a flow rate of 1 ml min * is achieved.

The interface needs to stabilise 30 min before any quantitative attempt to equilibrate. 

To optimise the lens, voltages and the tuning parameters of the source, HPLC eluent 

ions (m/z = 76) and protonated ammonium formate buffer were used. The strong 

signals of a protonated fragmental ion of m/z= 298 100 pg ml * was prepared in 10 

ml of eluent and 10 pi aliquot of this was injected directly into the interface not 

through the column. On the oscilloscope the best signal was monitored as the mass 

spectrometer temperatures were varied until adjustment and then TSP spectra of SAM, 

SAH, MTA and SAE obtained averaging ion current for 5-7 scans of each compound 

respectively.

ii. Selective ion recording calibration:

In SIR acquisition it is important to calibrate the instrument properly. The procedure 

is activated by changing the calibration scan (CLS) from 0 to 1 for a maximum
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number of separation scans per group and the tune parameters are specified as follow:

1. The masses to be monitored:

Ml 136 (Protonated purine base)

M2 298 (Molecular ion for MTA and fragment ion for SAM)

M3 384 (Protonated fragment ion for SAH)

M4 399 (Molecular ion for SAM)

2. Scan time 0.90 seconds

3. Inter scan time 0.1 seconds

The procedure of SIR acquisition starts with injections of a mixture of solutions of 

polythene glycols of PEG-200, PEG-300 and PEG-400 (PEG234) in 70:30 

methanohwater (0.1 M ammonium formate) at 1 pg ml * total concentration using as 

a calibrant. Then the signals belonging to high and low masses were displayed and the 

positions of the two peaks were improved by adjusting the span as necessary, as far

as both references appear wholly in a same distance (or near so ) on the monitor. For

storing and centring the peaks which already were adjusted, using command ESC will 

halt acquisition and keeping the adjustment safe for the group of monitored masses 

during sample acquisition. Therefore the CLS must be set to zero and the HPLC 

column switched on line.

iii. Thermospray condition:

HPLC/MS was carried out on a VG Mass Lab 12/250 quadrupole mass spectrometer 

fitted with a standard VG thermospray source with no filament or discharge capability. 

Experimental conditions for TSP/MS optimisation were as follows: Source Temp.= 

200°C, Chamber Temp.= 250°C, Nozzle Temp.= 220°C, Electrode voltage= 250 V. 

Scanned data were acquired between masses 100 to 500 to avoid the high background 

resulting from solvent cluster ions. The flow rate was 0.9 ml min * and the samples 

were dissolved in 10% CH3COOH prior to injection.
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3.7.2 Elcctrosprav condition

Electrospray mass spectrometery was performed on a VG Masslab Trio-2 instrument 

using Me0 H/H20 (50:50) with 0.1% TEA added.

3.7.3 FAB condition

i) Standard FAB

All FAB experiments were performed on a VG Analytical ZAB-SE Mass spectrometer 

at low resolution, resolution = 1,000 (10% valley definition). SAM, MTA were 

dissolved in a small quantity of appropriate liquid matrix (e.g. thioglycerol; or 3- 

nitrobenzyl alcohol) and SAH was dissolved in the same matrix plus a drop of TEA 

(Trifluoroacetic acid) on tip, a stainless steel surface on the end of the probe. The 

liquid surface was bombarded in the source with Cs^ ions accelerated to 20 kV at 

ambient temperature.

ii) Fluid FAB/MS

Flowing FAB/MS was performed on the same instrument as that mentioned for 

standard FAB experiment using 20 kV Cs  ̂ ion beam and HjO/CHjO/glycerol/TFA 

matrix pumping through FFAB probe at a flow of 5 pi min \  The composition of the 

matrix was attempted on HPLC via a UV detector for the separation of SAM from 

SAH and MTA using a narrow bore SPHERISORB SIO ODS column (120 mm 

Length x 2 mm I.D.) in a flow rate of 0.2 ml min \  The procedure of chromatography 

started with pumping an aqueous solution of 5% glycerol and 0.1% TEA through the 

pump A during 10 min then a mixture of an organic phase composed of methanol 

47.5%, acetonitrile 47.5%, glycerol 5% and TEA 0.1% was gradiently increased to 

100% during 20 min and left for next 20 min. In 50 min SAM eluted in 23.7, SAH 

in 31.5 and MTA in 38 min.
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3.8 Sample extraction procedure

3.8.1 Sample Sources and Animal Housing

The rat albinos used in all experiments were male and had a weight between 280-400 

g ranging from the age of 4-8 weeks old. They normally kept starved 18-20 hrs before 

doing the experiment and then sacrificed by curing with ether for 5-10 min and after 

making sure they were dead, their neck was delocalised, their stomach opened and the 

relevant organs individually removed. Figure 3.8 shows different organs and parts of 

tissues as well as separation of different compartments of rat blood which were used 

for the experiments.

TISSUES

SERUM

BLOOD

RAT

LIVER KIDNEY l-EARTADRENAL
GLAND

Figure 3.8 Compartmentalization of rat albino tissues and blood as the sample 
sources.
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STARVED ANIMAL

Tissue

Homogenised and deproteinised 
with ice cold 1.5 PCA (1:4)

Centrifuged (9000g) 10 min. 
i

Supernatant

Adjust PH to 4.5 with 1M KOH 
to remove perchlorate

i

Centrifuge

Supernatant

Dowex 50 (H^) column 
equilibrated with 0.1 M HCl

>1
W ash with 0.1 M HCl to remove 

non polar material
i

Extracted with 6.0 M HCl and  dry 
under reduced pressure

>1
Reconstitute with w ater and 

submit to HPLC

Figure 3.7 Extraction procedure for SAM and its related compounds from blood 
and tissue samples.
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3.8.2 Sample Preparation

i. From Rat tissues:

After killing the rats with ether the tissues of the dead animal were quickly removed 

and rinsed in cold normal saline and blotted on filter paper, then immersed into liquid 

nitrogen until it was frozen then weighed on a digital scale and homogenized with 1.5 

M HCIO4 (PCA) (approximately 1:4 W/V) (Polytron PTA 10-35, Kinematica Gmbh, 

Krims/Luzem Switzerland) for 5-10 min until all of the tissues cut and mixed to PCA. 

The mixture of homogenised tissues were kept in a cold cabinet for 30 min to 1 hr to 

make sure that all SAM and its metabolites are extracted from the broken and ruptured 

cells during homogenising. After that the mixture was centrifuged at 9000 rpm for 10 

min at 4°C (Beckman L8-M, Beckman Instruments Inc., Fullerton, CA, U.S.A.) in 

order to separate the proteins and large molecules which were precipitated by PCA. 

Then the supernatant was removed and its pH was adjusted to 4-5 by adding a 

solution of 1 M KOH. At this stage the excess of perchlorate precipitated as potassium 

perchlorate; the rate of precipitation was increased by letting the supernatant stand in 

the cold cabinet for an hour. This also facilitated the flow of the supernatant through 

the Dowex column in the next stage by removal of the precipitated perchlorate prior 

to Dowex column chromatography.

The comprehensive step by step extraction procedure is depicted in figure 3.7 .

ii. From plasma:

Since ether causes death after anaesthesis and deep coma in rats, it may have priority 

to CO2 use which causes coagulation of blood. This way the heart of ether cured rat 

was opened as quickly as possible, then the blood from the heart was collected in a 

glass tube containing sodium citrate 3.8% (w/v) solution which was dissolved 

previously in normal saline. In order to prevent coagulation, the blood was added 

gradually to sodium citrate and mixed until the proportion of blood to the 

anticoagulant becomes 9:1. The obtained blood mixture was then centrifuged at 3000 

rpm in 4°C for 15-25 min, to precipitate all cells and haemoglobin. The collected
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supernatant is the plasma. Its volume was measured and then mixed with PCA 0.8 M 

(1:2 V/V, plasma/PCA). After mixing and leaving the solution for a few minutes in 

the cold cabinet for the precipitation to be completed, the mixture was centrifuged 

at a high speed (more than 3(XX) rpm) for 5 min in order to get a protein free 

supernatant. 1 M KOH was used to adjust the pH to 4-5. The mixture was left in the 

cold cabinet for an hour to compleat perchlorate precipitation, it was centrifuged and 

the supernatant was separated and was introduced on to the glass Dowex column.

iii. From cultured cells

Mast cells (RBL 2H3) were incubated in 5-10 ml of the cultured media (10% PCS in 

MEM media contained of 1 M glutamine) in 3 separated cell cultured flasks at 37°C 

for 3 days. Then cultured cells were washed from dewar of the flasks using a cell 

scraper during shaking gently the bottle and then poured off into a 50 ml conW 

bottom plastic tube (Centrifuge tube). The cell suspension was centrifuged at 2000 

rpm for 5 min then the supernatant was removed. The collected pellet of the cell was 

mixed with 10 ml of cold Tyrode’s buffer and was shaken to make a unique 

suspension. Afterwards a fixed volume (about few 10 pis) was taken with a pastucr 

pipette and placed under on the haemocytometer (depth 0.1 mm) and ensuring that the 

solution covered all parts of counting area on the haemocytometer. Then the 

haemocy tometer was placed under microscope and a grade 10 selected for the 

objective. In these circumstances the number of counted cells on each of 9 marked 

squares on the counting area must be around 20-50. If not, then the parent cell 

suspension in Tyrode’s buffer, has to be diluted in order to reach a count of 20-50 cell 

on each square. For the calculation of the number of cells the average of counted cells 

on 5 counted squares (placed on haemocytometer) was multiplied by 10 (the volume 

of parent cell suspension in Tyrode’s buffer) and then multiplied by a factor of 10"̂ . 

This gave the whole number of cells used in the experiment. After centrifuging the 

suspension in 2000 rpm for 5 min, Tyrode’s buffer was removed. Then after 

homogenization and mixing the cell pellet with 200 pi 1.5 M perchloric acid, 

macromolecules were precipitated. After 15 minutes of sonication and checking the 

solution to make sure that all the cells were broken and the cell walls disrupted by
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PCA and sonication. Then the samples were then placed in the cold cabinet at 4°C for 

at least for 30 minutes. The pH of the sample was adjusted to 4-5 by a 1.5 M KOH 

solution. The samples again were placed at 4°C for another 30 minutes to complete 

precipitation and then centrifuged for 15 min at 9000 rpm. Supernatant were freeze- 

dried and later were submitted for an HPLC assay. All the small volume samples prior 

to the HPLC assay were centrifuged at high speed for 1-3 min.

3.8.3 Sample Cleaning up

i. Dowex Chromatography

Among a few ion exchange resins available commercially, the Dowex ion exchanger 

resin was used. These are styrene-divinyl benzene crosslinked polymers in bead form, 

derivatized ly the charged group of sulphonic acid (Dowex chemical is the 

registered trade mark). The resin is suggested to be used for the separation of 

positively charged small and relatively small molecules. It has a relatively good 

thermal and pH stability. It can be easily regenerated after use. It is easy to pack in 

columns. It is available in a wide range of selective properties for separation of wide 

range of molecular weights.

ii. Specification of Dowex

The applied Dowex AG (analytical grade) 50 W (H^) was applied, with a 10% divinyl 

benzene crosslinked the styrene polymers. This provides a porosity of approximately 

800 MW exclusion limit for its permeability and a particle size in the dry form of 

100-200 mesh (106-250 microns wet diameter). Fixed sulphonic acid moiety was 

attached to the beads of the resin and the counter ion of H  ̂ was selective for 

exchanging a large amount of competing ions as 5.1 meq/dry g.
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iii. Column Preparation and Sample Application

Dowex AG was poured in to the glass burette (10 mm i.d.) equipped with a stopcock. 

The end was blocked by glass wool. The glass column was shaken during packing 

until the length of the packed resin was becomes 70 mm. A PTF capillary was set. 

One end attached to a glass reservoir containing 0.1 M HCl and the other end was 

attached to a rubber stopper, passed through of it. The column and reservoir were 

placed in a cold cabinet. First the resin was slurry with 20 ml of deionized water using 

a syringe and set the flow rate was approximately set to 0.6 ml min * by checking the 

eluent and setting the position of burette valve. The tubing and the rubber stopper 

were placed together on top of the column to supply eluent. Approximately 20 ml of 

0.1 M HCl was run through the Dowex column for equilibration. Afterwards the 

tubing was transferred from the reservoir into the sample solution. After putting all 

the sample on the top of the column, lipids and other neutral compounds were washed 

through with 3 x 10 ml of 0.1 M HCl. Then the positively charged compounds 

including SAM and its related metabolites were eluted with 3 x 10 ml of 6 M HCl. 

Extracted samples from the Dowex column were diluted with 120 ml of deionised 

water in a round bottom glass and freeze dried overnight using a lyophilizer trapped 

by sodium hydroxide.

The evaporated samples were reconstituted in a 1 ml deionized water, removed to a 

suitable small glass container and kept in -20°C until submission to HPLC.

89



* ^ 0  ]  ®
3ju n p/0

Counterfons

O
ffx9d jCfumgea

O
Uhbcund, êminpié

a) Starting Condition

BuUng /en»

®  0 D ©
b) Binding of the 

samp/B

c) Elution of the
sample

d) Regeneration

Figure 3.9 Typical scheme of binding of samples, elution from dowex resin 
and regeneration process.

a) Counter ions (-) are ionically bonded to the fixed charge (+) on the matrix, b) Sam ple 

molecules (-) of the opposite charge of the matrix bind displacing the counterions while neutral 

molecules and molecules of the sam e charge {+) as  the matrix do not bind (pass straight 

through), c) The sam ple is displaced by eluting ions (-). d) The resin is regenerated  by 

exchanging the eluting ions to the original counterions. The ion exchange resin is ready for use.
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4.1 Stability Studies

4.1.1 Sensitivity of different bonds in the molecule of SAM

The chemical stability of SAM strongly depends on pH and temperature (183). There 

can be many cleavages for SAM and its metabolites SAH, MTA and dc-SAM in 

different conditions. The structure of SAM and the principal sites of the acid and 

base hydrolysis is shown as below:

NH,

N ■N

CH

OH OH
E 6oo

■B

Figure 4.1 S-Adenosylmethionine. 

i. Stability of SAM as a function of pH

The stability of SAM molecule at different pH and in physiological media at 37°C 

has been the subject of few studies (184). The important procedures which cause 

instability of SAM are: the transformation of (S,S)-SAM to another diasteroisomer 

(R,S)-SAM (unusable for methylase enzymes), the cleavage of SAM producing MTA 

and the decomposition to adenine during hydrolysis at an alkaline pH. This can cause 

impurities in commercial and un-^radiolabeled forms of SAM.

Different diasteroisomers cause peak tailing i n c h r o m a t o g r a p h y . The use of a few 

percent of acetonitrile can prevent tailing (134), and a better sensitivity can be 

achieved. Also this double SAM peak can clearly be recognised in reversed-phase
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chromatography of SAM even in fresh made solution (see figure 4.2Q in page 

SAM in physiological conditions is gradually converted to MTA. The half life of its 

conversion in physiological conditions is 32 hrs (133). The different diasteroisomers 

of SAM unlike their enzymatic effects, have the same rate of irreversible cleavage 

to MTA. This procedure has been studied in several laboratories (133) and was 

shown to depend on the presence of the carboxyl group. It is logically supposed to 

proceed by intramolecular cyclisation, followed by hydrolysis of the lactone ring as 

shown in figure 4.2 .

H ,N  CH

\
C H , CH,

CH,

OHOH

MTA

+

HomcMMirirM laocton*

HomoMrin«

Figure 4.2 Decomposition of SAM to MTA.

The effect of different pH on the stability of SAM molecule has been investigated 

by Wu and Hoffman (133 and 134) in which the cleavage reaction persisted until the 

pH was lowered to 1.5, but hydrolysis of SAM to adenine ceased at pH 6 . The 

mechanism of hydrolysis in which the glycosidic bond is cleaved at a pH higher than 

6 is complicated and has been studied by Borchardt (185). This bond is very labile 

in the alkaline media such that a 60 nmol ml^ solution of SAM is completely 

decomposed during 10 min in 0.1 N NaOH, and 25°C (184).

Although a long incubation at 37°C, at an acidic pH lower than 1.5 can not reduce 

SAM, but by increasing the temperature to 100°C and using a 6 N HCl, SAM 

molecule can decompose more than 60% in 6 hrs.
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ii. The stability o f SAM as a function o f temperature ^

In order to understand the effects of temperature on stored SAM a standard solution, 

of 12 X 10 "* g was dissolved in 1 ml of pure water (pH 6-7) then 3 x 250 pi the of 

prepared solution was mixed with pure water in 3 individual 10 ml volumetric flasks. 

One was kept in room temperature, the other one in cold cabinet (0-4°C). 20 pi from 

the third solution was injected into the reversed-phase HPLC column (ODS-2) and 

the rest left in a -20°C freezer (volumetric glass changed to a plastic container). 

Figure 4.4 shows effect of storage in different temperatures on percentage of SAM 

(made from commercial SAM) during 35 days.

- 2 0 \C - A -  - 0 \C 2 5 \C
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-A- — — — — zz iz n  z r — I- 
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D ays

Figure 4.3 Effect of different storage temperatures on the percentage of 
SAM in an aqueous solution (pH 6-7) measured by UV 
absorbence in a reversed-phase HPLC assay.
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iii. Impurity checking of the standard solution o f SAM

As mentioned before commercial SAM (Na  ̂ salt) mainly contains MTA and SAH. 

It needs to be purified. It converts to MTA completely in a long term (35 days) 

storage at room temperature. MTA and SAH have a peak in UV detection in the 

HPLC assay. In order to determine the quantity of pure SAM (impurities caused by 

MTA and SAH g.) an external standard method has been used. MTA and SAH were 

used as external standards in SCX HPLC chromatography (used equation 3.5). 

This is another method besides the integrated peak areas obtained in reversed-phase 

HPLC. In the external standard method the SAM solution was kept for 18 hrs (0- 

4°C), the respective amounts of MTA 4- SAH were subtracted from the total amount 

of SAM (g.) and these values were changed to percentage ratios.

The purity of the standard SAM solution measured by external standard assay of 

SCX chromatography is shown in Table 4.3 . The average of those calculations was 

compared with respective ratio measurements obtained from reversed-phase HPLC 

in Table 4.4 .

For this reason a series of with different amounts of injections of

three separate standard solutions (made in 250 mM ammonium formate pH 3.8) of 

SAM, SAH and MTA were made and injected in to the SCX column (see method 

A in table 4.14 for chromatography conditions). The following slopes and intercepts 

obtained as below:

Compound Slope Intercept

SAM 447.6 8928

SAH 873 -1765

MTA 791 12582

Table 4.2 . Calibration curve parameters obtained from at least 3 individual 

injections of SAM (as showed in table 4.3), SAH (449, 300, 225, 112 and 56 pmol) 

and MTA (525, 262, 131, 43.7 and 33 pmol) respectively.
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Amount (pmol) Area at t  ̂of SAH Found (%) SAH Area at t^ of MTA Found (%) MTA Area at t  ̂

of SAM

Purity (%) 

of SAM

1940 83476 5 351645 22 907844 73

484 23442 5.6 94275 21 252357 73.4

242 11223 6 57101 23 124577 71

121 6008 8.9 22332 18.1 63397 73

Table 4.3 The purity ot standard SAM solution (18 hrs kept in 0-4 ""C).

Each amount at least was injected 3 times. Chromatography condition is in text.

RP-Chromatography SCX-Chromatography*

Room Temperature 0°C -20°C 0°C

72.7/5.8/21 74.5/5.8/19.7 76.3/5.2/18.5 72.6/6.3/21

Table 4.4 Companson ot ratios ot SAM/SAH/MIA in 4 separate standard solutions ot commercial SAM (alter 18 hrs and kept in

different condition) obtained by reversed-phase and cation-exchange HPLC assay. Condition of chromatography is in text. 

* Average ratios from table 4.3 .
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iv. The stability o f related metabolites o f  SAM

S-adenosylhomocysteine (SAH), methyl thioadenosine (MTA) and 

decarboxylated-SAM (dc-SAM) are the major metabolites of SAM in which the 

glycosidic bond is very labile in various acid and alkaline conditions. SAH and MTA 

as the other thioether compound^ are stable in alkaline conditions, but on the other 

hand they undergo cleavage when they are subjected to weak acid hydrolysis. The 

rate of decomposition is dependent on the temperature. However it reduces 

remarkably at 4°C.(172)

The effect of different acid and alkaline media and the conditions on the glycosidic 

bond hydrolysis is demonstrated on table 4.5 and 4.6 (172 and 184).

Compound temperature time (min) hydrolysis (%)

SAM 100°C 60 100

MTA 100°C 120 100

ADENOSINE 100°C 120 100

SAH 100°C 120 100

Table 4.5 Glycosidic bond cleavage in 0.1 M HCl.

Compound temperature (°C) time (min) hydrolysis (%)

SAM 25 10 55

MTA 25 30 0

Adenosine 25 30 0

SAH 25 >30 0

T ab le  4 .6  G lycosid ic  bond  c leavage  in 0.1 M N aO H .
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Zappia et.al. have investigated the stability of dc-SAM (60) and they have shown in 

spite of SAM it is cleavaged to MTA when heated, at pH 4.5, in boiling water for 

30 min. DC-SAM is quite stable under similar condition even for 50 min.

4.1.3 The hvdrolvsis of SAM and SAH

ii. HPLC assay of amino acid part of SAM and SAH

The methionine part of SAM obtained from the hydrolysis of SAM was determined 

by a derivatization assay using reversed-phase HPLC.

The derivatized mixture of amino acids with orthophthal- aldehyde (OPTH) in 

alkaline media ( 186) in the presence of a reducing agent like 2-mercapto ethanol is 

prepared prior to be injected on the column. All solutions were mixed and kept only 

for 1-3 minutes (187) due to the instability of the mixture. The different periods of 

time for SAM hydrolysing and the percentage of methionine recovered during 

hydrolysis has shown in the table 4.7.

Duration of Hydrolysis (hrs) Recovered Methionine (%) N

6 58.0 ± 8.3 5

8 46 - 44 2

12 28 1

Table 4.7 Methionine recovery (%) from hydrolysing of SAM in 6 M HCl and 

100 °C. Measurement was obtained by reversed-phase HPLC under UV 

detection at 254 nm.

N= The number of experiments.
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The hydrolysis of SAH in different acidic conditions (90 min hydrolysing in 0.1, 1, 

2 and 6 M HCl respectively or even first in 0.1 then in 0.5 M HCl at 80°C) did not 

yield more than 15% homocysteine. In mild acidic hydrolysis, measurements were 

taken by amino acid analysis as discussed in section ii of this part (4.1.3), 15% 

homocysteine was the maximum recovery.

During strong acid hydrolysis (with 6 M HCL) decomposition took place and 

adenine was only obtained with m/z 136 in its FAB spectrum which did not 

correspond to the retention time of standard homocysteine (shown in figure 4.11). 

This unsuccessful homocysteine recovery could be due to the 1 ability of glycosidic 

bond in thio-ether compounds (e.g. SAH) in acidic conditions.

a. Hydrolysis procedure

A volume of SAM and SAH from stock solution were placed into the thick walled 

glass hydrolysis tubes, then each sample was mixed with 6 M HCl in a ratio of, 1 

ml of hydrochloric acid to 15 nmol of SAM or SAH.

The tubes were degassed sealed and heated at 100-110°C for 6 hrs in a oil bath. The 

hydrolysed solutions were cooled and then mixed with water (10-15 V©\Sc ) and then 

lyophilised. Each dried sample was reconstituted with loading buffer (explained in 

part b in this section) and then filtered through a 0.45 pm membrane filter 

(Millipore). This was injected into the chromatographic column.

b. Chromatographic Procedure

The resolution of the peaks was achieved by using a gradient profile (described in 

appendices) of pump A eluent consisting of 50 mM phosphate buffer (pH 7.2) - 

tetrahydrofuran (THF) - methanol (85:1:14), and pump B, 50 mM phosphate buffer 

- methanol (33.3:66.6).

A flow rate of 1 ml min^ was applied onto the column at room temperature. Prior 

to chromatography all solvents were filtered using a 0.2 pm millipore filter (Nylon) 

and degassed with helium for at least 5-10 min. A Spherisorb ODS-2 SIO column 

(250 X 4.6 mm.) was used to separate methionine and homocysteine from the
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potential internal standard, norleucinf,However in practice norleucine was not used 

due to its unstudied effect. There may be a possibility of interference with the 

hydrolysis of SAM in acidic media. The separation factor for the DL-homocysteine, 

L-methionine and norleucine is shown on table 4.8 .

Compound t̂  (min) Capacity Ratio* (k’) r̂

L-Methionine 46.5 ± 0.5 17.1 ± 0.2 0.9990

DL-Homocysteine 35.0 ± 0.5 12.67 ± 0.5

D-Norleucine 49.5 ± 1 18.33 ± 0.4

Table 4.8 Chromatographic specification of 3 amino acids on Spherisorb ODS-2 

SlO (250 X 4.6 mm.). *. Capacity ratio is calculated by using dead time (2.56 min) 

obtained by the solvent peak (water).

Figures 4.5 and 4.6 show a typical RP-chromatogram of 3 standard solutions and 

related amino acids obtained from hydrolysing SAM and SAH. Using a high 

percentage of methanol in phosphate buffer may cause a high back pressure on the 

column due to the precipitation of phosphate buffer. However, using methanol is 

preferred to other organic solvents eg. acetonitrile, because it has a relatively higher 

polarity and two phases more miscible.

c. Quantification

The calibration line for derivatised L-methionine (OPTH-amino acid) following 

different injections into the reversed-phase column (Spherisorb ODS-2) using a UV 

detection in 254 nm was obtained as in Figure 4.7. A graph of hydrolysed SAM 

(nmol) against the yielded methionine (nmol) is plotted to verify the influence of the 

concentration of hydrolysed SAM on the methionine obtained (see figure 4.9). The 

amounts of methionine obtained after 6 hrs of hydrolysis of SAM and the 

corresponding amounts of SAM are listed in table 4.9 respectively.
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Figure 4.5 Reversed-phase HPLC chromatogram of OPTH derivatized standard L- 

methionine. (Column: Spherisorb ODS-2, 10 pm, 250 x 4.6 mm; Mobile phase: A: 

50 mM Phosphate buffer (pH 7.2)-THF-methanol (85:1:14), B: 50 mM Phosphate 

buffer-methanol (33.3:66.6); Detection 254 nm 0.1 AUFS; Injection volume 20 pi.
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Figure 4.6 H PL C  chrom atogram  o f O PT H  hydro lysed  and then deriva tized  SA M .
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Amount of SAM (nmol)*

16.1 

8.67

6.5 

/L33

1.08

Methionine (nmol) Percentage of Recovery(%) 

9 56

4.5 52.1

3.9 61.2

2.86 66.2

0.58 53.8

Table 4.9 Percentage of obtained methionine after 6 hrs of hydrolysis of SAM in 

6 M HCl, 100-110°C, lyophilized and then reconstituted in 1 ml of eluent buffer of 

pump A prior to inject 20 pi into the reversed-phase HPLC column. The 

chromatographic procedure is discussed in text.

*. Amount of SAM was corrected by considering of 24% impurity in commercial 

product.

<n

II

L —

4 5

36

2 7

18

9

O
6 7 2 1344O 2 0 1 6 2 6 8 8 3 3 6 0

lnJ«ct*d(pfnol)

Figure 4.7 Calibration of OPTH derivatized L-Methionine on Spherisorb 
ODS-2 SlO column using a UV detection in 254 nm. Slop^and intercept were 
12.8 and -1033.7 respectively.
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Figure 4.8 Plot of hydrolysed SAM (nmol) against yield amount (nmol) 
of Methionine using 6 M HCl during 6 hrs at 100°C.

ii) Homocysteine assay of hydrolysed SAH

The removed homocysteine portion, from hydrolysed SAH, was quantified by a 

cation-exchange chromatographic procedure, running in a LKB 4151 alpha plus 

amino acid analyser. The exact chromatographic procedure and postcolumn 

derivatization by ninhydrin for detecting and quantifying the obtained amount of 

homocysteincby UV absorbopce has been discussed in section 4.1 of chapter three. 

The quantification procedure was carried out with an external standard method of 

repeated injections of different amounts of homocysteine. Signal measurement were 

obtained at 570 nm (channel A) using an optical density (O.D.) equal to 0.5. The 

colour constant (k‘) was measured by dividing different areas to their respective 

injected amounts of homocysteine in each run (table 4.10).

The linear responses of UV detector against the different injected amounts of
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homocysteine and also l-methionine in O.D. equal to 0.5 and also 1 as demonstrated 

in figure 4.9 .

It has been mentioned earlier in this section that a low yield of homocysteine (less 

than 15%) was obtained, with respect to different types of acidic hydrolysis of SAH. 

The different conditions of SAH hydrolysis and yield percentages of homocysteiitare 

listed in table 4.11 .

Figures 4.10 and 4.11 show the UV absorbance of 11 x 10-’ g. standard solution of 

homocysteine and 1.8 X 10^ g. SAH was hydrolysed in 0.1 M HCl 100°C for 90 

min first then in 0.5 M HCl room temperature 24 hrs.

L-Methionine (nmol) k* DL-Homocysteine (nmol) k*

3.37 15.98 3.87 3.9

5.53 15.84 7.75 4.0

7.37 16.20 11.1 4.4

11.0 16.35 14.8 4.2

14.7 16.32 22.7 4.6

Average 16.14 Average 4.22

Table 4.10 The colour recovery of injected L-Methionine and DL-Homocysteine in 

amino acid analyser. The signal measured at 570-nm using O.D. 0.5 . 

k* The colour constant obtained from the area divided by the injected amount of the 

A.A.
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L -  0J>. k# L- &D. 1 &0. e.f

245

196
#

I 147
e

9 8

4 9

29 .800.00 2 3 8 45.96 17.881 1.92

lnJ«cUd (nmoO

Figure 4.9 C alibration  curve for L -M eth ion ine (O .D. 0.5 and 1.0) and  D L- 
H om ocyste ine  in am ino  acid ana lyser afte r post co lum n d eriv a tisa tio n  by 
n inhydrin  . on UV  detec to r at 570 nm.

SA H  (nm ol) H ydro lysing  C ondition n H o m o cy ste in e  ( %)

4 6 ^ 6.0 M HCl 100°C 60 min 1 nil

90. 2 .0 M HCl 100°C 90 min # 8.1

90. 1.0 M H C l 100°C 90 min # 9.3

4 6 ^ 0.5 M  HCl 100°C 90  m in 2 13.0 - 13.6

90. 0.1 M H Cl 100°C 90  m in first then 

0.5 M HCl room  tem perature 24 

hrs.

2 14.1 - 15.3

T able 4.11 H ydro lysing  o f SAH in d ifferen t cond itions and the determ ina tion  o f 

y ield  o f  hom ocyste ine  in am ino  ac id  analyser using 570-nm  absorbance, 

n = N um ber o f experim ent.
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Figure 4.10 Typical chromatogram of assay of standard solution of homocysteine

30 pi volume of injection (11 x 10'^ M) using UV detection at 570 nm absorbency 

and O.D.= 0.5 in amino acid analyser.

CO
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C L
CO
CDU
f-iQ
U
CD

4-1
CD

CD

T ime

Figure 4.11 Chromatogram of 13.2 x 10'^ M hydrolysed SAH in 0.1 M HCl for

90 min at 100°C and detected amino acid analyser as for figure 4.10. The 

hydrolysing procedure was explained in table 4.11
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4.2 RP-High performance liquid chromatography (HPLC)of SAM and its related 

metabolites

i. Capacity factor and selectivity on isocratic elution

As mentioned earlier in chapter three capacity factors (k’) for SAM, SAH, Ado and 

MTA and the related values of selectivity factors (a  = k'g/k'J for each compound 

were calculated from equation 3.2 . In general, reversed-phase retention is 

independent of the mobile phase pH for neutral compounds only when the pH 

change can cause dissociation or protonation of the sample molecule and thus 

changing its hydrophobicity. In the this case mobile phase pH can effect the 

protonation of MTA, SAH and Ado. SAM has a positive charge at all pH values. 

Isocratic elution reversed-phase HPLC for SAM and related compounds were tested 

on two types of different stationary phases of reversed-phase column (Hypersil ODS- 

2 and Supelcosil^^ LC-ABZ), Figures 4.12 and 4.13.

Selectivity factor (a) for SAM, SAH and Ado were plotted against the mobile phase 

pH as figure 4.14 on ODS-2 column and also has compared in a same manner tested 

on LC-ABZ column in which changes of pH is more effective in binding of eluted 

compounds and hence is more effective on separation of analogue compounds as 

figure 4.15 .

The k’ value of SAM as shown in table 4.12 and 4.13 did not change very much by 

increasing the pH higher than 5 in both tested columns (figures 4.16 and 4.17), it 

lowers the a  value ratios for three compounds.

However as pH become lower than 4-2.3 , protonation of SAH and Ado is taken 

place and therefore on that range of pH relatively better selectivity and separation 

can be expected.
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Figure 4.12 R eversed-phase H PL C  ch rom atogram  o f standard  SA M , SA H , M TA , 

A do and IPD U  on S u p elco siF ^  L C -A B Z  colum n. C olum n d im ensions and 

chrom atograph ic  cond ition  is d iscussed  in 3.3.1 section i. .

1: SA M , 2: SA H , 3: Ado, 4: IPD U , 5: M TA.
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Figure 4.13 R eversed-phase H PLC  ch ro m ato g ram  o f the standards sam e as used 

in figure 4 .12  on H ypersil O D S-2 colum n.

1: SA M , 2: SA H , 3; A do, 4; IPD U , 5: M TA .
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Figure 4.14 Capacity factors of related compounds on Hypersil ODS-2 Column as 
a function of pH.
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Figure 4.15 Capacity factors of related compounds on SUPELCOSIL^^ LC-ABZ 
Column as a function of pH,
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pH SAM SAH MTA Ado

2.20 0.167 0.333 2.333 0.583

2.50 0.150 0.333 3.333 0.333

3.00 0.250 0.417 3.667 0.483

3.46 0.302 0.450 4.750 0.467

3.90 0.208 0.333 5.250 0.683

4.55 0.333 0.350 4.917 0.667

4.96 0.333 0.333 5.167 0.667

5.50 0.417 0.417 5.083 0.667

5.90 0.417 0.417 4.483 0.517

6.82 0.333 0.333 5.500 0.667

7.52 0.350 0.367 5.250 0.667

8.02 0.333 0.383 5.667 0.833

8.50 0.383 0.417 5.167 0.667

Table 4.12 shows the capacity ratios (k’) of SAM, MTA ,SAH and Adenosine 

obtained by various pH on Hypersil ODS-2 column.
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Figure 4.16 Selectivity on Hypersil ODS-2 Column.
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Figure 4.17 Selectivity of related Compounds on SUPELCOSIL™ LC-ABZ 
Column.
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pH SAM SAH MTA Ado IPDU

2.20 0.083 0.300 1.083 0.350 3.917

2.50 0.180 0.467 1.233 0.633 4.250

3.00 0.048 0.700 2.083 0.683 5.017

3.46 0.033 0.750 3.367 0.917 5.133

3.90 0.83 0.750 4.950 1.083 4.617

4.55 0.333 0.833 6.250 1.333 4.850

4.96 0.250 0.833 6.367 1.367 4.867

5.50 0.183 0.950 6.083 1.350 4.717

5.90 0.250 0.750 5.833 1.300 4.533

6.82 0.233 0.750 6.33 1.333 4.750

7.52 0.917 0.833 6.833 1.433 5.000

8.02 0.750 0.867 7.000 1.500 5.333

8.50 0.817 0.833 6.333 1.417 4.750

Table 4.13 The capacity ratios ( K’) of SAM, SAH, MTA, Ado, and IPDU obtained 

by various pH on SUPELCOSIL^^ LC-ABZ column.
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ii. Calibration Curves on gradient elution

Linearity of the calibration curves for SAM and related analogue compounds, has 

been tested by a gradient elution reversed-phase chromatographic procedure as 

discussed in section ii. of 3.3.1 using a UV detection at 267 nm figures 4.18 and

4.19 . The statistical parameters of the calibration curve in table 4.13 has obtained 

from 3-5 individual runsand also show fairly high regression coefficient (r̂ ) between 

0.992 and 0.999 for IPDU and SAM in the range of pmol of injection respectively. 

The variation of SAM retention as it can be expected, is higher than the other 

compounds (Table 4.14). Although the samples were filtered or centrifuged, but after 

more than 100-150 times injection of protein free biological samples, they can cause 

deterioration of the column, which causes longer retention times for SAM. Except 

MTA which is a less polar compound compared to other metabolites, the ageing of 

the column does not effect its retention time.

Compound tR. (min) Dt.limit (pmol) Slope. Intercept k’

SAM 7.5±1.0 30 489 1929 0.710.2 0.998

SAH 15.4±0.4 28 386 -5624 2.510.1 0.997

MTA 28.1710.1 16 459 -2118 5.510.1 0.999

dc-SAM 9-10 - - - - -

ADE 11.610.3 45 170 993 1.710.1 0.997

ADO 15.910.3 33 607 3050 2.710.1 0.992

IPDU 28.910.3 30 408 5654 5.610.1 0.994

Table 4.14 The statistical parameters of the calibration curves of SAM and its 

related metabolites on reversed-phase Hychrom ODS-2 column (250 x 4.6 mm) with 

a UV detection at 267 nm. For applied chromatographic procedures c.f. (table 4.14).
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Figure 4.18 SAM,Ade,Ado & IPDU Calibration on ODS-2 Column.
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Figure 4.19 SAH & MTA Calibration on ODS-2 Column.
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Figure 4.2o Reversed-phase HPLC chromatogram of standard SAM and its related metabolites. (Column: HICHROM 0DS2, 10 pm, 

250 X 4.6 mm; Mobile phase; A: 10 mM ammonium formate, B: acetonitrile; Gradient: 0% B to 100% B in 20 minutes linear gradient; 

Detection: 267 nm 0.05 AUFS; 1: SAM; 2: dc-SAM; 3: Ade; 4: SAH; 5: Ado; 6: MTA).
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4.3 SCX-HPLC

The UV absorbency of standards as a function of retention time of assorted 

compounds of SAM metabolites was tested. In the use of ammonium formate buffer 

(250 mM for SAM, MTA & SAH) as an isocratic mobile phase, an acceptable 

resolution of the three compounds can be obtained (figure 3.2 b.). But for the 

separation of SAH from Adenosine, MTA from Adenine and from other nucleotides 

existing in biological extractions, various compositions of mobile phases had to be 

applied.

Although the use of acetonitrile on the SCX column decreased the lifetime of the 

column, but in general, application of acetonitrile prevents tailing of peaks 

which sometimes happens during cation-exchange chromatography especially for 

those^with longer retention times.

M ethod Com pound Salt* + A cetonitrile pH Flow

(ml m in ')

S en sitiv ity

(A .U .F .S )

A S A M ,S A H  

M T A & A de

250  mM  -k (0%) 3.7 0.6 0 .0 2

B A do,SA H 12 mM  + (20% ) 2.8 1 "

C d c-SA M 250  mM  + (20% ) 2.8 1 "

Table 4.15 Three different types (A, B & C) of mobile phase compositions and 

chromatographic conditions were used in the SCX HPLC procedures for the 

separation of SAM and related compound.

* Ammonium formate
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4.3.1 Calibration Curves

The linearity of the calibration curves for SAM and related metabolites were 

achieved by a series of injections (Picomoles range of injection) of prepared standard 

solutions. With standard SAM solutions (kept in -20°C up to one month), the 27.4% 

impurities were taken into consideration each sample was injected 3-5 times. A blank 

of eluent was run between the two injections.

The best fitted line between the points was drawn using linear regression and for 

each standard solution slopes and intercepts were calculated by using equation 3.5. 

Figures 4.21- 4.24 show the linearity of the detector response against injected 

amounts of SAM, SAH, MTA, dc-SAM, Ado and Ade obtained on Partisil SCX 

column respectively.

The specifications of each standard solution with different types of eluent 

compositions, the determined detection limits and the other chromatographic details 

are demonstrated on table 4.15 .

SAM SAH Is/fTA

1.50

1.20

0.90
I

^  S  0.60

0 3 0

0.00
1206 0 100 2 4 0 30 0O

PMOLES/INJXCTION

Figure 4.21 SAM ,SAH & MTA Calibration on SCX Column.
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Figure 4.22 dc-SAM Calibration on SCX Column.
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Figure 4.23 Adenosine Calibration on SCX Column.
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Figure 4.24 Adenine Calibration on SCX Column.

Compound t*(min) Dt.limit (pmol) Slope, Intercept r̂

SAM 15.0±1 50 2910 13234 0.998

SAH 8.8±0.6 12 4567 3248 0.999

MTA 11.3±0.2 60 5100 20520 0.999

Ade 10.51±0.3 10 482 -1050 0.999

Method A A A A A

dc-SAM 9.810.1 50 283 -3642 0.999

Method C C C C C

Ado 9.010.2 14 489 1244 0.999

SAH 1410.2 - - - -

Method B B B B

Table 4.16 Chromatographic specifications of SAM and its related metabolites on SCX column using 

individual systems o f chromatography as demonstrated in table 4.15.

Dt*= Detection
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Buffer Cone (mM) pH IPDU Ado SAH MTA SAM

100 6.53 0.198 0.493 0.493 1.06 5.0

# 4.55 0.203 0.482 0.482 1.15 6.26

# 4.15 0.214 0.570 - 1.35 8.16

# 3.79 0.201 0.651 0.81 1.86 16.55

# 3.07 0.22 0.743 1.078 2.08 23.87

# 2.72 0.24 0.743 1.28 2.13 30.2

150 6.56 0.067 0.478 0.485 1.21 5.1

# 3.8 0.201 0.320 0.576 1.7 8.31

# 3.3 0.199 0.564 0.564 1.53 8.41

# 3.0 0.203 0.59 0.59 1.59 13.1

# 2.75 2.1 0.568 0.91 1.65 15.1

200 6.56 0.054 0.44 0.44 1.03 3.56

# 4.25 0.165 0.44 0.44 1.3 3.99

# 3.7 0.187 0.50 0.5 1.28 5.13

# 3.35 0.176 0.526 0.48 1.27 6.11

# 2.9 0.220 0.51 0.50 1.28 8.35

250 6.58 0.136 0.42 0.42 0.44 0.995

# 4.65 0.189 0.41 0.41 0.94 2.82

# 4.2 0.20 0.49 0.49 1.01 2.9

# 3.7 0.21 0.45 0.45 1.06 4.14

# 2.9 0.201 0.63 0.63 1.24 4.44

Table 4.17 Capacity ratios (k’) for SAM and its related metabolites on SCX column, tg = 0.55 min
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4.3.2 Capacity ratio measurements at different dH values.

In the chromatography of SAM and related metabolites on a SCX column as 

mentioned earlier, the major problem is the separation of the neutral compounds 

from each other. On the other hand strong cationic nucleotides elute with longer 

retention times when the pH increases and the salt concentration of the mobile phase 

decreases. But in the case of mild cationic compounds poor resolution still can make 

problem for a complete separation even at a low pH and salt concentration. Only a 

narrow range of pH and buffer concentration can separate relatively well under 

isocratic conditions. MTA and adenine, SAH and adenosine produce interfering 

peaks on SCX and RP, as reported so far.

Table 4.17 and figures 4.26 and 4.27 show the effect of pH and salt concentration 

on the selectivity of MTA, SAH and Ado from IPDU during SCX chromatography. 

The variation of t  ̂ (t^ Max - t  ̂Min) for SAM between the range where the pH=2.7 

and pH=6.8 also has been plotted against different buffer concentrations (figure 

4.25).

IPDU - A -  a d o SAH -- MTA

0.70

s
J

I
u
■
PH

0 .2 2

0.06

- 0.10
25050 21000 130

B i f f p r  C «ne (m m ol)

Figure 4.25 Different Buffer concentrations effect on retention times o f SAM  and related 
metabolites between the conditions when pH=6.8 and pH=2.7 on Partsil S-10 SCX column.
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Figure 4.26 Selectivity in 100 mM Ammonium Formate.
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4.4 The two-dimensional method

Since non-homogenous peaks for biological samples containing SAM and each of 

its metabolites were observed in each reversed-phase and SCX chromatography, a 

two dimensional HPLC assay was used involving consecutive use of reversed-phase 

and cation-exchange separations, and thus increasing the selectivity of the assay.

_L Recovery measurements

The stability of SAM, SAH and MTA as mentioned earlier strongly depends on pH 

and temperature. So in any procedure in which^was need to leave these compounds 

for a long time, even for a few hours at room temperature, we should be aware of 

the decomposition of each compound.

During the two dimensional HPLC method in which samples need to be run on a 

reversed-phase HPLC, then lyophilise for at least 6 hrs prior to cation-exchange 

HPLC, and several dilutions and reconstitutions of samples were performed, then the 

loss of SAM, SAH and MTA has to be seriously investigated. The use of correct 

injection techniques, ie the choice of a right loop volume, is essential for increasing 

reproducibility between all runs.

Collecting fractions at the right time for each specific compound and selecting wider 

sample collection times ie ±1 minute of the consecutive retention times can assure 

that the appropriate compounds are collected.

Blank injections were run for a volume 5 times greater than the loop volume after 

each gradient and isocratic runs, to make sure that there no sample remained from 

previous injections which could influence the integrated areas.

a. The experimental procedure

The mixture of three standard solutions of SAM, SAH and MTA were made by 

mixing 40 pi of each standard solution. The final concentration of the mixed
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compounds in 20 pi was as follows: SAM 1.3 nmol, SAH 1.2 nmol and MTA 0.7 

nmol. Three same volumes of the standard solution was injected onto the reversed- 

phase column. Fractions of SAM, SAH and MTA were collected ±1 minute each 

side of their respective peak. At the end of each run, a blank solution of the mobile 

phase was injected and a gradient profile was run to make sure that impurities would 

not interfere in the next loop injection. Collected fractions were freeze dried on a 

lyophiliser and reconstituted with water to 120 pi at pH 5-6. 100 pi of these samples 

were made injected to the SCX column as in the second chromatography. Each of 

the three standard solutions were injected three times. The same volumes as injected 

on the SCX column were injected onto the reversed-phase column (c.f. table 4.19 

and 4.20). Fractions obtained from the RP column were injected onto the SCX 

column. The areas of these peaks were compared to the areas of the standards 

injected directly onto a SCX column.

In order to determine the loss of compounds, during two dimensional 

chromatography and lyophilisation, the respective areas were corrected by a dilution 

factor of 1.2 (c.f. table 4.19 and 4.20)

Table 4.18 shows the average recovery of SAM, SAH and MTA obtained from table

4.19 and 4.20 (within three day intervals).

The precision of "within run" for each compound was also demonstrated. The 

specifications of the injected solutions include the volume of injections, collection 

times, tR of each compound, areas and also the recoveries have been shown in table

4.19 and 4.20 respectively.

125



Reproducibility ( R.S.D.) (%)

Compound Recovery (%) Within run** Within run^‘ Average

SAM 68 10.5 9.6 10.0

SAH 92 8.4 9.0 8.7

MTA 83 7.8 7.8 7.8

Table 4.18 The reproducibility "within run" of SAM, SAH and MTA during two 

dimensional HPLC assay of the standard solutions and also the average of the 

recoveries for each compound obtained from the data in table 4.19 and 4.20.

*1. Calculated precision from table 4.19 based on equations 3.7 and 3.8 

*2. Calculated precision from table 4.20 based on equations 3.7 and 3.8

2̂  Recoverv from Dowex Column:

The Dowex 50 (H^) resin has been used by different authors in order to separate 

SAM and its related metabolites from neutral compounds and lipids in different 

biological experiments (131 and 144). The large binding capacity of it to cationic 

compounds makes it a suitable resin to use in chromatography of such compounds. 

The disadvantage of its use in^xtraction of SAM is that it needs a strong acid e.g. 

6 M HCl to displace the strong ionic bond between the sulfonium part of SAM and 

the fixed charge (-) on the Dowex resin (Figure 3.8). Although in this concentration 

of acid SAM is quite stable yet SAH may not be stable and may undergo a cleavage 

to release adenine (171). For such a reason the experiment was carried out at a low 

temperature, near 0°C. The use of a lower concentrated acid, 2 M HCl, cannot elute 

SAM and SAH at all, but elutes MTA and the other nucleotides. 0.1 M HCl is too 

weak to elute any of the bonded cationic compounds such as SAM, SAH and even 

MTA. Though it is useful to wash out the unbonded materials such as lipids and 

peptides.

126



RP-Chromatography SCX-Chromatography of fractions SCX-Chromatography of standards Recovery

Chrom.No Inject. Vol 

(pl)

Collect time 

(min)

Chrom.No Inject. Vol 

(Pl)

tR

(min)

Area Chrom.No Inject. Vol 

(pl)

RT

(min)

Area
(%)

RP-27 20 7.5-9.S SCX-160 100 15.86 232029 SCX 156 20 15.81 466165 59.7

# # 14.3-16.3 scx-161 # 8.10 47350 # # 8.11 65084 87.3

# # 21.0-24.0 SCX-159 # 11.41 215620 # # 11.81 347789 74.4

RP-28 # 8.3-10.3 SCX-166 # 16.0 344831 SCX-157 # 15.44 540996 76.5

# # 14.3-16.3 SCX-167 # 8.33 511486 # # 8.05 58435 105.0

# # 21.0-24,0 SCX-165 « 11.6 300321 # # 11.2 399977 90.1

RP-29 # 7.5-10.0 SCX-169 # 16 285870 SCX-158 # 15.46 530407 64.7

# # 14.3-16.3 scx-170 « 8.37 41894 # # 8.06 56437 89.0

# # 21.2-24 SCX-168 « 11.56 266252 # # 11.2 383972 83.2

Table 4.19 Chromatographic specifications o f two dimensional HPLC assay o f mixture o f three standard solutions o f SAM , SAH and MTA detected by UV  

absorbance at 267 nm; 0.02 A.U.F.S. .

Recovered amounts of standard SAM, SAH and MTA after two dimensional HPLC were achieved by comparing the same relative amounts, directly injected to 

5C%column.

*. Areas must be corrected by factor o f 1.2 (120 pi was the total volume of samples which only 100 pi was injected).
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RP-Chromatography SCX-Chromatography of fractions SCX-Chromatography of standards Recovery

Chrom.No Inject. Vol 

(pl)

Collect.time

(min)

Chrom.No Inject. Vol 

(pl)

tfl

(min)

Area Chrom.No Inject. Vol 

(pl)

tR

(min)

Area
(%)

RP-24 20 7.5-9.S scx-142 100 15.82 291520 sex 134 20 15.52 470826 74.3

# # 14.0-16.0 SCX-143 # 8.14 52461 # # 8.10 64238 98

# # 21 4-24.4 SCX-140 # 11.32 230855 # # 11.83 350223 79.1

RP-25 # 8.5-10.5 scx-145 # 15.80 269787 SCX-135 # 15.60 522169 62

# # 14.0-16.0 scx-147 # 8.13 38852 # # 8.10 57558 81

# # 21-24 SCX-144 # 11.0 251485 # # 11.2 402376 75

RP-26 # 7.5-10 sex-153 # 16.0 256372 scx-137 # 15.48 512745 60

# # 14 0-16.0 SCX-150 # 8.2 47352 # # 8.13 57397 99

# # 21.2-24.2 SCX-149 # 11.0 284878 # # 11.4 386276 88.5

Table 4.20 Chromatographic specifications o f two dimensional HPLC assay o f mixture o f three standard solutions o f SAM, SAH and MTA detected by UV  

absorbance at 267 nm; 0.02 A.U.F.S. . Three day was interval was between each data obtained and table 4.18 

*. Areas must be corrected by factor o f 1.2 (120 pl was the total volume of samples which only 100 pl was injected).
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a. Experimental procedure

T hree rats (a lb ino) w ere k illed  by curing  w ith  ether, their hearts w ere op en ed  and 

then qu ick ly  the hearts b lood w as co llec ted  in a 25 ml vo lum etric  tube .

9.5 m l o f  co llec ted  b lood  was m ixed  up w ith 0.5 m l o f  3.8%  sodium  citra te  solution 

m ade in norm al saline solution (an an ticoagu lan t agent). A fter cen trifug ing  at 9000  

g fo r 10 m inutes at 4-0°C , approx im ate ly  5 ml o f  citra ted  plasm a w as obtained . It 

w as d iv id ed  in to  9 equal volum es o f  500  pl in 5 m l containers w ith  a m icro  pipet 

(Gilson). 3 m l o f  SA M  standard  solution (62 x 10^ M  in 500 pl) and  3.5 ml m ixture 

o f  SA H  and  M T A  standard  solutions (equal to 231 x 10^ M  o f SA H  and 168 x 10^ 

M o f  M T A  in 500  pl) freshly  m ade w ere kept at 4°C  for less than 24 hrs. T o  three 

o f  the p lasm a con tainers w ere added 500 pl o f  SA M  standard  so lution and  to ano ther 

th ree con ta iners o f  p lasm a w ere added 500 pl o f  SA H  plus M TA  standard  solution. 

T hree  o f  the p lasm a con tainers w ere used as blanks ie no added  SA M , SA H  and 

M TA . T he nine con tainers w ere shaken w ell, and 1 ml o f 0.8 M PC A  w as added  to 

p recip ita te  the pro teins and large m olecules, then m ixed  fo r 1 m in and  left at the 

co ld  cab in e t fo r 30 m in at least. A fter cen trifug ing  at high speed fo r 10 m in, the 

supernatan t w as taken and the pH was ad justed  to 4-5 w ith 1 M K O H  and checked  

by in d ica to r paper. T he neutra lized  so lu tions w ere allow ed to stand  in the cold  

cab in e t fo r 1 hr at least to com plete  p recip ita tion  o f po tassium  perch lo ra .^ . 

M eanw hile  tw o  ind iv idual D ow ex 50 H^ system  in tw o glass burettes f i t t e d g l a s s  

w ool w ere p repared  as m entioned  ea rlie r in ch ap te r 3.

A fter eq u ilib ra tin g  the co lum n w ith 20 ml 0.1 M  H C l and setting the flow  ra te  nearly  

to 0 .6  m l m in  % p lasm a sam ples w ere allow ed to pass through the D ow ex  colum ns 

respectively . T h e  details  o f  the app lied  volum e and m olarity  o f H C L  fo r unw anted  

m ateria ls  in sam ples w ere m entioned  in part iii. o f  3.8.3 com prehensively .

Each D ow ex  ex traction  including  blank sam ples and standards w ere d ried  on a 

lyoph iliser in a 250  ml round  bottom  flask  o v er night then d isso lv ed  in 3 m l o f 

d istilled  w ater rep laced  into a 5 ml g lass con ta in er and lyophilized  for a second tim e 

until it w as dried .
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Finally dried samples were reconstituted in 120 pl of pure water and centrifuged for 

10 min at high speed then injected onto the SCX column using a 100 pl loop.

The areas were subtracted from the relative background areas seen in blank plasma, 

run on SCX HPLC, and then compared with the exact amounts of standard 

compounds directly injected onto the SCX column.

Table 4.21 shows the recovery percentage of SAM, SAH and MTA (nmol) they were 

added as external standards into the rat plasma matrix:

Chrom.No. Added SAM 

(nmol)

Recovery

(%)

Added SAH

(nmol)

Recovery (%) Added MTA 

(nmol)

Recovery

(%)

SCX 88,89 62 65.4 231 61 168 55

SCX 95,96 # 74.6 # 78 168 140

SCX 100,101 74.1 # 76.8 168 80

Table 4.21 Recovery of SAM, SAH and MTA were applied onto the l^owex 

column. They were added as external standards in rat plasma (the amounts are 

explained in the text).

Quantification was obtained by applying the freeze dried samples to Partisil S-10 

SCX HPLC column (Chromatographic conditions were shown in table 3.1).

4.5 Assav of SAM and its related metabolites in biological samples

Determination of the concentrations of SAM, SAH, MTA and dc-SAM were 

obtained from male rat albinos in different tissues and plasma. In rat liver the 

concentrations of Ade and Ado were also obtained. The concentrations of SAM and 

the other related metabolites were investigated in cultured mast cells (RBL 2H3).
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4.5.1 From rat biological fluids and different tissues

The two dimensional HPLC bioassays of SAM and related compounds were 

performed on the extractions obtained from different starved rats (male albino). The 

reversed-phase HPLC assay and also the SCX HPLC determination as the second 

step of the chromatographic procedure of liver extraction are shown in figure 4.28 

and figure 4.29. Data obtained from four starved rat livers (1.94 g up to 3.86 g) are 

demonstrated in table 4.22 in which the data from each rat belongs to three different 

homogenised solutions (Each rat liver was divided in three parts and then followed 

the exraction procedure explained in 3.8.2 part i and in figure 3.7). In each run 50 

pl of prepared and extracted samples (60 pl total volume) were injected onto the 

reversed-phase column. The monitored peaks in respected to the standard solution 

Xr of each of the five compounds is shown in figure 4.20. They were collected as 

explained in figures 4.28 and 4.29 . The samples, after evaporation on a freeze drier, 

were reconstituted in 120 pl of eluent and then 100 pl of this sample run onto SCX 

column. SAM and related metabolites were measured in the kidney (1.72 g up to 

1.87 g), the heart (0.76 g up to 0.98 g) and in the adrenal gland (0.06 g up to 0.088 

g) of each starved rat (male albino). The kidney, the heart and the adrenal gland 

were homogenized in PCA and the pH was adjusted to 4-5 with 1 M KOH. Each 

tissue meantime was divided into three parts and submitted to Dowex column and 

two dimensional chromatography. For measuring Ado, Ade and dc-SAM only the 

two dimensional HPLC procedure was used (see table 4.22). Plasma extractions and 

two dimensional HPLC assay were achieved as in the method of plasma preparation 

(explained in 3.8.2 part ii). From each rat 2.2, 2.6 and 3.1 ml of plasma was 

obtained. After the Dowex column chromatography and lyophilisation each sample 

was made up to 200 pl and 100 pl of each was injected onto the reversed-phase. The 

dried samples (fractions from RP HPLC) of 120 pl were made and 100 pl of them 

injected onto SCX column (figure 4.30). The calculation of each peak in SCX 

chromatography was based on equation 3.6 using relative slopes and intercepts from 

table 4.16 and also recoveries from table 4.18. Two dimensional HPLC recovery 

percentages of dc-SAM, Ado and Ade were investigated in our laboratory (188) and 

were reported to be 99.2%, 103% and 103% respectively. The average amounts of 

SAM in different rat tissues and plasma are shown in table 4.23.
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Figure 4.28 Double HPLC method chromatograms of 50 pl o f extractions from starved rat liver (3.86 g ml *), fractions were taken from the reversed-phase 

column then run in the sex chromatography, (a) Rat liver on RP HPLC, (b) SCX HPLC from fraction 5.8-8.0 on the RP column, SAM; (c) SCX HPLC from 

fraction 14.5-16 on the RP column, SAH and Ado; (d) SCX HPLC from fraction 27-29 on RP column, MTA.

Reversed-phase and SCX HPLC assay condition are explained in tables 4.13 and 4.15 .
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column, dc-SAM; (b*) SCX HPLC of fraction 14.5-16 on RP column, SAH and Ado; (c) SCX HPLC 

of fraction 10-12 on RP column, Ade.

Reversed-phase and SCX HPLC assay condition are explained in tables 4.13 and 4.15
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4) from starved rat plasma (3.1 ml), fractions were taken from the reversed-phase column then run onto sex chromatography, (a) Rat plasma on RP HPLC, (b) 

SCX HPLC from fraction 5.5-8.0 on the RP column, SAM; (c) SCX HPLC from fraction 14.0-15.5 on the RP column, SAH and Ado; (d) SCX HPLC from fraction 

27-29 on RP column, MTA. Reversed-phase and SCX HPLC assay condition are explained in tables 4.13 and 4.15.
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(0.077 g) by spiking with 6.61 nmol, 3.1 nmol and 2.24 nmol of each standards 

respectively.

(a) Rat liver on RP column, (b) Spiked one.
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Sample Liver Kidney

Compound 1 2 3 4 1 2 3 4

SAM 34.5±5.1 40.7±5.9 28.215.9 38.613.0 27.413.2 30.013.6 36.012.6 27.111.6

SAH 11.0±0.9 9.3±0.8 8.310.8 11.510.9 15.211.2 15.711.3 14.711.2 10.811.0

MTA 0.2±<0.1 0.310.1 0.2i m i 0.41<0.1 0.210.1 0.210.1 0.41<0.1 0.121<0.1

Method a a a a a a a a

dc-SAM 4.5±1.0 4.511.2 3.410.8 3.711.6 - - - -

Ade 52.0±6.2 45,016.5 48.612.7 51.615.4 - - - -

Ado

Method

43.4±9.2

b

43.816.3

b
-r=— „-l\

46.6117

b

39.2112.8

b

- -

Each tissue was carried out two on dimensional HPLC assay after homogenising and extractions in PCA.

Calculations and chromatographic procedures have been discussed in the text

a: Dowex chromatography and then two dimensional HPLC method (Carried out reversed-phase HPLC followed by cation-exchange chromatography), 

b: Without Dowex column chromatography, s lig h t after PCA extraction and adjusting pH to 4-5, 1 ml o f sample solution was reconstitu ted in 120 pl and 

then 100 pl o f that run RP-HPLC (equipped with a guard column), fractions taken and, lyophilisation and then injected into^ÇC column.
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Tissue Amount n Blood Amount n

Liver 35.2 ± 7.3 4 Plasma 0.220 3

Kidney 30.0 ± 8.9 4

Heart 7.4 ± 0.7 4

Adrenal gland 86.6 ± 19.9 4

Table 4.23 Average of SAM measurement in 4 rats in different tissues (nmol g ‘ 

wet) and in plasma blood (nmol ml'*) of three different rats obtained from table 4.22.

Method

Compound

ref. 141 

Ion Paired 

HPLC

ref. 140 

Ion Paired 

HPLC

ref. 189* 

Cat. ex.

ref. 190* 

Cat. ex.

ref. 105* 

RP-HPLC

ref. 130* 

Partisil SCX

SAM 72 33 66.5 66.3 63.4 59.0

SAH 18 56 45.8 45.5 25.3 18.0

MTA - 2.9 9.0 - - 0.05

Adenine - - 13.0 - - 32.8

Adenosine 38 - - - - -

dc-SAM - 1.0 1.7 - - -

Table 4.24 The concentration (nmol/gr) of SAM and its related metabolites in rat 

liver obtained from the literature.

*. Data from non starved rats.
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3.5.2 Assav o f SAM and related metabolites in mast cells

The concentration levels of SAM and its related metabolites were investigated in 4 

different batches of cultured mast cells (RBL-2H3). The extraction procedure as 

explained in chapter 3 (3.8.3 part iii.) was carried out. The counted cells in each 

batch of cultured media (after centrifugation and dispersing the pellet of cells in 10- 

20 ml of tyrod’s buffer and counting with haemocytometer) were 13.8 x 10̂ , 11.5 

X 10̂ , 14.0 X 10® and 10.4 x 10® mast cells. Each batch of mast cells after 

lyophilisation were made up to in 200 pl of 10 mM ammonium formate pH 2.9 and 

120 pl of that was run on RP-HPLC (using a 1(X) pl loop) and fractions taken as 

shown in figure 4.32 . Each fraction after freeze-drying and reconstitution to 120 pl 

of 50^ eluent was run the second chromatography using a 1(X) pl loop. The data 

obtained from the calculations for different areas of each compound was achieved 

using equation 3.6. Average amounts of SAM, SAH, Ado and Ade were put in table 

4.25, also relative standard deviations of relative amounts were calculated in four 

different batches of mast cells using equation 3.9.

Compound 1 2 3 4 Average R.S.D. (%)

SAM 34.8 43.5 37.0 32.5 36.9 12.8

SAH 13.8 12.3 14.2 13.4 13.4 6.0

Ado 13.3 24.0 17.4 16.5 17.8 25.2

Ade 19.3 15.0 18.7 12.0 16.2 21.0

Table 4.25 The concentrations of SAM, SAH, Ado and Ade (ng/million cells) in 

four different batches of mast cells.
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described in 3.3.1 part ii.)
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CHAPTER V EVALUATIO N OF LC/M S RESULTS
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5.1 TSP/MS o f SAM and its related metabolites:

The compounds SAM and SAH were not found to be stable under thermospray 

conditions in that no ions corresponding to the intact molecular species were 

detected. The spectra obtained for SAM and SAH by thermospray MS were 

sufficient to be able to identify the compounds from the fragment ions observed. The 

fragment ions can be rationalized by considering cleavage of the amino acid moiety 

from the molecule resulting in the ions at m/z 298 and m/z 284 for SAM and SAH 

respectively as shown in figure 5.1. The ethyl analogue of SAM, S- 

Adenosylethionine (SAE) also shows this fragmentation at m/z 312 under 

thermospray conditions as the figure 5.2, whilst the molecule MTA has a molecular 

mass of 298 and yields this ion as a charged molecular species under thermospray 

conditions. Although both MTA and SAM yield very similar mass spectra, the 

difference in polarity and interaction with the stationary phase allows good 

separations to be achieved by cation exchanger chromatography and therefore HPLC- 

TSP/MS gives a good selectivity for all the compounds of interest. The stability of 

the molecules of interest differs with respect to each other under thermospray 

conditions and this leads to differences in the observed ion abundances which may 

mean that they do not accurately reflect the molecular concentrations in solution. 

Another major fragmentation pathway for all the compounds of interest is cleavage 

of the purine base with a proton transfer to the base moiety, giving rise to the ion 

at m/z 136, this is a common reaction for all nucleoside, nucleotide type molecules. 

This ion at m/z 136 can be formed by direct fragmentation of the unstable molecular 

species or from the observed ions at m/z 298, 284 and 312 for SAM, SAH and SAE 

respectively and is usually the base peak in the spectra of these compounds.
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i. Selected Ion Monitoring Analysis

The optimum separation by HPLC and thermospray for SAM, SAH and MTA was 

achieved by monitoring m/z 298 and 284 with ammonium format buffer (pH= 3.8) 

250 mM and a partisil $10 SpC (strong cation exchanger) column (250 mm x 4.6 

mm) Figures 5.3 and 5.4 show, selected ion monitoring TSP/MS of SAM.

Also the identification of SAM in deproteinised rat blood plasma by spiking with 

1.95 X 10  ̂M of standard sample has shown in figure 5.5.

Other materials giving rise to m/z 298 were identified as MTA and dc-SAM, which 

exist as impurities in commercial SAM and are separated in time by plus and minus 

roughly 2 min under these conditions, by comparison with standard samples. This 

shows an advantage of using SIM in the quantitative HPLC analysis of SAM even 

in the presence of impurities. Selected ion recording traces for SAM are shown in 

figure 5.4 based on the fragmentation of the parent molecule of SAM as in figure 

5.3 . The amino acid part M/Z 102 and m/z 136 are observed from most compounds 

containing methionine and purine ring. The instability of SAM at high temperatures 

as utilised in the thermospray interface (220°C for the ion source) is the biggest 

disadvantage of this technique. Thus failing to observe the molecular ion of SAM 

in TSP/MS.

Selected ion HPLC/TSP profiles from SAH are shown in figure 5.6, they show very 

weak signals with respect to the injected concentration. The major problem arises for 

the memory effect of m/z 136 as can seen in figure 5.7. This results in wasted 

analysis time as it is necessary for completely washing out all parts of the interface 

with concentrated acetic acid, at a high temperature for at least half an hour before 

returning to a normal operating temperature for another half hour. This makes the 

technique unsuitable for the monitoring of m/z 284 under the above conditions.

The most stable ion for this type of analysis was m/z 298 as seen in figure 5.8 which 

can be efficiently detected by the HPLC/TSP MS method for samples containing 

either MTA alone, or MTA and other molecules containing the MTA moiety, such 

as SAM, however the sensitivity of the technique to such molecule would need to 

be taken into consideration.
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Figure 5.5 Identification of SA M  by selected  ion (H PL C  T S P/M S ) at m /z  298 

in 1ml deproteinised rat b lood p lasm a by spiking 1.95 nm ol o f  SA M  

standard solution showing repeat injections. 50 ul was the volum e o f  

the loop and a blank (Eluent) was injected  between each run.
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Figure 5.8 Selected ion HPLC/TSP profiles from MTA.

ii. Quantitative Analysis:

In order to study the behaviour of SAM, SAH, and MTA under TSP LC/MS 

conditions with respect to their sensitivities and reproducibility against an external 

calibration, a series of standard solutions of each compound in the LC eluent 

(Ammonium formate buffer pH 3.8) were prepared containing 2.6, 5.2, 10.5 and 21 

pg ml-1 of SAM, 27.5, 55, 82.7, 221 and 331 pg ml * of SAH and 1.3, 1.95, 2.6, 5.2 

and 7.8 pg ml * of MTA. 60 pl of each standard solution from the lowest 

concentration to the highest were injected 3-5 times respectively on column using 

a 40 pl internal volume loop. The injector and the loop were washed with at least 

100 pl of eluent and blanks were run at intervals of two different standard solution 

injections to make sure that no traces remained from previous standard samples 

which could effect the area measured for the next injection.
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Finally, linear regression was used to fit the best line to the data obtained from the 

monitored signals at M/Z 298, 284 [M+1]^ over the range of 2.86-23.0 nmol of 

SAH, 0.260-2.10 nmol of SAM, and 0.175-1.01 nmol of MTA injected on column 

(figs 5.8, 5.9 and 5.10).

The parameters obtained from linear regression for individual calibrations are listed 

in tables 5.1 and 5.2. The reproducibility of the measured peak areas for SAM, SAH 

and MTA, between each run, was highly dependent on injection technique and on 

the condition of the septum, valve and other sources of error such as the technique 

of the analyst. More important the reproducibility depended on the amount of pulsing 

of flow and variations in sample ionisation efficiency. This was worse, ( as expected) 

for unstable and heat labile compounds e.g. SAM and SAH. The calibration is based 

on a fragment ion M/Z 298 for SAM, which changes increasingly from 9.4 to 22 % 

relative standard deviation within a run, when the amount of SAM is decreased to 

the lowest detected amount, at 0.077 nmol/injection. The same arguments apply to 

SAH, which gives the ion at m/z 284. However SAH instability under thermospray 

conditions makes it a very unsuitable compound for analysis by this technique and 

has a great effect on the level of detection.

Amount (Pmol/Inject) Area RT (min) R.S.D (%)

715 11346 5.3 ± 0.2 9.4

357 5756 5.7 ± 0.3 17

286 5100 5.9 ± 0.4 12

178 4226 4.2 ± 0.1 9.9

143 3880 4.2 ± 0.2 18.9

71.5 1937 4.3 ± 0.1 22

Table 5.1 H PLC /M S calibration param eters o f  S A M  on SC X  partisil SIO colum n 2 5 0  x 

4 .6  i.d. flow  rate 1.0 ml m in ' w ith am m onium  format buffer (pH 3 .8) 2 5 0  m M , 5 tim es o f  

repeated injections. Injection o f  the eluent in intervals o f  standards and run as a blank.
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Compound RT (min) Sloi^ Intercept

SAM

SAH

MTA

4.9 ± 1.3 

2.0 10.1 

3.31 ±0.1

7.93

0.45

0.033

0.35

-0.44

-4.63

0.9123

0.9915

0.9977

Table 5.2 Linear regression parameters of SAM, SAH and MTA calibration 

using on line HPLC/MS.
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Figure 5.9 SAM calibration on LC/MS (Thermospray).
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Figure 5.11 MTA calibration curve on HPLC/MS (Thermospray).
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Application of SAE as an internai standard for SAM in HPLC/MS

The external calibration of SAM by thermospray LC-MS has already been shown to 

have a regression coefficient of r^= 0.9123 from table 5.2. The correlation of signal 

responses depends on the stability of the instrument in terms of the stability of the 

ion signal monitored throughout the assay and also depends on the injection 

technique and other factors as discussed earlier. The use of an internal standard will 

normalize any unwanted changes in ion intensity and as a result improves the linear 

response of the monitored ion signal against the amount of injected analyte. For this 

reason the use of an internal standard was investigated for these assays, the internal 

standard chosen was SAE, an analogue of SAM, this compound forms a good 

analogue internal standard (type C) (see methodology in chapter 2). Under TSP/MS 

conditions SAE fragments by loss of the methionine moiety, in the same way as 

SAM, to produce the ion at M/Z 312. No ion at M/Z 298 is produced and therefore 

there is no interference with the signal due to SAM. For this study four different 

ratios (nmol) of SAM/SAE were prepared in 25 mM ammonium formate as table 

5.3. The solutions were injected through the column in a volume of 40 ul per run 

and a blank solvent injection was made after every 2 standard injections.

Figure 5.13 shows the selected ion monitoring at m/z 298 and m/z 312 of repeated 

injections of SAM solution containing SAE as an internal standard.

The average signal ratio M/Z 312 to M/Z 298 from three injections for each standard 

mixture was plotted against the injected amount for each mixture of SAM/SAE 

respectively, and a calibration line due to the use of SAE as an internal standard was 

obtained.

This shows an improved regression coefficient of 0.9998. Results for R.S.D. (%) 

were obtained and again decreased as the mole ratio increased as expected.
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Figure 5.12 SAM calibration on LC/MS (Thermospray) using SAE as 
internal standard.
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Figure 5.13 Selected ion monitoring HPLC/TS of SAM (m/z 298) and SAE (m/z 

312) profiles from repeated injections of a mixture of SAM and SAE (used as an 

internal standard).
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Amount of SAM (nmol)/SAE (nmol) Ratio of SAM/SAE Areas R.S.D (%)

0.242/1.12 0.06 ± 0.01 16

0.484/1.12 0.15 ± 0.02 13

0.968/1.12 0.5 ± 0.04 8

1.94/1.12 1.2 ± 0.1 7

Table 5.3 HPLC/MS SAM  calibration on thermospray interface using SAE as an internai

standard on partisil slO SCX column (250 x 4,6 mm) and 250 mM ammonium formate buffer pH 3.8 

flow rate 0.9 ml min \

5.2 Standard and Fluid FAB (FFAB) spectra

Standard FAB spectra of SAM, SAH and MTA showed abundant protonated 

molecular species at m/z 399, m/z 385 and m/z 298 respectively, along with the 

same fragmentation products as were observed under thermospray conditions. The 

standard FAB spectra for SAM and other related compounds are shown in figures 

5.14 and 5.15, SAE provides an abundant molecular ion under FAB conditions 

although it is not the base peak, as is the case for the molecular species of SAM. 

The peak at m/z 136 is due to the purine base and is a common fragment in 

molecules containing this structural feature, as pçïviously discussed.

FFAB spectra for SAM 0.1 nmol and SAH 0.6 nmol, in a 0.4 pi injection volume 

provided the same molecular ion and fragmentation as the standard FAB spectra (see 

figure 5.16). The related molecular ion chromatograms of SAM and SAH from the 

scanned spectra are shown in figures 5.17 and 5.18, for a series of repeat injections 

of 0.2 nmol, 0.08 nmol, 0.04 nmol, and 0.02 nmol at m/z 399 for SAM. The selected 

ion recording at m/z 385 for SAH was obtained from a series of injections starting 

with a couple of blanks in the first 2-4 min, followed by 3 times 0.01 nmol, 3 times 

0.03 nmol and 2 times 0.07 nmol injections.
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F ig u re  5.18 Total ion chrom atogram  FFA B /M S  o f  SAM  (m/z 399) (a) 0.08 nmol.
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Figure 5.19 Single Ion Recording FFAB/MS of MTA (m/z 298) 6, 3, and 1 ng. 

Each for two times of injections.
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5.3 Electrosprav/MS Spectra

Electrospray (ESP) is a soft ionisation technique which takes place in the liquid 

phase without any excessive heating of the sample. By using such technique it was 

expected that SAM and its metabolites, which are thermally labile molecules under 

TSP/MS conditions, would remain intact as a molecular species with little 

fragmentation.

Typical electrospray spectra of 0.24 nmol SAM, 0.23 nmol SAH and 0.065 nmol 

MTA, are shown in figs 23, 24, and 25. Spectra of detection limits of indicated 

compounds are shown in the related figures as well.

Compound UV/HPLC TSP/MS FFAB/MS ESP/MS

SAM 0.050 0.075 0.020 0.012

SAH 0.012 1.700 0.012 0.009

MTA 0.060 0.170 0.004

Table 5.4 The comparison of the measured detection limits (nmol) of SAM, SAH 

and MTA by UV detection and different LC/MS techniques as the HPLC detector.
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Figure 5.20 Electrosprav mass spectra of SAM (a) 0.24 nmol and (b) 0.03 nmol.
161



VG LAB-BASE The TRIO-2 GC-MS Data System
Samp l e : SAH 2 . 3  e -11  n /u l Instrum ent :
22KV2'22 (1 .9 3 8 )  Ba(48.2y) (MS)
1 0 0 1

3 84 .7

7.FS

386.1279.

387 .22 95 .1 301 .4

329 340399 360 380 4 9 0 420

VG LAB-BASE 
Sample.'SAH 730 fn o le /u l

The TRIO-2 GC-MS Data System
Instrument

22KVI4'1 (0 .0 9 3 )  Ba(36.2%) (MS) 
1001

3 4 7 .9

279 .1
293.1

3 32 .3 380 .1322 .3
419 .

310 .8
347 .2 34 8 .6

384 .97.FS

I  M / z  2 99 42 0  !340329 3 6 0300 3 8 0 4 0 0

F igure  5.21 Electrospray mass spectra of SAH (a) 0.23 nmol and (b) 0.007 nmol.
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F igure  5.22 Electrospray mass spectra of MTA (a) 0.06 nmol and (b) 0.007 nmol.
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Chapter VI Conclusion:

S-Adenosyl-L-methionine (SAM) is an endogenous compound that is involved in a 

variety of biochemical reactions and cellular functions, such as transsulfuration, 

polyamine biosynthesis and méthylation of lipids, proteins, RNA and DNA. SAM and 

its related metabolites (eg. SAH, MTA and dc-SAM) have therefore been the target 

for several assays in tissues and body fluids. They are relatively polar compounds and 

consequently have relatively short retention times in reversed phase chromatography 

even if very low concentrations of organic modifiers are used in the mobile phase. All 

of the separations were carried out on a silica-based HPLC stationary phase. The 

HPLC parameters of these compounds on silica is limited by poor chromatography 

since they are silanophilic materials, which presented some difficulty in optimizing a 

unique HPLC profile for SAM and its related metabolites. The retention behaviour 

was therefore studied systematically on both reversed-phase and cation-exchange 

HPLC columns by changing the mobile phase pH and ionic strength. The optimization 

data for five compounds , SAM, SAH, MTA,Ado and IPDU on SUPELCOSIL™ LC- 

ABZ column and HYPERSIL ODS column showed that:

1. A higher selectivity and therefore a better separation was observed on the LC- 

ABZ column between pH 4 and pH 6. This could be a consequence of

protonation of the related compounds and the functional groups on the LC-ABZ 

column.

2. The capacity ratio of the MTA changed when the pH was lower than 4 on only 

the LC-ABZ column.

3. Very short retention times were measured on reversed-phase stationary phases for 

SAM as it has a positive charge at any pH value. The capacity ratio of SAM did 

not change significantly by varying pH on both columns.

4. Separation of SAM, SAH and Ado proved to be difficult on both reversed- 

phase columns used.

5. The ODS column was chosen for the reversed phase separation of the investigated 

compounds at pH 2.6-4.

The behaviour of SAM and its related metabolites was also studied on a PARTISIL 

SCX ion-exchange column. In cation-exchange chromatography, SAM had a much 

longer retention time and higher selectivity due to its sulphonium ion (the stable
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positive charge) interacting with the SCX column within the pH range 2.9 to 6.5. 

The retention times of SAM, MTA and SAH varied significantly with changes in pH 

and mobile phase salt concentrations. However this did not significantly improve the 

separation of SAH from adenosine during cation-exchange chromatography. In single 

reversed-phase HPLC or in single cation exchange chromatography of the principal 

metabolites of SAM, overlapping peaks were always observed, therefore a combined 

reversed-phase and cation-exchange HPLC assay was developed. The two dimensional 

HPLC assay involved a gradient reversed-phase HPLC separation followed by cation- 

exchange chromatography.

Two dimensional HPLC permitted accurate detection of 0.050 nmol of SAM, MTA 

and dc-SAM and also 0.015 nmol of SAH, adenine and adenosine and allowed 

quantification of samples equivalent to 0.020 g of liver tissues for SAM, SAH, 

adenine and adenosine, 0.250 g liver tissues for MTA and dc-SAM, 0.3 ml of rat 

plasma and 7x10^ of mast cells (RBL-2H3) for SAM.

The average hepatic levels of SAM, SAH, MTA, dc-SAM, adenine (ade) and 

adenosine (ado) by this method, (nmol g ‘ wet weight) were found to be 35.5, 10.2,

0.27, 4.0, 49.3 and 43.3 respectively, from 24 hour starved rats. These amounts were 

different in the kidney e.g. 30, 14.7 and 0.23 nmol g * for SAM, SAH and MTA 

respectively. The accuracy and the bio-relevance of the measured endogenous 

concentrations of the investigated compounds (in 24 hour starved rats) were compared 

with the data obtained by others. The absolute values for SAM in rat livers are in 

good agreement with data previously published from 24 hour starved rats but the 

hepatic concentrations of SAH and MTA were found to be lower than previously 

reported which was probably attributable to the better selectivity of the two 

dimensional chromatographic method. The levels of SAM and its intracellular 

metabolites (ng/ million cells) in mast cells (RBL-2H3) were also investigated and 

found to be 36.9, 13.4, 17.8 and 16.2 for SAM, SAH, adenosine and adenine 

respectively. The recovery of SAM, SAH and MTA from sample preparation and 

Dowex column chromatography were 71.3%, 72% and 91.6% respectively. The 

recovery after the two HPLC methods was 68±10.5% for SAM, 92±9% for SAH and 

83±7.8% for MTA. The average recovery for the entire procedure including the 

sample preparation was determined by the method of standard additions and two
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dimensional HPLC was found to be 48.5% for SAM, 66.1% for SAH, 78% for MTA, 

99.2% for dc-SAM and 103% for adenine and adenosine respectively. In comparison 

with the other published data based on preliminary clean up of the sample by Dowex 

column chromatography and their analysis using single HPLC in which the recovery 

factors of SAM, SAH and MTA were reported 98%, 40% and 57.6% respectively, the 

recoveries of SAM, SAH and MTA from Dowex column chromatography and the 

double HPLC method was satisfactory. Nevertheless the stability of SAM in pH 5-6 

buffer for 35 days was also investigated and showed that, there was no significant 

decrease in the amount of standard SAM stored at 0°C and -20°C, only a decrease of

1.7% at -20°C and 5% in 0°C. SAM solutions kept at room temperature were 

decomposed during the same period of time at an approximate rate of 2.7% per day. 

The precision (R.S.D%) of data obtained from average values for the concentrations 

(nmol g ‘) of each investigated compound in rat liver for SAM, SAH, MTA, dc-SAM, 

adenine and adenosine were found to be 15%, 14.8%, 35%, 6.5%, 7% and 13.8% 

respectively. Also the reproducibility (R.S.D.%) for average values of SAM, SAH and 

MTA in rat kidneys were found to be 29.7%, 15.8% and 51.9%. The reported 

precisions from the other published methods of the bioassay of SAM and its related 

metabolites based on one step HPLC (ion-paired reversed-phase chromatography) or 

radioenzymatic procedures, were 14% and 18%, 14% and 54%, and 29% and 75% for 

SAM and SAH respectively. The precision obtained for SAM and SAH from mast 

cells (RBL-2H3) was better than those for the tissues and were 12.8% and 6% 

respectively, this may be due to less contamination present in cells and the use of a 

simpler clean up procedure to assay.

The two dimensional HPLC method proved to be a selective and a reproducible 

method for determination of concentrations of SAM, SAH, MTA, Ado, Ade and dc- 

SAM in different tissues and cultured cells. The advantage of two dimensional HPLC 

over the one dimensional HPLC assay was that the enhancement of the selectivity due 

to the different separation criteria benefitted from both reversed-phase and strong 

cation exchange stationary phases in a single assay. Peaks which seemed to be a single 

compound in reversed-phased chromatography usually produced three or more peaks 

in cation-exchange HPLC, suggesting that bio-assays for SAM and its related 

metabolites using a single HPLC method usually gave erroneous results, by
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overestimating the amounts actually present.

Finally, in order to evaluate the use of mass spectrometry as a sensitive and specific 

HPLC detector for these compounds a number of different LC/MS techniques were 

investigated. The relative merits of different techniques including, Thermospray, Flow 

FAB and Electrospray were investigated in relation to normal UV detection. 

Thermospray was disappointing in terms of its sensitivity for these compounds and 

when the Selected Ion Monitoring (SIM) technique was used to monitor M/Z 298 for 

SAM and MTA and M/Z 284 for SAH, the detection limits for these compounds 

injected on the column were about 0.075 nmol for SAM, 1.7 nmol for SAH and 0.17 

nmol for MTA respectively. Nevertheless use of an internal standard S-adenosyl 

ethionine (SAE) gave good reproducibility within runs with a regression coefficient 

of 0.9998 being obtained, and allowed better signal/noise ratios to be achieved. With 

flow FAB a better sensitivity for SAM, SAH and MTA was observed with detection 

limits of 0.020 nmol, 0.012 nmol and 0.003 nmol respectively being obtained. 

Electrospray (ESP) was investigated and provided detection limits of 0.012 nmol for 

SAM, 0.009 nmol for SAH and 0.004 nmol for MTA respectively.

These results show that a double HPLC method can serve for routine bioassays in 

conventional laboratories, and further LC/ESP MS may form the basis for a very 

specific and sensitive assay for this important class of compounds, in blood and other 

body fluids, where the concentrations are less than 0.2 nmol. Since ESP is a relatively 

new mass spectrometery technique, its further development should lead to further 

improvement in detection limits. This was illustrated by such recent developments as 

the high flow rate capabilities of a newly designed electrospray source, which can 

operate at a flow rate up to 1 ml min \  allowing direct coupling of conventionally 

packed column HPLC, without splitting of the eluent flow.
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APPENDIX 1

SYNTHESISED COMPOUNDS:

  S   (CH2)2—  CH

NH.

COOR

General Formula

1-

2 -

3-

4-

5-

6-

7-

8-

S-Dodecyl Homocysteine. 

S-Benzyl Homocysteine. 

S-Decanyl Homocysteine. 

S-Propyl Homocysteine.

Rl=

Rl=

Rl=

Rl=

DL-S-Dodecyl Homcysteine Methyl ester HCl. Rl= 

DL-S-Benzyl Homocysteine Methyl ester HCl. Rl= 

DL-S-Decanyl Homocysteine Methyl ester HCl. Rl= 

DL-S-Propyl homocysteine Methyl ester HCl. Rl =

CH3(CH2)11-, R2= H 

C6H5CH2- , R2= H 

CH3(CH2)9- , R 2 = H  

CH3(CH2)2- , R 2 = H  

CH3(CH2)11-,R2= CH3 

C6H5CH2- , R2= CH3 

: CH3(CH2)9- ,R2=CH3 

CH3(CH2)2- ,R2=CH3

Example 1,

S-Dodecyl Homocysteine
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a) l-Bromo-Ethyl-(2)-dodecyl-Sulphide.

In a 250 ml round bottom flask equipped with magnetic stirrer and reflux condenser, 

Dodecyl-mercaptan(10 g, 49.5 mM) was dissolved in absolute tetrahydrofuran (100 

ml). Sodium hydride (50% oil dispersion, 1.20 g, 49.5 mM) was added to the solution 

and mixture stirred for 3 hrs at room temperature. 1,2 dibromo-ethane (33.0 g, 15.15 

ml, 175 mM) was then added and mixture re fluxed for 24 hrs. The solvent was 

evaporated in vacuo and residue stirred with water (250 ml) and extracted with 

dichloroethane (3 x 50 ml). The organic phase after drying (MgSOJ was evaporated,
uf

the residue tri^ ated with methanol (100 ml) and the oily yellow liquid, 1-Bromo-ethyl- 

2-dodecyl sulphide ^^(C H ^),,S(CH2)2Br, purified from TLC. 

yield: 13.4 g (87.61%) oil 

Anal.CnHjçBrS 309.37

NMR (CDCI3): 3.75(2H, t, CH^Br), 2.89(2H, t, SCHJ, 2.57(2H, t, SCHJ, 1.46(2H, m, 

CH2), 1.25(18H, m, 9XCH2), 0.9(3H, t, CH3).

b) In a 50 ml round bottom flask equipped with magnetic stirrer and reflux 

condenser sodium (0.474 g, 32,2 mM) was reacted with absolute ethanol (25 ml). 

Diethyl acetamidomalonate (6.996 g 32.2 mM) was added to the clear solution and the 

mixture refluxed for 30 minutes at room temperature. l-Bromo-(2)-dodecyl sulphide 

(9.94 g, 32.2 mM) was added to the clear solution and the mixture refluxed for 24 hrs. 

Water was added to the reaction mixture and the precipitated product collected by 

filtration.

CH3(CH2)hS(CH2)2C(COOC2H5)2NHCOCH3 mp = 45-47°C 

Anal. C23H43NO5S

MS, (m/z) (%): 446(M+1)+ (14), 277(100), 244(48), 229(89), 217(23), 201(13), 57(31).

NMR(CDCl3): 6.80(1H, s, H), 4.25(4H, 2g, 2XOCH2CH3), 2.65(2H, t, SCH3), 2.5(2H, 

t, SCH2), 2.35(2H, t, CH2),2.02(3H, s, COCH3), 1.5(2H, m , CH2), 1.30(26H, m , 

IOXCH2 + 2xOCH2CH3), 0.9(3H, t, CH3).

IR (Nujol): 3450, 2950, 2850, 1740, 2325 cm \

C) This compound was then refluxed in concentrated hydrochloric acid (55 ml)
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for 18 hrs. The cool mixture was taken up in 144 ml of a 3:1 ethanol water mixture 

heated to dissolve and filtered hot. To the cooled solution was added 33% aqNH3 to 

pH 7 and the resulting with precipitate was chilled for 4 hrs and then filtered with 

suction, washed with 144 ml cold water and 57% cold ethanol and dried in vacuo over 

P2O5 for 10 hrs.

The product was recrystallized from hot glacial acetic acid to yield white crystalline 

solid.

yield: 8.78 g (90%) mp 155-157°C 

Anal. (303,514).

MS, (nVz) (%): 304(M+H)+(100), 287(5), 258(14), 229(9), 215(25), 95(14), 69(48), 

55(84).

IR (Nujol): 2960, 2920, 2840, 1720, 1620, 1490, 1220 cm \

EXAMPLE 2

S-BENZYL-HOMOCYSTEINE

Benzyl-mercaptan (5 g, 40.26 mM) was reacted with 1.2 dibromo-ethane using the 

method described in example 1. 

yield: 6.1 g (67.3%) mp 240-245.

Anal: CnHisNO^S (225.315)

MS, (m/z) (%): 226(M+H)+(30), 171(100), 151(12), 137(15), 123(6), 91(71), 77(12), 

69(27), 55(30).

IR (Nujol): 2960, 2920, 1660, 1620, 1580, 1500 cm '.

QH,CH2S(CH2)2Br oil 

Anal. QHiiBrS 231.169

NMR(CDCl3): 7.25(5H, s, aromatic), 3.8(2H, s, benzylic CH2), 3.35(2H, t, SCH2). 

Q H 5CH2S(CH2)2C(C0 0 C2H5)2NHC0 CH3 oil 

Anal: C18H25NO5S (367.472)

MS, (m/z) (%): 368(M+H)+(99), 326(21), 244(100), 217(50), 171(22), 128(25), 

100(11), 91(47).

NMR(CDCl3) 7.20,7.25(5H, s, aromatic H), 6.65(1H, m, NH), 4.22(4H, m.
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2XOCH2CH3), 3.68(2H, t, OCH2CH3).

IR (Nujol): 3420, 2980, 2325, 1740, 1680 cm *.

EXAMPLE 3

S-DECANYL-HOMOCYSTEINE

Decanyl-mercaptan(10 g, 57.47 mM) was reacted with 1.2 dibromoethane using the 

method described in example 1. 

yield: 13.50 g (85%) mp 255-257 

Anal: CH,4H29N02S (275.46)

MS, (m/z) (%): 276(M+H)+(100), 229(41), 230(15), 201(21), 127(8), 102(5), 74(5), 

57(25).

IR (Nujol): 2960, 1720, 1580, 1380 cm *.

CH3(CH2)gCH2S(CH2)2C(COOC2H5)2NHCOCH3 oil 

Anal: C21H39NO5S (417.617)

IR (Nujol): 3410, 2920, 2325, 1740, 1680 cm *.

NMR (CDCI3): 6.80(lH,s,H), 4.25(4H, 2g, 2XOCH2CH3), 2.69(2H,t,SCH3), 2.48(2H, 

t, SCH2), 2.35(2H, t, CH2), 2.02(3H, s, COCH3), 1.52(2H, m, CH2), 1.25(22H, m, 

8XCH2 + 2XOCH2CH3), 0.89(3H, t, CH3).

MS, (m/z) (%): 418(M+H)+(63), 244(100), 217(53), 202(6), 187(21), 173(13), 57(6).

EXAMPLE 4 

S-propyl-Homocysteine

Propyl-mercaptan (5 g, 65.5 mM) was reacted with 1.2 dibromoethane using the 

method described in example 1. 

yield 3.5 g (71%)

Anal: QH^^NO^S 177.271

MS, (m/z) (%): 320(M+H)+(82), 278(18), 244(100), 217(47), 103(5), 89(27).

NMR (CDCI3): 6.85(1 H, s, H), 4.20(4H, 2g, 2XOCH2CH3), 2.60(2H, t, SCH^),
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2.49(2H, t, SCHJ, 2.30(2H, t, CH^), 2.02(3H, s, COCH3), 1.50(2H, m, CH^CH^), 

1.20(6H, 2XOCH2CH3), 0.9(3H, t, CH3).

EXAMPLE 5

DL-S Dodecyl-Homocysteine methyl ester HCl

In a 25 ml round bottom flask equipped with a dropper funnel connected to a dry 

tube, thionyl chloride (0.66 ml, 9.1 mM) added drop wise over 10 minutes period to 

methanol (10 ml) cooled to 2°C.

DL-dodecanyl homocysteine (0.5 g, 1.65 mM) added to solution refluxed overnight, 

solvent removed in vacuo and added aq NH3 to pH7 extracted with ether, white 

crystal was resulted.

CH3(CH2)hS(CH2)2CH(COOCH3)(NH2).

Yield: 0.4 g (71%) mp 50-53 °C 

Anal: CnH35N02S 317.57

NMR (CDCI3): 3.74(3H, s, OCH3), 3.61(1H, m, CH), 2.64(2H, t, SCH2), 2.51(2H, m, 

CH2), 1.30(18H, m, 9XCH2), 0.88 (3H, t, CH2).

IR (nujol): 3400, 2920, 2860, 1740, 1440, 1260 cm \

MS, (m/z) (%): 318(M+H)+(100), 302(10), 285(5), 258(30), 229(8), 215(40), 201(5), 

116(17), 102(11), 88(23).

EXAMPLE 6

DL-S-Benzyl homocysteine methyl ester HCl

DL-benzyl homocysteine (0.5 g, 2.22 mM) was reacted with thionyl chloride (0.96 ml, 

13.02 mM) using the method described in example 5. 

CyH2S(CH2)2CH(COOCH3)(NH2) oil 

Yield:2gr(30%)

Anal: CnHnN02S 239.34

NMR(CDCl3): 7.3, 7.26(5H, s, m, aromatic), 3.75(3H, s, ester),

3.6(1H, m, CH), 2.58(2H, m, benzylic CHj), 2.0(2H, m, CHjS), 1.3(2H, m, CH2).
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IR (nujol); 3140, 3040, 2640, 2000, 1740, 1600, 1580, 1495 cm '.

MS (nVz)( %): 240(M+H)*(100), 208(6), 180(9), 149(15), 91(65), 71(6), 57(11).

EXAMPLE 7

DL-S-Dodecanyl homocysteine methylester HCl

DL-decanyl homocysteine (0.3 g, 0.6 mM) was reacted with thionyl chloride (0.99 ml,

13.69 mM) using the method described in example 5. 

CH3(CH2),S(CH2)jCH(COOCHj)(NH2) oil 

Yield: 2.20 g (69%)

Anal: C.^H^NOzS 289.49

NMR (CDCI,): 3.76(3H, s, ester), 3.64(H, m, CH), 2.64(2H, t, CH^S)

2.52(2H, t, SCH;), 1.8(2H, m, CH;), 1.6(2H, m, CH;), 1.31(16H, m, 8xCH;),

0.97(3H, t, CH;).

IR(Nujol): 3050, 3020, 2860, 1740, 1680, 1380 cm '.

MS, (m/z) (%): 290(M+H)*(I00), 274(18), 246(5), 230(40), 201(13)

187(57), 116(17), 88(22).

EXAMPLE 8

DL-S propyl Homocysteine methyl ester HCl

DL-propyl homocysteine (0.5 g, 2.84 mM), was reacted with thionylchlorid (1 ml,

13.69 mM) using the method described in example 5. 

CH3)CH;);S(CH;);(C00CH,)(NH;) OU 

Yield; 3.45 g (63%)

Anal: CgH„NO;S (191.298)

NMR (CDCI3): 3.74(3H, m, OCH3), 3.74(1H, m, CH), 2.64(2H, t, CH;S), 2.5(2H, t, 

CH;S), 1.8U2H, m, CH;), 1.42(2H, m, CH;), 0.97(3H, t, CH3).

1R( nujol): 3380, 3050, 2900, 2880, 1740, 1880, 1440, 1380 cm '.

MS, (m/z) (%): 192(M+H)*(100), 176(12), 132(24), 160(5), 132(24), 116(7), 89(20).
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Appendix II Capsule 
Rinsing & 
Loading

Buffer Buffer Buffer Buffer Sodium 
1 2  4 5 Hydroxide

2 .20

0. 2

19.6

16.5

20 .0

1.2

3.20

0 . 2

19.6

12.5

4.25

0. 2

1 9 . 6

8.5

8 . 0

1.2

2 0 .0

1. 2

10.00

0 . 2

3.3

4.3

19.07

6.45

1 . 2

19.6

0.5

pH

Molarity (Na+)

Tri-sodium citrate 
2H^0 (g)

Concentrated HCl 
(mis) approx

Sodium hydroxide (g)

Di-sodium tetraborate 
lOH^O (g)

Sodium chloride (g)

Thiodiglycol (mis)

Phenol, 80$ v/v 
solution (mis)

Propan-2-ol (mis)

Water to
Buffer formulations for proteine hydrolysate analysis on the LKB 4150 ALPHA.
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53.4

1.2

0.4

16.0

1 litre 1 litre 1 litre 1 litre 1 litre 1 litre
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