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Abstract

Despite considerable effort, the pathogenesis of many demyelination diseases including 

multiple sclerosis is unknown. There are reasons to suggest that the activities of some 

lipid-metabolizing enzymes in myelin, if affected during demyelinating disease, could 

contribute to progressing myelin degradation. The carried out research has established the 

presence of phospholipid N-methyltransferase (PLMTase) in highly purified rat brain 

myelin and characterized it, while phosphatidylserine decarboxylation was shown to be 

undetectable in the same preparations.

Ion-exchange chromatography revealed a charge heterogeneity of myelin PLMTase. The 

major form of myelin PLMTase was shown to have molecular weight of ca 65 kDa by 

column SDS-PAGE and gel-filtration chromatography. While at least four peaks of 

phospholipid methylating activity, heterogeneous in protein composition, were detected 

following lEF of myelin proteins, all these preparations contained only ca 65 kDa 

proteinthe after being subjected to SAH-affinity chromatography, suggesting presence of 

differently charged isoforms of PLMTase in myelin. At least one detected isoform 

catalysed formation of appreciable amount of PC, while others formed predominantly 

monomethylated PE. The ca 65 kDa protein with associated PLMTase activity has been 

successfully solubilised with either Triton X-100 or CHAPS detergents and purified from 

myelin by 2300-fold (Triton X-100) or 4600-fold (CHAPS) using combination of ion- 

exchange chromatography, isoelectric focusing (lEF) and affinity chromatography. The 

exact nature of the observed charge heterogeneity of myelin PLMTase is still unclear and 

the undergoing sequencing of the purified protein should provide better understanding of 

the roles that the putative isoforms of PLMTase play in myelin and their possible relation 

to demyelination diseases and signal transduction in myelin.

A study was undertaken on the direct effect of S-adenosyl-methionine (SAM) and some 

of its metabolites on the agonist binding to GABA-benzodiazepine receptor complex. The 

results showed that S-adenosyl-homocysteine (SAH) and methyIthioadenosine (MTA)



were able to inhibit the specific binding of [^H]flunitrazepam to rat brain membrane 

preparations with Ki values of 7.9 |iM and 15.8 pM, respectively.

Computer sequence homology search revealed a 100% homology between certain 

sequences of the bacterial PSDase and glutamine synthetase and also NADP-specific 

glutamate dehydrogenase. This observation suggested that the amino acid string (NN 

257-264) of the E.Coli PSDase may participate in glutamate or serine head group 

binding. Equally, the identical amino acid string of the glutamate-binding enzymes may 

bind PS or serine. Very high degree of homology was revealed between amino acids 

sequence from mammalian PSDase (NN 206-214) and a sequence from H'*‘-transporting 

ATP synthase from very diverse organisms. This is hardly a coincidence and may 

suggest that this homologous sequence is responsible for either PS recognition on a ATP- 

synthase or is a site for ADP or, perhaps, other adenosine derivative binding on PSDase.
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Chapter 1

1.1 Myelin: phospholipid composition, metabolizing enzymes and 
involvement in transmembrane signalling

1.1.1 Myelin structure and biogenesis

Myelin is a specialised extension of the plasma membrane of oligodendrocytes in the 

central nervous system (CNS) and Schwann cells in the peripheral nervous system 

(PNS) which wraps around the axon (Fig. 1) and provides insulation for and facilitation 

of axonal saltatory conduction (Bologa, 1985). One fundamental difference between 

these two myelin-forming cells is that an oligodendrocyte can myelinate as many as 40 

different axons, whereas each Schwann cell myelinates a single axon. Although this 

insulator function is of great physiological significance, it implies, or at least it did, a 

relatively passive metabolic role. Myelin consists of 70-75% of lipids and its protein 

composition is relatively simple with 6 major proteins accounting for more then 95% of 

total protein (Fig. 2). The importance of myelin studies comes from its involvement in a 

number of severe demyelinating diseases to which the CNS is susceptible. They may 

broadly include acute disseminated encephalomyelitis, diffuse sclerosis, central pontine 

myelinolysis and multiple sclerosis, which for the most part are restricted to white matter 

(Deber and Reynolds, 1991). These demyelination diseases appear to arise from complex 

interactions of genetic, biochemical, infective and immunological mechanisms.

Multiple sclerosis (MS) is a disease of the central nervous system which is characterised 

by areas of demyelination. Despite considerable effort, the pathogenesis of the disease is 

unknown. However, it has been recognised that both cell-mediated and immunological 

responses occur (Raine, 1991; Esch et al., 1992), although the search for a common 

infectious (viral) agent has been unsuccessful. Early MS lesions develop primarily within 

the vicinity of small blood vessels which is correlated with a breaching of the blood-brain 

barrier. These evolving regions of demyelination or plaques are distinguished by the 

infiltration of such cells as macrophages, neutrophils and lymphocytes in addition to the
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localisation and proliferation of the CNS endogenous phagocytic cells, the microglia 

(Hauser et al., 1986).

Myelin is present throughout the nervous system, but is particularly concentrated in areas 

composed mainly of fiber tracts, such as white matter of brain and spinal cord and 

peripheral nerves that contain large motor fibers. The white matter of mammalian brain 

contains about 50-60% myelin on a dry weight basis (Norton and Autilio, 1966). Even in 

the whole brain of an adult rat, myelin constitutes 20-25% of the dry weight and accounts 

for 40% or more of the total brain lipid (Norton and Poduslo, 1973). An adult human 

brain, which has a higher ratio of white matter to grey than does rat brain, would contain 

about 1 lOg myelin - 35% of the dry weight Myelinated peripheral nerves are even richer 

in myelin. This abundance of myelin, combined with its singular properties, makes it 

possible to isolate myelin readily in high yield and purity by conventional techniques of 

subcellular fractionation.

Myelin derived from both the central and peripheral nervous system is highly enriched in 

lipids. As an extended membrane system, myelin lipids are largely composed of 

cholesterol, phospholipids, galactolipids and plasmalogens. Human and rat myelin 

composition is very similar with the exception of serine phospholipids and 

sphingomyelin (Norton and Cammer, 1984). As has been determined, ethanolamine 

plasmalogen, phosphatidylcholine, and sphingomyelin are present in the highest 

concentrations. Therefore there must exist a certain mechanism for the maintaining of the 

lipid homeostasis in myelin which would ensure the synthesis and degradation of the 

phospholipids within the membrane. Any malfunctioning of such a mechanism could lead 

to imbalance and eventually destruction of the membrane.

The earlier concept of myelin as an inert membrane has now been revised and myelin is 

known to contain numerous enzyme activities (Table 1) involved in ion transport, lipid 

metabolism, protein degradation and phosphorylation/dephosphorylation (Suzuki, 1980; 

Ledeen, 1992).
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Figure 1. Schematic diagram of plasma membrane processes 
extending from one oligodendrocyte to many axons and spiral 
winding process in myeiination.
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Figure 2. SDS-PAGE of rat brain myelin proteins. W, Wolf gram proteins; 
PLP, proteolipid protein; DM20, isoform of PLP; BMP, myelin basic protein (otherwise 
abbreviated MBP). Left: molecular weight standards (in kilodaltons).
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Table 1. Enzyme activities of myelin described to date.

Enzyme EC Number

Unknown substrate

T ,3’-cyclic nucleotide-3'-phosphodiesterase 3.1.4.37

Nonspecific esterase

Steroid related

Cholesterol ester hydrolase 3.1.1.13

Cholesterol ester synthase 2.3.1.26

Testosterone 5a-reductase

Glycolipid related 

UDP-galactose xeramide galactosyltransferase 2.4.1.62

Cerebroside acyltran^erase

Neuroamidase 3.2.1.18

Phospholipid synthesis

CDP-ethanolamine:!, 2-diacylglyceroethanolamine 2.7.8.1
phosphotransferase

CDP-choline:! 2  -diacylglycerolcholine- 2.7.8.2
phosphotransferase

CTP-ethanolaminephosphate cytidyltranrferase 2.7.7.14

Choline kinase 2.7.1.82

Ethanolamine kinase 2.7.1.32

Acyl-CoA:lysophospholipid acyltransferase 2.3.1.23

Long-chain acyl-CoA synthase 6.2.1.3

Diacylglycerol kinase 2.7.1.107

Phosphatidylinositol kinase 2.7.1.67

Phosphatidylinositol-4-phosphate kinase 2.7.1.68
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Enzyme EC Number
Phospholipid degradation

Phosphatidylinositol -4 ̂ -biphosphate phosphatase

Fhosphatidylinositol-4,5-biphosphate 
phosphodiesterase (phospholipase C)

Phosphatidic acid phosphatase

Glycerophosphocholine, phosphocholine 
phosphodiesterase

Phospholipase D (PC-specific)

Protein kinases and phosphatases

Protein kinase A 

Protein kinase C 

Calmodulin-stimulated kinase 

MBP kinase

Ganglioside-stimulated kinase 

MBP-phosphate phosphatase 

Proteases 

Leucine aminopeptidase 

Calpain (CANP)

Acid protease 

Metalloproteinase

Protein acylation and déacylation 

Proteolipid protein acyltransferase 

Acyl-proteolipid protein esterase

Transport processes 

Carbonic anhydrase 

Na'^,K'^-ATPase

5 ' -ribonucleotide phosphohydrolase

3.1.3.36

3.1.4.11

3.1.3.4

3.1.4.4

4.2.1.1 

3.6.1.3 

3.1.3.5
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Glutathione-S-transferase 2.5.1.18

Second messenger related

Adenylate cyclase 4.6.1.1

Phospholipase C (see above)

IPs phosphatase

Phospholipase D and phosphatidic acid phosphatase 
(see above)_______  ___

No difference has been so far detected between the protein contents of the MS tissue and 

those of normal brain tissue. However, the mean total lipid content of MS tissue is 

considerably lower than that of normal brain tissue (Wilson and Tocher, 1991). This 

results in lipid/protein ratio being lower for MS white matter and plaques, as compared to 

normal white matter. The lower lipid content and lipid/protein ratio and the reduced 

percentage of ethanolamine plasmalogens (and also cerebrosides and sulfatides) in the 

MS plaques are all classical indicators of demyelination that had occurred or was 

occurring in the plaques (Cuzner and Davison, 1980). There is a significant increase in 

the phosphatidylethanolamine (PE; from 16.0±1.2 to 20.6±1.6% total lipid), 

phosphatidylinositol (PI), phosphatidic acid (PA) and cardiolipin (CL) percentage in 

chronic plaques. However, the decreased monoenes in MS plaques, namely 18:ln-9, 

accounted for the largest decrease in phosphatidylcholine (PC; from 36 to 21% of total 

fatty acids (FA)) and PE (from 20.8 to 10.9%) (Wilson and Tocher, 1991). It remains 

uncertain, however, whether these lipid variations represent a primary demyelination 

mechanism with the corresponding affected enzymatic activities, or are simply a reflection 

of post-breakdown events.

It was proposed, in the study of the experimental allergic encephalomyelitis (EAE), an 

autoimmune demyelinating disease with many features of MS, that in vivo the charged 

polar groups of the phospholipids may be important for the interaction^witiMtiyelin basic
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protein (MBP) and modifications of these groups may affect the structure and the 

function of the membrane (Salvati et ai., 1990). Therefore the activity of the enzymes 

modifying the head group of phospholipids, if affected during demyelination, may play 

significant role in maintaining the myelin structure. In another study, myelin from the 

demyelinating mutant “pt” rabbit brain was shown to contain about 16% fewer acidic 

phospholipids (phosphatidylserine (PS), PI and PA) than normal myelin, but other 

phospholipids (PE, PC) were increased by 24% (Wikel et al., 1988). The lipid 

abnormalities in "pt" rabbit myelin and in the composition of protein-lipid complex may 

be responsible for the disturbances of myelin formation and compaction in the mutant 

brain, but it is unknown whether any of the lipid-metabolizing activities are affected.

The presence of phospholipid biosynthetic enzymes has been documented in myelin, 

although phospholipid transfer from axon to myelin also plays a role in myelin 

phospholipid accumulation (Ledeen, 1984). Lipid synthesising enzymes of myelin are 

better studied, as opposed to the catabolic counterparts (Ledeen, 1992). The functional 

significance of these lipid metabolic activities in the formation and behaviour of myelin is 

not known, although it has been postulated on purely intuitive grounds that they mainly 

participate in maintenance and remodelling, rather than initial myelin formation.

The search for phospholipid-synthesising activity in myelin was prompted by the 

observations that precursors from the axon were selectively incorporated in myelin lipids / 

suggesting that the synthesis was carried out in a glial compartment separate from the cell 

body, possibly myelin itself. The first activity to be detected was CDP-ethanolamine: 1,2- 

diacyl-5/î-glycerol ethanolaminephosphotransferase, the enzyme from the Kennedy’s 

pathway (Kennedy and Weiss, 1956) that completes the synthesis of PE (Wu and 

Ledeen, 1980). Two additional enzymes required for the synthesis of PE were later 

discovered in purified myelin: CTPiphosphoethanolamine cytidylyltransferase (Kunishita 

and Ledeen, 1984) and ethanolamine kinase (Kunishita et al., 1987). The occurrence of 

the parallel enzymes participating in PC biosynthesis through the Kennedy’s pathway 

were also shown in myelin (Kunishita et al., 1987). Thus, evidence now supports the
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presence of myelin-intrinsic enzymes which catalyse the synthesis of the two major 

phospholipids of the myelin sheath. Assays in myelin of certain enzymes involved in the 

synthesis of gangliosides, sulfatides, and phosphatidylserine (PS) have yielded negative 

findings (Wu and Ledeen, 1980), thus helping to explain the selectivity of myelin lipids 

labelled via axonal transport The presence of phospholipid methyltransferase (PLMTase) 

that synthesises PC through the three-step méthylation of PE in highly purified rat brain 

myelin has recently been reported (Chung et al., 1990).

The enzyme activities related to phosphoinositide metabolism have been detected in 

purified myelin and are of special interest owing to the high concentration of 

polyphosphoinositides in this membrane. Phosphatidylinositol (PI) kinase and PI 

phosphate (PIP) kinase have been reported to occur in isolated myelin (Deshmukh et al., 

1978) and the former has been recently purified from bovine brain myelin (Saltiel et al., 

1987).

UDP-Galactose: ceramide galactosyltransferase, the enzyme catalysing transfer of 

galactose to ceramide and completion of galactosylceramide synthesis, was also shown to 

occur in rat myelin (Constantino-Ceccarini and Suzuki, 1975). Gangliosides are present 

in CNS myelin but are not synthesized in situ. The one glycolipid degradative enzyme 

discovered to date is neuraminidase, whose presence was first suggested by the 

protective effect of MBP toward myelin-associated gangliosides. The enzyme can 

hydrolyse GMl and GM2 (along with others) and has different properties from its 

microsomal form (Saito and Yu, 1992).

To date, there are at least four phospholipid-catabolising enzymes which were shown to 

occur in myelin: PI-specific phospholipase C (Palmer, 1990), phosphatidic acid 

phosphatase (Vaswani and Ledeen, 1989) phospholipase D (Ledeen and Golly, 1991) 

and phosphatidylinositol-4,5-biphosphate phosphatase (Palmer, 1990) (Deshmukh et al., 

1982). The phospholipase À2 activity was detected in cultured glial cells and this activity 

was correlated with the appearance of the typical myelin markers, suggesting presence of 

the enzyme in myelin (Brenner et al., 1988). The activity of phospholipase C apparently
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resulted in DAG production and was reported to be stimulated by 10 mM acetylcholine 

(Kahn and Morell, 1988). DAG kinase has also been detected in purified rat brain 

myelin, its activity being 13% that of brain homogenate and 16% of brain microsomes 

(Kahn and Morell, 1989).

1.1.2. Myelin and transmembrane signalling

The possibility that myelin contains receptors capable of transmitting extracellular signals 

to intracellular effectors was implied by several reports indicating various enzymatic 

activities associated with cell signalling. Thus, apart from phospholipid-metabolizing 

enzymes, myelin has been shown to possess a number of other metabolising activities. 

The observed rapid turnover of phosphate groups on myelin basic protein (MBP) 

suggested the presence of both kinases and phosphatases in close proximity to MBP. It 

was soon discovered that the relevant enzymes do occur in myelin itself. The myelin- 

intrinsic kinases characterized to date include c AMP-dependent kinase (Wu and Ahmad, 

1984), calcium-dependent, calmodulin-stimulated kinase (Endo and Hidaka, 1980) and 

protein kinase C (Yoshimura et al., 1992). Although they all phosphorylated MBP in 

vitro in serine and threonine residues, it cannot be assumed that all kinase activity in 

myelin is directed toward MBPs since other myelin proteins have been shown to undergo 

phosphorylation (Bradbury et al., 1984). Recently a specific MBP kinase was detected in 

myelin that was distinct from the above types and proved to be the activating factor of the 

ATP/Mg-dependent protein phosphatase (Yang et al., 1990). The fact that it activated a 

phosphatase in addition to MBP phosphorylation suggested a cyclic mechanism of 

phosphorylation regulation.

Myelin has been shown to contain not only the kinase systems but also mechanisms 

which control their activity. Thus, DAG, an activator of protein kinase C (Nishizuka, 

1984), is generated in myelin by phospholipase C hydrolysis of PIP2 , thus in turn being 

triggered by binding of acetylcholine (or cholinergic agonist) to a muscarinic receptor
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(Golly et al., 1990). Cyclic AMP, activator of protein kinase A, is also generated in situ 

by adenylate cyclase, a recently discovered myelin-intrinsic enzyme that is both activated 

and inhibited by agonists acting through myelin-localized receptors (Larocca et al., 

1987). Most recent findings also provided evidence for the presence of guanylyl cyclase 

activity in myelin (Chakraborty and Ledeen, 1993). The GTP-dependent regulatory 

component of adenylate cyclase was previously shown to occur in myelin (Enomoto and 

Asakawa, 1983). A number of other GTP-binding proteins were detected and 

characterized in CNS myelin including the a-subunits of G-proteins and smaller GTP- 

binding proteins along with ras protooncogene product (Braun et al., 1990; Larocca et 

al., 1991). Another potential form of control involves gangliosides, which are known to 

present in myelin and were recently shown to strongly inhibit phosphorylation of MBP 

(Kreutter et al., 1987; Chan, 1987). Preliminary studies have also revealed signalling 

mechanism in myelin involving phospholipase D-catalysed breakdown of 

phosphatidylcholine (Ledeen and Golly, 1991).

Muscarinic receptor coupling to PI breakdown in myelin could result in protein kinase C 

activation and, potentially, MBP phosphorylation. The question then arising is what 

would be the in vivo source of cholinergic agonist for myelin receptor activation? Quite 

appropriately, acetylcholine release was shown to occur non-synaptically along the axon 

through depolarisation (Vizi et al., 1983). Another aspect deserving consideration is 

transmitter action at a distance according to which transmitters can diffuse over long 

distances to bind to receptors in the para- or extrasynaptic mode. This correlates with 

growing evidence for nonneuronal receptors in the nervous system (Herkenham, 1987).

In the number of studies summarised by Dyer (1993) it was shown that binding of the 

anti-sulfatide and anti-galactocerebroside (GalC) antibodies (Ab) to myejin expressed by 

oligodendrocytes grown in culture elicited three types of response owing to an influx of. 

extracellular calcium. The first type was a large delayed sustained response, the second 

was a large delayed transient response and third was small immediate transient response. 

It is possible that antibody binding caused activation of second messenger-operated
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calcium channels, since it was shown that anti-GalC antibody binding induced a dramatic 

loss of the ^^P-labelled phospholipids PI, PC, PE and PA compared to control cultures. 

It was therefore suggested that antibody-binding activated different phospholipases C, 

namely, PC-specific phospholipase that is regulated by Ca^+ and pertussin toxin- 

sensitive G-proteins, and Pl-specific phospholipase that did not appear to be regulated by 

calcium and might be regulated by pertussis toxin-insensitive G-proteins. No explanation 

was offered to explain PA or PE loss, but, as mentioned earlier, PA phosphatase is 

present in myelin and may have been involved in the observed effects.

The demonstration of conventional G-proteins, along with receptors and effector 

systems, supports and extends the concept of myelin as a metabolically-active membrane 

with the ability to respond to specific signals in the environment.
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1.2 Phospholipid methyiation and ceiiuiar processes

1.2.1 Méthylation of PE and receptor functions .

The idea that the phospholipid environment may regulate receptor function by 

undergoing changes that in turn are receptor-mediated, received a great deal of 

consideration during early 1980’s and a number of reports linked méthylation of 

phosphatidylethanolamine (PE) with the functioning of the different types of receptors. 

Hirata and Axelrod (Hirata and Axelrod, 1980) reported that isoproterenol (1) (a potent 

6-adrenergic agonist) binding to reticulocyte ghosts caused an increase in the 

incorporation of [^H]methyl groups into phospholipids in a dose-dependent manner 

(Hirata et al., 1979). Propranolol (2), a 6-adrenergic antagonist, blocked the 

isoproterenol-stimulated méthylation while phentolamine (3), an a  -adrenergic 

antagonist, had no effect.
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The conclusion was that stimulation of membrane lipid méthylation was due to the 

binding of the 6-adrenergic agonists to their receptor and not to the secondary activation 

of adenylate cyclase (AC). They proposed that the 6-adrenergic receptor uncoupled to 

AC depresses PLMTase activity, so the receptor binding to isoproterenol would lead to 

the coupling with AC with concomitant increase in both phospholipid méthylation and 

cAMP production.
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The benzodiazepine-GABA receptor complex is embedded in the lipid bilayer and it 

was shown that the treatment of membranes with phospholipases A2 and C affects the 

relationship between the benzodiazepine (BDZ) and the GABA recognition sites (Ueno 

and Kuriyama, 1981; Havoundjian et aL, 1986). This suggested that phospholipids may 

participate in the agonist binding to the recognition sites and therefore activation or 

inhibition of the certain phospholipid-metabolising enzymes may also affect the 

binding. Benistant et.al. have demonstrated that inhibition of PLMTase by an injection 

of L-homocysteine (HCys; SAH precursor) in the rat induced an increase of 

[^HJmuscimol (a GABA agonist) binding to rat brain without affecting [^Hjdiazepam 

(BDZ agonist) binding (Benistant et al., 1987). It cannot be concluded whether this was 

a direct effect, because HCys might inhibit SAH hydrolase and hence increase SAH 

concentration. Méthylation of phospholipids in synaptic membranes increased the 

specific binding of [^^CJGABA (Vartanyan and Aprikyan, 1991) and decreased its 

reuptake. The authors therefore proposed that membrane phospholipid méthylation may 

be included in the exceptional cases in which the action of GABA must be prolonged. 

Incubation of brain membranes with S-adenosylmethionine (SAM) has been reported to 

increase both BDZ and GABA binding (Di Perri et al., 1983), although the recent report 

(Benistant et al., 1990) claimed that the increase of basal diazepam binding after 

pretreating of membranes with SAM is induced by GABA. Picrotoxih, which also acts 

on GABA receptor, inhibited (at 10"^ M) phospholipid méthylation in olfactory cortex 

(Gerasimova et al., 1991) and this inhibition was proposed to be related to opening of 

ion channels. Additionally, RO 5-4864, a specific ligand for ‘peripheral type’ BDZ 

receptors, increased phospholipid méthylation in hippocampal and cerebellar 

synaptosomes (Tacconi and Salmona, 1988). This effect was directly related to receptor 

occupancy, since the specific peripheral antagonist PK 11195 inhibited RO 5-4864- 

induced méthylation. Clonazepam, on the other hand, which is a potent ‘neuronal type’ 

receptor agonist, tended to lower methylated phospholipids, except for hippocampal 

[^HJPME formation which was significantly elevated. Nevertheless, all these different
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studies appeared to agree with the close relationship between phospholipid méthylation 

and BDZ-GABA receptor binding.

Dopamine has been found to stimulate phospholipid méthylation in rat brain neurones 

(Leprohon et aL, 1983) and it was proposed that excitatory amino acid input in the 

striatum might have an inhibitory effect on PLMTase. This hypothesis was supported 

by the finding that N-methyl-D-aspartate (NMDA) receptor blocking by the selective 

antagonist 2-amino-5-phosphonovaleric acid (APV) increased phospholipid 

méthylation by 30%, while NMDA significantly reduced it (Tacconi et al., 1988). 

Binding of anti-IgE to the membranous IgE receptor causes phospholipid méthylation 

with subsequent calcium influx, arachidonic acid release and histamine release 

(Siraganian and Siraganian, 1975). Bridging of IgE receptors was reported to transiently 

stimulate phospholipid méthylation, calcium flux and histamine release from rat mast 

cells (Ishizaka et al., 1980; Ishizaka et al., 1981; Crews et al., 1981) and inhibition of 

IgE-mediated histamine release by the inhibitors of phospholipid méthylation was also 

documented (Morita and Siraganian, 1981). Hirata et. al. found the stimulation of 

phospholipid méthylation and phosphatidylserine decarboxylation by concanavalin A 

(Con A) (Hirata et al., 1979), indicating that the binding of Con A triggers a cascade of 

biochemical reactions in mast cell membranes as follows: 

PS-> PE -> PM E -> PD E -> PC —>LPC.

The observation that phospholipid méthylation precedes calcium influx and histamine 

release prompted the study of the effect that inhibitors of PLMTase would have on 

these events. Prior incubation of mast cells with 3-deaza-5’-deoxy-5’-S- 

isobutylthioadenosine inhibited phospholipid méthylation by 90%, Ca influx by 85% 

and histamine release by 78% after the cells were challenged with antibodies to rat 

basophilic cells (RBL) (Ishizaka et aL, 1980). Similar results were obtained with 

another methyltransferase inhibitor 3-deazaadenosine.

Despite the reported failure to observe the increased méthylation of phospholipids 

associated with IgE-dependent activation (Benyon et al., 1988), others have shown that
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the histamine release inhibitor /rûn5-4-guanidinomethyIcyclohexanecarboxyIic p-tert- 

butylphenyl ester hydrochloride (NCO-650) also strongly inhibited the incorporation of 

^H-methyl moiety into phospholipids induced by antigen, anti-IgE and concanavalin A 

(Takei et al., 1990). The authors suggested that phospholipid méthylation is not 

essential for histamine release, but could not exclude the possibility that a small amount 

of phospholipid méthylation may be sufficient for proceeding with the biochemical 

pathway for histamine release. Tolone et.al. observed that histamine binding to H2 

receptors stimulated phospholipid méthylation in rat mast cells (Tolone et al., 1982) and 

similar results were reported for rat brain synaptosomes with the peak of PE 

méthylation occurring at 45 s after binding and declining after 60 s (Ozawa et al., 

1987). Another report from that laboratory showed that histamine at concentrations 

higher than 10 |iM stimulated adenylate cyclase activity by 20% in the presence of 100 

}iM SAM after a time lag of 1 min (Ozawa and Segawa, 1988) and SAH inhibited this 

stimulation and the phospholipid méthylation. It was concluded that phospholipid 

méthylation acts directly on adenylate cyclase, rather than by activation of 

phospholipase A2. Interestingly, regional distribution of histamine-stimulated cyclic 

AMP accumulation in the presence of SAM exactly paralleled histamine-induced 

[^HJmethyl incorporation in rat brain regions. These observations lend support to the 

hypothesis that phospholipid méthylation might stimulate the coupling of histamine 

receptors to adenylate cyclase. The cyclase activation might require only modest 

amounts of methylated phospholipids and this méthylation could be a first step event on 

activation with histamine.

1.2.2 Hormonal and other forms of regulation of phospholipid méthylation.

A number of sometimes contradictory reports associated phospholipid méthylation with 

the action of hormones and other factors. Hydrocortisone at 100 |iM stimulated PE 

méthylation in rat brain slices pre-incubated with [^^CJ-SAM (Emel'ianov et al., 1990) 

and it appeared that the highest incorporation of the radioactive label was achieved in
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monomethyl-PE (PME). This was accompanied by the elevated ^^P-orthophosphate 

incorporation in polyphosphoinositides and the two times increased influx of calcium. 

These effects were exerted within short time-scale of 1-2 min, perhaps reflecting the 

time required for the activation of corresponding enzymes.

Thyrotropine-releasing hormone stimulated phospholipid méthylation in rat pituitary 

glands (Prasad et al., 1985), while lectins elicited the same effect in lymphocytes 

(Hirata et al., 1980) and angiotensin or vasopressin in hepatocytes (Alemany et al., 

1981). Zawad and Brown (1984) reported that catecholamines enhanced the 

méthylation of phospholipids in the brain, although they did not explain the 

biochemical basis for this effect. Castano etal. (1980) showed that glucagon produced a 

dose- and time-dependent increase in methyltransferase activity in isolated rat 

hepatocytes which was attributed to the increased Vmax of the enzyme, although its 

Km for SAM remained unchanged. This effect was mimicked by exogenous cAMP. 

Estradiol also increased incorporation of [^HJmethyl groups of SAM into pituitary 

phospholipids with concurrent increase in the Vmax, but without any change in the Km 

(Drouva et al., 1986).

At the present, the information on the insulin effects are contradictory and await further 

detailed experiments. The physiological concentration of insulin was reported to either 

enhance phospholipid methyltransferase activity in isolated adipocytes (Kelly et al., 

1984), to have no effect on its own, or to inhibit glucagon-dependent PLMTase 

phosphorylation thereby decreasing PLMTase activity (Merida and Mato, 1987), or 

decrease both basal and adrenocorticotropic hormone (ACTH) - stimulated 

phospholipid méthylation (Kelly et al., 1985). In the latter case the inhibitory ability of 

insulin was linked with its concomitant ability to antagonise the ACTH-elicited 

increase of cAMP levels. Isoproterenol has been reported to cause a concentration- 

dependent stimulation of PLMTase activity in control and diabetic rat adipocytes and 

insulin at 100 nM inhibited this effect and basal PLMTase activity (Chiappe de 

Cingolani, 1992). The stimulatory effect of isoproterenol was blocked by propranolol
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indicating that it was a 6- adre nergic - mediated event. The similar results were reported 

by others (Marin-Cao et aL, 1983). The higher basal PLMTase activity of diabetic rat 

adipocytes which was attributed to the cAMP level in these cells returned to control 

values following the 15 min incubation with insulin.

In unfractionated human mononuclear cells (MNC) and in purified lymphocytes and 

monocytes phospholipid méthylation was inhibited by phorbol 12-myristate 13-acetate 

(PMA), calcium ionophore A23187 and L-adrenaline (French et al., 1990). There was 

no detected increase of LPC after treatment of [^H-methyljmethionine labelled MNC 

with A23187 or PM A, but A23187 did stimulate PC hydrolysis and enhanced up to 6- 

fold eicosanoid release. Therefore, these data appeared to disprove the hypothesis that 

phospholipid méthylation provides a specific pool of PC susceptible to hydrolysis upon 

activation of phospholipase A2, although there was no mentioning of phospholipase C 

or D, for which PC made by méthylation pathway could be a preferential substrate. The 

possibility that phospholipid méthylation is regulated by kinase-dependent 

phosphorylation of enzyme(s) controlling it can not be excluded, because each of the 

stimuli used in the study is known to activate different protein kinases.

It was shown that the lymphocyte migratory response to positive chemokinetic signals, 

bradykinin and lymphocyte chemoattractant factor (LCF), was blocked by inhibitors of 

membrane transmethylation reactions SAH and 3’-deazaadenosine (McFadden and 

Fraher, 1990), suggesting involvement of phospholipid méthylation in chemotaxis.

In 1981 Pfenninger and Johnson reported that nerve growth factor (NGF) induced a 

rapid (within seconds) increase of phospholipid méthylation in neurites of cultured rat 

sympathetic ganglia (Pfenninger and Johnson, 1981), raising the possibility that a 

receptor-activated PLMTase may be a link between NGF-receptor binding and the 

short-latency responses which included transient increase of cAMP (Skaper et al., 

1979). Although it has been subsequently shown that the methyltransferase inhibitor 3- 

deazaadenosine completely blocked NGF-stimulated phospholipid méthylation without
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having any effect on cAMP response (Skaper and Varon, 1984), the connection 

between the stimulus and phospholipid méthylation was reconfirmed.

NGF is known to exert crucial influences on several behaviours of ganglionic neurones, 

specifically on neuronal survival, neurite extension and transmitter synthesis. Inhibitors 

of SAM-dependent méthylation reactions efficiently induced neurite extension in 

parallel with their long-term inhibition of phospholipid méthylation in neuroblastoma 

cells (Murato and Monard, 1982) and of the three tested compounds, 3-deazaadenosine 

was most potent while SAH and 5’-deoxy-5’-S-isobutylthioadenosine (SIBA) had 

smaller effect. Other chemicals which were able to stimulate neurite extension (the 

calcium ionophore A23187, mepacrine, cycloheximide, dibutyryl-cyclic AMP 

(dbcAMP)) also inhibited phospholipid méthylation in intact neuroblastoma cells. 

Although there was an indication that the inhibition of phospholipid méthylation was 

not a prerequisite for neurite outgrowth, the link was there.

Although sympathetic and sensory neurones are the major neuronal types that are 

sensitive to NGF, it also acts on certain nonneuronal cells such as chromaffin cells in 

the adrenal medulla, which can be induced to synthesize catecholamines and to extend 

neurites on treatment with NGF. As stated before, catecholamines were shown to 

enhance phospholipid méthylation in brain, and thus the effect of NGF on phospholipid 

méthylation could be mediated through catecholamines. Therefore the action of NGF is 

reflecting the complexity of possible interwoven signalling pathways manifesting 

different effects, the links between which we do not understand at present, but one of 

which could be phospholipid méthylation.

Among many other reports associating phospholipid N-methylation with signal 

transduction, one of the most significant may be that epidermal growth factor (EGF) 

has been found to stimulate phospholipid méthylation in rat hepatocytes (Alvarez Chiva 

et al., 1983). This report has neither been confirmed nor contradicted, although the 

finding is of significant potential importance.
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The Rana oocytes arrested in prophase were used to investigate the progesterone effect 

on meiotic division, phospholipid turnover, Ca flux and protein kinase activation. One 

of the earliest (within seconds) consequences of progesterone action was the stimulation 

of extensive phospholipid turnover in the oocyte plasma membrane (Chien et al., 1986) 

and the activation of PKC (Kostellow et al., 1987), attributed to increased DAG 

production derived from both PC and PIP2 . The early Ca^+ release preceded InsPg 

release indicating that the usual phosphoinositide messenger molecules (InsPg, InsP4) 

were not the initial trigger for progesterone induction of meiotic divisions (Chien et al., 

1991). During progesterone-induced N-methylation of PE, the PME level reached a 

maximum at about the same time as DAG, within the first minute after addition of the 

stimulus and coincided with the first peak of biphasic calcium efflux. Exogenous PME 

was shown to induce protein phosphorylation and nuclear breakdown in oocytes, 

whereas PDE had reduced activity and PC was inactive (Chien et al., 1986; Kostellow 

et al., 1987). The idea that N-methylation is concerned with transduction of meiotic 

signal was further supported by experiments with PLMTase inhibitors 2-hydroxyethyl 

hydrazine and N-methylaminoethanol which indeed blocked progesterone-induced 

meiosis (Chien et al., 1991). These data are suggestive of the second messenger role for 

PME (or its breakdown products). (1) Its level is low and it rises rapidly and transiently 

in response to the signal (progesterone). (2) Acting alone it elicits major responses in 

the cell (see above). (3) The enzyme responsible for its biosynthesis, PLMTase, has 

been characterised by the low Km for the methyl donor SAM (2-5 |iM) and optimal pH 

close to physiological and therefore PME production may indeed proceed as in (1) and 

its messenger activity can be removed not by hydrolysis, but by enzymatic addition of 

another two methyl groups which is known to proceed much faster than the first 

méthylation, thus providing small amounts of PC, which in turn may be a substrate for 

phospholipases A2 , C or D. This might explain the low level of PLMTase activity 

usually found in all tissues except liver, where PC biosynthesis by PE N-methylation 

pathway may play other roles. There is a strong analogy between the proposed
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messenger action of PME (intermediate product of PE méthylation) and well- 

established phosphatidylinositol (PI) pathway, where PIP2 is an intermediate product of 

PI phosphorylation (Berridge et a l, 1984). And interestingly, there appears to be a link 

between PI metabolism and phospholipid méthylation (McGraw and Henry, 1989; Meij 

et aL, 1989; Fonlupt et al., 1993).

Increased concentration of fatty acids inhibited the initial méthylation reaction, but not 

the méthylation of PME or PDE (Audubert et al., 1984), while the mechanism remained 

unknown. But if PME were a second messenger and its synthesis required some form of 

the feed-back regulation, then the action of phospholipase A2 on PE-derived PC (or 

PME, PDE) would have provided such a mechanism. The observation that lyso-PME 

could be converted to lyso-PDE which formed lyso-PC, but lyso-PE was not 

methylated (Audubert and Bereziat, 1987) also may be used in support of the special 

role of monomethylated-PE. Lastly, human fibroblasts, which were supplemented for 

growth with monomethylethanolamine (MME), accumulated PME to about 45% of the 

total phospholipids. These fibroblasts showed no change on binding of low density 

lipoproteins (LDL), but internalization and degradation of LDL were significantly 

reduced (Maziere et al., 1986). There was no such an effect in the cells supplemented 

with dimethylethanolamine (DME) and accumulating PDE, thus implying a specific 

significance of PME.

1.2.3 SAM and its metabolites and phospholipid méthylation

The major biological functions of S-adenosylmethionine (SAM) include méthylation of 

various molecules (transmethylation) and synthesis of cysteine (trans-sulphuration). 

The SAM content of the liver influences whether homocysteine will be recycled to form 

methionine, or undergo trans-sulfuration to synthesise cysteine and taurine as shown in 

Fig. 3. In the process of méthylation, SAM is converted to S-adenosylhomocysteine 

(SAH), a competitive inhibitor for all méthylation reactions in which SAM is the 

methyl donor (Chawla et al., 1990). 5’-Methylthioadenosine (MTA), formed as by
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product from  decarboxylated SAM (dc-SAM) in the biosynthesis of putrescine to form 

polyam ines, has also been reported to inhibit phospholipid m éthylation (Kido et al.,

1991). This inhibition was associated with the inhibited invasion of the tum or cells and 

did not affect DNA, RNA or protein carboxym ethylation. There was, how ever, a 

possibility that the inhibition of phospholipid m éthylation could be non-direct and due 

to inactivation of S-adenosylhomocysteine hydrolase by M TA (Ferro et al., 1981), thus 

lead ing  to accum ulation  o f SAH thereby causing  the decreased  phospho lip id  

m éthylation.

S-adenosyl-m ethionine^
ATP

dc-SAM
M ethionine

S-adenosyl-homocysteine

5’-methylthioadenosine

'  73
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Figure 3. Metabolic pathways for conversion of S-adenosyl-methionine.

A part from  inhibiting polyam ine synthesis and cell growth (Raina et al., 1982), M TA 

has also been reported to antagonise the A? adenosine receptor-m ediated stim ulation o f
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adenylate cyclase in neuroblastoma cells, but was an agonist of Ai receptors of rat 

cerebellum (Munshi et aL, 1988). Maher (1993) has recently shown that MTA at 3 mM 

strongly inhibited tyrosine kinase activity of the fibroblast growth factor (FGF) receptor 

in intact cells towards a major 90 kDa substrate protein, while had no effect on PDGF- 

or EGF-stimulated tyrosine phosphorylation. In addition, MTA inhibited FGF- 

stimulated tyrosine phosphorylation and neurite outgrowth in PCI2 cells. It is difficult 

to distinguish between the direct and non-direct actions of MTA which is actively 

degraded in cells, but evidence is there that it is involved in a number of important 

regulatory processes.

Taurine is one of the most abundant free amino acids in mammalian brain, only 

glutamate being present in consistently higher concentrations (Lieu and Huxtable,

1992). It is derived from homocysteine and cysteine and therefore its level may be, in 

part, regulated by the activity of the enzymes utilising SAM and its downstream 

derivatives SAH, MTA etc. Pharmacological actions of taurine are believed to involve 

modulation of calcium-dependent processes (Huxtable, 1992). The high degree of 

correlation between the taurine content and the rate of phospholipid méthylation was 

reported, that is an increase in taurine concentration corresponded to an increased 

PC/PE ratio in rat brain synaptosomes (Lieu et al., 1992). These findings, however, are 

in contrast with those by Hamaguchi et.al., who reported that physiological 

concentrations of taurine significantly inhibited méthylation of phospholipids 

(Hamaguchi et al., 1992).

Since SAM is a substrate for PLMTase, it has to be either synthesized in situ or 

transported to the site of méthylation. The biosynthesis of SAM from recycled 

homocysteine (HCys) is thought to involve a two-step reaction, as shown on Fig. 3. The 

first enzyme mammalian methionine (Met) synthase (EC 2.1.1.13) is a vitamin B 12- 

dependent enzyme and therefore deficiency of this vitamin could lead to decreased 

phospholipid méthylation (Kennedy et al., 1992). It is worth noticing that vitamin B12 

level has been implicated in multiple sclerosis and other demyelination diseases
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(Reynolds, 1992)(ReynoIds et al., 1992), suggesting a possible link between biological 

méthylation and MS. The putative involvement of myelin phospholipid méthylation in 

signal transduction and demyelination diseases appeared therefore worth investigating.
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1.3 PS and PE: their interrelations and cellular fate.

1.3.1 PS decarboxylation and its role in providing PE for N-methylation

Phosphatidylethanolamine (PE) is synthesised in brain by using free ethanolamine 

through either the cytidine 5’-diphosphate (CDP)-ethanolamine (Kennedy and Weiss, 

1956) or base-exchange between free serine and PE or, as recently have been 

implicated, PC (Kuge et al., 1986). However, decarboxylation of phosphatidylserine 

(PS), for example, can provide PE for glioma C6 cells grown in the absence of 

ethanolamine (Cook et al., 1988).

Ethanolamine

PS ^    PC

Serine

&

CDP-ethanolam ine — -------- ► PE  ► PC
FLMTas©

The decarboxylation is catalysed by the enzyme PS decarboxylase (PSDase) which in 

eukaryotes is predominantly located in mitochondria. It is important to know the extent 

for the synthesis of cellular PE by the decarboxylation pathway. The widely held belief 

is that the major source of PE in animal cells is the CDP-ethanolamine pathway, but 

that seems to be dependent on the cell type. In isolated hamster heart PE is almost 

solely formed from diacylglycerol and cytidine 5’-diphosphate ethanolamine (Zelinski 

and Choy, 1982). However, it has been shown that PE is almost exclusively derived 

from PS decarboxylation in Chinese hamster ovary (CHO) and baby hamster kidney 

(BHK) cells, while CDP-choline pathway is essentially inactive (Voelker, 1984).

It was also reported that in cultured neuronal cells more than 30% of the total serine- 

labelled phospholipids were decarboxylated to PE which was a significant substrate for
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N-methylation (Yavin, 1985). The latter observation was challenged by others (White et 

al., 1986), although they confirmed that decarboxylation made a significant 

contribution to brain ethanolamine glycerophospholipid synthesis. It has also been 

suggested that méthylation of PE which may not be expressed in terms of net deposition 

of membrane phospholipids, still should have physiological significance. It is likely that 

PE derived from PS decarboxylation in brain may follow quite different utilisation 

pathway from the similarly derived PE in liver (Carlini et al., 1993).

In rat hepatocytes newly made, rather than the bulk of cellular PE, is preferentially 

methylated to PC (Samborski et al., 1990). This may also be true for 

phosphatidylserine-derived PE (Vance, 1989). PC and PE derived from PS 

decarboxylation are rapidly added to very low density lipoproteins (VLDL) recovered 

in medium of cultured hepatocytes. In contrast, PE and PC made via CDP-ethanolamine 

pathway are preferentially excluded from VLDL (Vance and Vance, 1986), suggesting 

specific significance of PS’PE’PC pathway. Such a rapid and specific PE and PC 

transfer is hard to rationalise if PS from ER has to be transferred to mitochondria, 

decarboxylated there to PE, which again needs to be transferred back to ER for 

méthylation. The half-time for the PS transfer and decarboxylation alone was 7 h in 

BHK (Voelker, 1984) and CHO cells (Kuge et al., 1986) and was estimated to be 

similar in hepatocytes (Vance and Vance, 1988). These are not compatible with the 

minutes time scale required for the reported rapid PS transfer with consequent 

decarboxylation and incorporation into VLDL.

A few reports have provided the evidence that PS decarboxylase (PSDase) and 

PLMTase activities can be co-regulated. Concanavalin A stimulated both enzyme 

activities in mast cells (Hirata et al., 1979), while in yeast PSDase and PLMTase 

activities were shown to be co-downregulated by inositol and choline (Carson et al., 

1984; Carman and Henry, 1989; Lamping et al., 1991; Overmeyer and Waechter, 

1991). Thus, in certain circumstances, phosphatidylethanolamine N-methyltransferase 

may preferentially work with PSDase-produced PE and may therefore co-localise with
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PSDase (Auchi et al., 1993). And indeed, the recently cloned form of rat liver PLMTase 

has been shown to reside on a special subcellular fraction associated with mitochondria 

(Cui et al., 1993), where the majority of PSDase activity is found, and was proposed to 

be a “bridge” for the synthesis of PC from PS-derived PE.

1.3.2 PS and different cellular processes

Phosphatidylserine is unique amongst the phospholipids insofar as it has a number of 

“pharmacological” effects when administered in low doses in vivo or at low 

concentration in vitro. For example, PS caused a rapid increase in acetylcholine release 

in rat cortex (Mantovani et al., 1976), and enhanced norepinephrine turnover in rat 

hypothalamus (Toffano et al., 1978). The role of PS as an activator of protein kinase C 

(Nishizuka, 1984) is well-known. The treatment of synaptic membrane preparation with 

phospholipases C and A2 induced an increase in [^Hjdiazepam binding and the 

addition of PS and PA eliminated the increase (Kuriyama and Ueno, 1983). Aussel and 

co-workers have shown that T cell activators can generate DAG through the hydrolysis 

of a particular pool of PC arising from méthylation of PE (Aussel et al., 1990). PS is 

known to regulate PKC activity and the regulation of T lymphocyte activation in vitro 

and in vivo by PS and a specific role for phospholipase A i in the T cell inhibition was 

proposed (Bellini and Bruni, 1993). Treatment of Jurkat T cells with PS resulted in a 

strong decrease of Interleukin-2 synthesis and oleoyl-diacylglycerol production arising 

from PC breakdown was also impaired, although arachidonyl-diacylglycerol formation 

and calcium mobilisation due to increase of the PI turnover appeared unaffected by PS 

(Aussel et al., 1993). These results suggested that the phospholipid méthylation 

pathway is the major site of action of exogenously added PS and this pathway is a 

major source of oleoyl-diacylglycerol in Jurkat T cells.

Glutamate and serine are structurally similar (isoelectronically) and some evidence in 

the literature suggest that PS (or phosphoserine) may be involved in the regulation of 

glutamate receptors activity. For example, it has been reported that PS at concentration
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of 100 M-g/ml caused 28% inhibition of L-glutamate binding to synaptic plasma 

membrane (Foster et al., 1982) and glycerophosphoserine was even more potent 

inhibitor while phosphoserine was slightly less. Serine, phosphoethanolamine and 

phosphocholine did not inhibit L-glutamate binding, thus providing an evidence for 

unique role of PS and the products of phospholipases action on PS.

PS is known to inhibit the release of the cytokine tumor necrosis factor (TNF) 

(Monastra and Bruni, 1992) produced mainly by activated macrophages and 

lymphocytes. A recent hypothesis has implicated a role for TNF in the pathogenesis of 

multiple sclerosis (Brosnan et al., 1988) and, interestingly, PS has been shown to 

prevent the development of clinical signs of another demyelinating disease, EAE, in 

mice (Monastra et al., 1993). This protective effect was completely dependent on the 

PS administration and was reversible, in that suspension of treatment led to the 

emergence of EAE.

PS biosynthesis studied in glioma C6 cells was shown to be inhibited by intracellular 

events responsible for calcium depletion from the endoplasmic reticulum (ER). 

Glutamate (at 10"^ M) and acetylcholine (at 10'^ M) inhibited this synthesis by up to 

40% after 10-15 min incubation, whereas thapsigargin (a plant-derived sesquiterpene 

lactone which is a selective inhibitor of Ca^+-ATPase) and ionophore A23187 showed 

up to 70% inhibition (Czamy et al., 1992). It is possible that the neurotransmitters acted 

through InsPg by releasing calcium from the intracellular stores and thereby decreasing 

PS biosynthesis. It would be interesting to see whether protein kinase C is involved, 

since it depends on both calcium and PS for its activity..

The pulse-chase studies have provided some interesting observations about the turnover 

of differently labelled phospholipids. For example, Samborski with co-workers 

(Samborski et al., 1990) reported that ethanolamine-derived PE is not significantly 

remodelled by deacylation-reacylation in rat hepatocytes. During the first 2 h of the 

chase period, phosphatidylcholine was a major metabolite of labelled 

phosphatidylethanolamine. Subsequently, there was minimal conversion of
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phosphatidylethanolamine to phosphatidylcholine which suggested that only newly 

made phosphatidylethanolamine was available as a substrate for méthylation to 

phosphatidylcholine. The incorporation and metabolism of choline- and ethanolamine- 

labelled phosphatidylcholine was consistent with déacylation of some species of 

phosphatidylcholine and reacylation to form molecular species of phosphatidylcholine 

with different fatty acyl components. Later the work from the same laboratory 

(Samborski and Vance, 1993) has suggested that fatty acid composition of the serine- 

derived PE may be substantially remodelled. On the basis that a small portion of the 

label was incorporated in a head group of PE and PC, they proposed that PS 

decarboxylation followed by PE N-methylation is not a major pathway of PC 

biosynthesis in rat liver and that PE derived from the decarboxylation of PS has a 

different metabolic fate than does CDP-ethanolamine newly-made PE (Samborski et al.,

1990). Their arguments as to why PE derived from two different pathways was or was 

not remodelled are not fully consistent with published data, for example mitochondrial 

PS decarboxylation was shown not to be a rate-limiting step in PE synthesis (Voelker, 

1989) and therefore the PS-derived PE can be quickly available for transfer to the 

microsomes for déacylation.

1.4 PLMTase and PSDase: subcellular location and purification

1.4.1 Phospholipid N-methylation and enzymes involved

Phospholipid N-methyltransferase (EC 2.1.1.17) is an integral membrane protein which 

catalyses the phosphatidylcholine (PC) synthesis by three successive méthylations of 

phosphatidylethanolamine (PE), as depicted in Equation 1, through the intermediate 

phospholipids, phosphatidyl-N-monomethylethanolamine (PME) and phosphatidyl-
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N,N-dimethylethanolamine (PDE), with S-adenosyl-methionine (SAM) as a methyl 

donor (Hill and Lands, 1970; Vance and Schneider, 1981).

P E  > PM E > PDE > PC (1)

A2
P C --------------- > LPC + PUFA (2)

C
P C --------------- > DAG + PhoCho (3)

D
P C ---------------- > PA + Cho (4)

Méthylation of PE has been estimated to make about 30% of PC in liver, but is present 

in other animal tissues and cell types (Table 2) where it has been associated with a 

number of cellular events, including signal transduction and synthesis of arachidonate- 

rich PC (Hirata and Axelrod, 1980). Cleavage of PC by the corresponding 

phospholipases produces a number of second messenger-related compounds including 

polyunsaturated fatty acids (PUFA), diacylglycerol (DAG) and phosphocholine 

(PhoCho) and phosphatidic acid (PA) and choline (Cho) as depicted by the equations 2- 

4. On the other hand, conversion of PE to PC to choline is the only known pathway for 

the biosynthesis of choline in body (equation 4), other than diet, which may be of 

special importance for brain acetylcholine biosynthesis (Blusztajn and Wurtman, 1983; 

Lee et al., 1993). The brain can synthesize PC through PE méthylation in vivo (Zawad 

and Brown, 1985; Lakher and Wurtman, 1987).

Table 2. Tissue and cell type distribution of PLMTase

Tissue Subcellular fraction Reference

Rat liver microsomes Schneider and Vance, 1979

microsomes Bansal and Kanfer, 1985
microsomes Higgins, 1981
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Mouse liver 

Bovine brain 

Rat mast cells

Rat brain

Rat adipocytes

Platelets

subcellular membranes 
microsomes

synaptosomes

Rat basophilic leukemia 
cells

Vance, 1988 
Tanaka et al., 1990

Blusztajn et al., 1979

Ishizaka et al., 1980; 
Ishizaka et al., 1981; Hirata 
et al., 1979; Morita and 
Siraganian, 1981; Takei et 
al., 1989

Crews et al., 1980; 
Nhamburo et al., 1982; 
Ozawa et al., 1987; Ozawa 
and Segawa, 1988; Segawa 
and Ozawa, 1988; 
Vartanyan et al., 1990; 
Franks et al., 1990; Lebel 
and Schatz, 1990

Kelly et al., 1984; Kelly et 
al., 1985; Kelly, 1987; 
Chiappe de Cingolani,
1992

Hotchkiss et al., 1981; 
Cordasco et al., 1981; 
Cordasco et al., 1982; Mori 
et al., 1983; Shattil et al., 
1981; Randon et al., 1981

Crews et al., 1981; 
McGivney et al., 1981; 
Crews et al., 1980

Human natural killer cells

Granulocytes, lymphocytes 
and neutrophiles

Rat heart

Human blood MNC

Hoffman et al., 1981

Davis, 1986; Niwa et al., 
1984; Niwa et al., 1988

Panagia et al., 1984; 
Panagia et al., 1986; Vetter 
et al., 1990; Taira et al., 
1990; DhaUa et al., 1992

French et al., 1987; French 
et al., 1990

Rat brain axons 

Neuronal tissues

Vance et al., 1991

Clandinin et al., 1992
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Most of PLMTase has been usually associated with rough and smooth endoplasmic 

reticulum (ER) of virtually all studied tissues; however about 20% of ER-associated 

PLMTase activity has been reported to exist in Golgi (Higgins and Fieldsend, 1987). It 

appears that phospholipid méthylation fulfils a different functions in hepatocytes as 

compared to other cells, mainly because of very little PLMTase activity found in the 

non-hepatic tissues. In brain, microsomal and synaptosomal plasma membrane fractions 

were found to have the highest specific PLMTase activity. Two enzymes were proposed 

to be responsible for PE méthylation in rat brain synaptosomes (Crews et al., 1980) and 

no conclusion could be made in regard to microsomes (Bansal and Kanfer, 1985), 

although méthylation of PE appeared to be more heat-stable than that of PME to PC 

through PDE. Interestingly, myelin had a considerable and the third highest PLMTase 

activity of all brain subcellular fractions (Crews et al., 1980). The recent report (Chung 

et al., 1990) confirmed that highly purified myelin contain high specific PLMTase 

activity despite the low total activity (about 1% of the total brain activity). Hattori with 

co-authors documented the presence of phospholipid méthylation activities in both 

axolemma- and myelin-enriched fractions from rat brain (Hattori et al., 1984). The 

recent study has shown that ca 11 and 6% of PE formed from labelled [1- 

^H]ethanolamine in the neuronal cell body and axon, respectively, has been methylated 

to PC after 16 hour incubation (Vance et al., 1991). This represented the most efficient 

conversion of PE to PC that has been reported for cells other than hepatocytes. The 

study also demonstrated that axons have the capacity for synthesis of the three major 

phospholipids of axonal membranes -  PE, PC and sphingomyelin (SM).

One interesting question which did not attract a lot of attention is the involvement of 

methyltransferase enzyme in the biosynthesis of SM. The major pathway of SM 

biosynthesis involves direct transfer of the phosphocholine head group from PC to 

ceramide (Cer) by the enzyme SM synthase (Kishimoto, 1983). In vitro studies have 

shown the existence of a second minor pathway for SM biosynthesis in brain and liver 

subfractions, involving transfer of phosphorylethanolamine from PE to Cer, followed
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by N-methylation of amino group (Malgat et al., 1986). The enzyme responsible for the 

ceramide-ethanolamine synthesis was found to reside in liver and synaptic plasma 

membrane (Malgat et al., 1987; Maurice et al., 1989) and methyltransferase co

localized with it. The importance of this minor SM biosynthesis pathway may be 

relevant in tissues which have a high PE content, such as brain (Koval and Pagano, 

1991).

From experiments performed in the presence of sodium deoxycholate, it was concluded 

that probably one enzyme was involved in the catalysis of PME to PC in liver 

(Rehbinder and Greenberg, 1965). Based on cation dependency. Km for SAM and pH 

activity profiles, it was proposed that the hepatic méthylation pathway was composed 

of two enzymes (Rama Sastry et al., 1981). The first supposedly catalysed the initial 

méthylation of PE, while the second enzyme converted PME to PC. The similar 

conclusions, based on the similar observations, were made in regard to adrenals (Hirata 

et al., 1978), red blood cells (Hirata and Axelrod, 1978) and rat brain synaptosomes 

(Crews et al., 1980). These two-enzyme systems were reported to have two pH optima, 

first one usually being lower (around 7-7.5) and favouring PME formation, while the 

second optimum was much higher (around 10) and corresponded to PC synthesis from 

PME.

1.4.2. Overview of PLMTase purification attempts

There have been a number of attempts to purify PLMTase. However, being an integral 

membrane protein catalysing a multistep reaction, PLMTase proved to be very difficult 

to assay and purify. The enzyme assay conditions used by different authors varied 

greatly in pH, SAM and divalent ion concentration, and presence of detergents and 

therefore much differed and sometimes contradicting results were obtained.

In bacteria, méthylation of PE is a rarely found. Nevertheless, in Neurospora crassa, 

there is genetic evidence for two enzymatic activities for the conversion of PE to PME
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with two pH optima (Scarborough and Nyc, 1967; Scarborough and Nyc, 1967). A 

soluble methyltransferase capable of only the first méthylation reaction was detected in 

Agrobacterium tumefaciens along with a particulate enzyme that could convert PE into 

PC (Kaneshiro and Law, 1964). The enzyme possessing all three methylating activities 

from Zymomonas mobilis was solubilised in Triton X-100 and purified to a 

homogeneity (Tahara et al., 1987). All three methylating activities had the same 

optimal pH of 8-8.5 and were associated with a single protein with an pi 8.5 and 

molecular weight of 42 kDa when assessed with SDS-PAGE. On the other hand, the 

molecular weight of this enzyme was found to be about 120 kDa on gel filtration 

column, suggesting that the native enzyme was composed of three identical subunits. In 

a recent report, Arondel et.al. have reported isolation of a gene from Rhodobacter 

sphaeroides, which, upon expression in E.Coli (which normally lacks PC or other 

methylated products of PE), was capable of catalysing a sequence of three chemically 

distinct méthylation reactions beginning with PE and leading to formation of PC 

(Arondel et al., 1993). The gene was named pmtA and it encoded a 22.9 kDa protein 

which was proposed to be a PLMTase.

In Saccharomyces cerevisiae the méthylation reactions were reported to be catalysed by 

two proteins encoded by two structural genes, P E M l  and PEM2  (Kodak! and 

Yamashita, 1987; Kodak! and Yamashita, 1989; Kodak! et al., 1991). Thus, the PEMl 

gene product was responsible for méthylation of PE to PME and PEM2 gene encoded 

the methyltransferase capable of catalysing all three reactions, with a preference for the 

second and third méthylations. The primary translation products of these genes were 

estimated to have relative molecular masses of 101,202 Da and 23,150 Da, respectively 

and had considerable sequence homology.

PLMTase has also been purified from Drosophila melanogaster and reported to reside 

in a protein complex with estimated by gel-filtration and HPLC molecular weight of 

140-150 kDa. The methylating activities could not be resolved into mono, di and 

trimethylating during purification, so despite highly variable PME/PDE/PC ratios
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obtained, it was concluded that if more than one enzyme existed, they had almost 

identical molecular weights and existed in a tight complex (De Sousa et al., 1988).

Since activity of this enzyme in liver greatly exceeds that of other tissues, it was logical 

that most of the attempts involved liver microsomes as a source of the enzyme. Despite 

the available data suggesting the existence of at least two enzymes involved in 

phospholipid méthylation, most attempted purifications failed to separate completely 

these two putative activities. In 1985, Makishima et.al reported partial purification of 

PLMTase from murine thymocyte microsomes. They resolved two peaks of 

phospholipid methyltransferase activity after solubilising proteins with sodium 

deoxycholate and separating them on Sephadex G-75 gel-filtration and affinity 

chromatography on SAH-Sepharose (Makishima et al., 1985). One enzyme mainly 

catalysed PME formation, while the other one catalysed PDE and PC formation and 

they resided in the plasma membrane. However, both activities appeared to be cross

contaminated with each other and also with phospholipase À2. The molecular weight of 

PLMTase could not be determined since no preparations were pure enough, according 

to SDS-PAGE.

Tanaka et.al. reported purification of PME N-methyltransferase solubilised with Triton 

X-100 from mouse liver microsomes which specifically catalysed the second and third 

méthylation steps of PC synthesis, but did not methylate PE (Tanaka et al., 1990). This 

was the first report claiming that two activities can be separated, because another 

described there preparation of the enzyme catalysed all three steps of PE méthylation. 

These two activities differed in the affinity for SAH-Sepharose and lost enzyme activity 

after 12 hr standing on ice. This data suggested that two phospholipid méthylation 

enzymes are present in mouse liver. The report, however, provided no information on 

the molecular weight of these purified methyltransferases, because even concentrated 

putative PME methyltransferase did not reveal any bands on a gel after being analysed 

by SDS-PAGE followed by gel silver staining and the preparation with all three 

methylating activities gave 10 bands after the same procedure.
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Research from Mato and co-workers yielded evidence for only one hepatic enzyme 

being responsible for PC biosynthesis involving the N-methylation pathway. This 

enzyme was purified to apparent homogeneity from rat liver microsomes after 

solubilization in CHAPS and six-step purification procedure involving DEAE-Sephacel 

chromatography and three gel-filtrations (Pajaies et al., 1986). The unusual step of this 

procedure was the incubation of partially purified enzyme with 1.8 M LiBr for 7 hr, 

which apparently resulted in 5-6 fold activation of PLMTase. The explanation offered 

for this phenomenon involved dissociation of the lipoprotein form of the PLMTase thus 

allowing access of SAM to more molecules of enzyme. Pure protein revealed one band 

on SDS-PAGE with Mr about 50 kOa and could be phosphorylated by cAMP- 

dependent protein kinase. The 25 kDa protein detected in less pure preparations was 

postulated to be a monomer form of the PLMTase with the catalytic properties which 

also can exist as a dimer of 50 kDa. In a number of their reports, this enzyme was 

claimed to be regulated by calmodulin and a variety of hormones, including insulin, 

glucagon, vasopressin and angiotensin, phosphorylated by protein kinase C and 

stimulated by EOF (these aspects have been reviewed in the previous section of this 

chapter).

The validity of these observations, in relation to the direct action of the mentioned 

substances on the enzyme, was challenged by Vance and collaborators, whose initial 

report on the purification of rat liver PLMTase (Ridgway and Vance, 1986) seemed to 

agree with the results obtained by Mato et.al. and reported the presence of 50 kDa 

protein in the final preparation. Yet later they reported the seven-step purification of 

Triton X-100 solubilised rat liver microsomal PE N-methyltransferase which consisted 

of a single polypeptide with Mp 18.3 kDa and catalysed all three steps of PE 

méthylation with a pH optimum of 10 (Ridgway and Vance, 1987). The enzyme was 

reported to be very basic since it was not retained by the chromatofocusing column 

utilised as a last purification step at pH 9.4. The authors claimed that the combination 

of Triton X-100 and 20 mM potassium phosphate buffer with 10% glycerol (instead of
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the standard Tris-HCl buffer) they employed for solubilisation and purification allowed 

them to overcome the problem of the enzyme instability in detergents. They reported 

that no perceivable loss of activity was detected when the purified enzyme was stored 

in the said buffer for at least 2 month at 4X . This was in sharp contrast to the 80% loss 

of activity reported for the partially pure enzyme after 16 hr at 2“C (Schneider and 

Vance, 1979).

A subsequent report from that laboratory showed that with synthetic PEs for substrate 

pure methyltransferase showed higher rates of méthylation with more unsaturated 

species. Long chain saturated PEs (e.g. dipalmitoyl-PE) were not methylated by the 

enzyme and maximal méthylation rates were obtained with two or more double bonds 

in the substrate PE. Rates of méthylation of the saturated and monoenoic PEs could be 

enhanced when 40 mol % polyunsaturated-rich microsomal PC was included in the 

mixed micelles (Ridgway and Vance, 1988). The activation by egg PC of PE, PME, and 

PDE méthylation indicated that a secondary phospholipid binding site(s) played a 

certain role in catalysis in mixed micelles. This site(s) may represent a transmembrane 

segment(s) in close association with a boundary layer of phospholipid (Ridgway and 

Vance, 1988). It was also proposed that phospholipid substrates and products were the 

first to bind and the last to dissociate from the active site, respectively and that PE, 

PME, and PDE competed for a single active site. The overall kinetic scheme for the 

méthylation of PE to PC in mixed micelles was proposed to involve the initial binding 

of PE, followed by successive steps where S-adenosyl-L-methionine (SAM) is bound, 

the sulfonium methyl group is transferred, and S-adenosyl-L-homocysteine (SAH) is 

released.

In an attempt to reconcile the findings of Pajares et.al on the cAMP-dependent 

phosphorylation of PLMTase (Pajares et al., 1986), Ridgway and Vance (Ridgway and 

Vance, 1989) showed that their 18 kDa methyltransferase was phosphorylated on a 

serine residue in vitro by cAMP-dependent protein kinase. Interestingly, 

phosphorylation of the purified PE N-methyltransferase for up to 1 hr was reported to
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have no effect on the méthylation of PE, PMME or PDME. But resolution of the 

phosphorylated methyltransferase by two-dimensional gel electrophoresis showed that 

at least two isoproteins were substrates, providing a further clue on the complexity of 

PE méthylation system.

Cloning of a gene for PLMTase has been thought of as a way to gain better insight into 

the function of phospholipid méthylation. It turned out, however, that the cloning and 

expression of a PLMTase gene (Cui et al., 1993) yielded unexpected results and only 

added to complications. Expressed protein with calculated Mr 22.3 kDa was capable of 

converting PE into PC and showed considerable sequence similarity with the yeast 

PEM2 gene product. However, polyclonal antibody raised against a synthetic peptide 

corresponding to carboxy-terminal sequence of the enzyme failed to recognise 

corresponding protein from the ER despite the fact that the majority of liver PLMTase 

activity was found on ER membrane (Vance and Vance, 1988). Instead, antibody 

mainly reacted with a protein of approximately 20 kDa in a the unique subcellular 

membrane fraction associated with mitochondria that has been previously described and 

implicated in specialised lipid synthesis and transport processes (Vance, 1990). 

Therefore it is possible that PLMTase in this fraction has a ‘bridge’ function that would 

facilitate the transfer of PE, made by PS decarboxylation in mitochondria, into 

lipoproteins by methylating PE to PC. Antibody to PLMTase also recognised an 85-90 

kDa protein band in the same unique fraction and in the ER and, moreover, in liver 

plasma membrane, plus 10-12 kDa protein band in liver cytosol and ca 50 kDa band in 

pure liver mitochondria. The genetic evidence is, therefore, consistent with the 

hypothesis that at least one more form of liver PLMTase should reside in the ER.

If there exist a putative bigger mammalian gene which, once identified, happens to 

encode for N-methyltransferase which only makes PME (as in yeast), one can think of 

the additional line of support for the idea of second messenger role of PME (discussed 

earlier in this chapter). Two different enzymes (big and small) can make PME, but only 

one can utilise PME for further méthylation to PC. The latter enzyme is an active
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sweeper or scavenger, which does not let PME hang around for too long, is smaller and 

therefore can be synthesized much quicker in the cell than the former 

monomethyltransferase. Besides, one possibility is that this smaller enzyme is one of 

the subunits of the bigger methyltransferase or proteolytic product of the bigger 

enzyme.

This overview only emphasises the uncertainty still surrounding the area of 

phospholipid méthylation and enzymatic systems involved. If this pathway is as / 

insignificant as pointed out by some, at least quantitatively, then why does it display 

such a complicated array of enzymes and regulation mechanisms and found in all 

studied animal tissues? What is an unknown essential function of PLMTase which may 

explain the survival of this enzyme activity during evolution? It is therefore of 

importance that we try to advance our understanding of the significance of phospholipid 

méthylation and its relation to different cellular processes.

1.4.3 PS decarboxylation and PSDase purification

Phosphatidylserine decarboxylase (EC 4.1.1.65, PSDase) is an important membrane- 

bound enzyme which converts phosphatidylserine (PS) to phosphatidylethanolamine 

(PE) and significantly contributes to the de novo biosynthesis of PE (Voelker, 1984). 

The eukaryotic enzyme is predominantly located in the inner mitochondria membrane 

(Zborowski et al., 1983; Percy et al., 1983), although some activity has also been found 

in the microsomal and plasma membrane fractions (Auchi et al., 1993). It has been 

proposed that PE formed through decarboxylation is preferentially exported from the 

mitochondria to the ER and plasma membrane (Vance, 1991).

P S ------------- > PE + CO2 (5)

The PSDase from E. Coli was found to be associated with the cytoplasmic membrane 

and has been purified in 1974 (Dowhan et al., 1974). Its mechanism of action was 

elucidated later (Li and Dowhan, 1988; Li and Dowhan, 1990). It catalyses
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decarboxylation through formation of a Schiff base between the amine of the substrate 

and the carbonyl residue of its pyruvate prosthetic group, that is covalently bound in an 

amide linkage to the amino terminus of the smaller (a  subunit) of the two subunits of 

the enzyme. As judged by electrophoresis in the presence of 6 M urea and 0.2% SDS, 

the a  and 6 subunits have Mr of 15 kDa and 28 kDa, respectively. The mobility of the 

both subunits was dependent on the electrophoresis conditions and varied between 7.5- 

16 kDa (a  subunit) and between 28-35 kDa (6 subunit). Hydrophobic analysis showed 

that there was at least one major hydrophobic domain in the B subunit, and the 

remainder of the amino acid sequence appeared to be hydrophilic (Dowhan et al., 

1974). This suggested that the enzyme may be associated with the membrane through 

the B subunit. PSDase was found to be stable for several years in the pH range Ô.5-7.5 

with 10% glycerol and minimum concentration of a nonionic detergent (0.1% Triton X- 

100 or 25 mM octylglucoside) at -70°C. The PSDase from Clostridium butyricum has 

also been described (Verma and Goldfine, 1985).

The liver PSDase proved to be quite resistant to purification. So far, only partially pure 

preparations of PSDase have been obtained (Voelker and Golden, 1992). It appeared 

that the pi of the enzyme was close to 8, because PSDase was eluted from the 

chromatofocusing column at pH 8.0. The gel-filtration elution profile (in the presence 

of Triton X-100) corresponded to the enzyme estimated molecular mass between 100 

and 200 kDa.

A gene complementing the genetic defect in PS biosynthesis in CHO cells has recently 

been cloned (Kuge et al., 1991) and proposed to encode for a 370 amino acid PSDase. 

Despite some doubts: a) the cDNA clone for PSDase seemed to lack about 300 bases 

encoding the N-terminal portion of the enzyme, as compared with the estimated mRNA 

size; and b) the potential initiator ATG codon was present, but on the 5’ side of this 

codon an in-frame termination codon was not found in the cDNA, the cloned gene had 

a computer revealed sequence homology at the amino acid level with the E.Coli psd 

gene, which encodes a 322 amino acid PSDase proenzyme (Li and Dowhan, 1988), and
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it increased (4-fold) the PSDase activity of the transformed cells. Interestingly, the 

authors proposed that the cloned gene may encode the minor phosphatidylserine 

decarboxylase localized in the ER based on the inconsistency of their observations of 

the rate-limiting nature of the PS decarboxylation in the PE PS cycle (Kuge et al.,

1991), and that of Voelker (1989), who provided the evidence that decarboxylation of 

PS is not a rate-limiting step. The suggestion for the existence of a minor form of 

PSDase appeared to receive some support from the recent results of a PSDase cloning 

from yeast (Trotter et al., 1993) and the data from this laboratory (Auchi et al., 1993). 

Both communication agreed that the putative second phosphatidylserine decarboxylase 

enzyme produces PE that is efficiently shunted to the méthylation pathway for the 

purpose of making PC. The discussion earlier in this chapter has dealt with co-ordinate 

regulation of the enzymatic activity of PSDase and PLMTase (Hirata et al., 1979; 

Lamping et al., 1991; Overmeyer and Waechter, 1991). Other evidence, such as very 

rapid appearance of PS-derived radioactivity in PC in VLDL (Vance and Vance, 1988) 

and the reported preference of PLMTase for PE derived from PS-decarboxylation 

(Vance, 1989), are consistent with the possibility of localisation of this two enzymes in 

close vicinity somewhere in the ER or plasma membrane.

1.5 Research objective

Despite the paramount importance of myelin in providing the insulation for the axon, a 

growing body of evidence suggests greater involvement of this unique membrane in the 

brain function. There are reasons to suggest that at least some lipid-metabolizing 

activities in myelin are affected during demyelination diseases. A number of enzymes 

which are believed to participate in signal transduction have been found in myelin. The 

expertise, accumulated in this laboratory with two phospholipid-metabolising enzymes 

phospholipid methyltransferase (PLMTase) and phosphatidylserine decarboxylase 

(PSDase), prompted the search for these enzymes in myelin. While méthylation of PE 

is of interest due to its implicated involvement in signal transduction in a number of
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cells (Hirata and Axelrod, 1980) and being the only biosynthetic pathway for choline 

production, it also appeared from the published data that at least in liver 

phosphatidylethanolamine derived from PS decarboxylation is preferred for subsequent 

méthylation by PLMTase. The presence of neither PLMTase nor PSDase in myelin 

have been demonstrated when the project was started and the investigation of the 

possible existence of PSDase in myelin and its putative coupling with PLMTase 

appeared therefore appropriate. Previous research in this laboratory suggested the 

presence of different forms of PLMTase in liver (McBride, 1988; Fonteh, 1989). 

Therefore, the interest in research into the properties, functions and the number of 

possible isoforms of the myelin PLMTase was clear.
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2.1 MATERIALS

Authentic phospholipids phosphatidylethanolamine (PE), monomethyl-PE (PME), 

dimethyl-PE (PDE), phosphatidylcholine (PC), sphingomyelin (SM) and 

phosphatidylserine (PS), sucrose, S-adenosyl-L-methionine (SAM), S-adenosyl-L- 

homocysteine (SAH), 5’-methylthioadenosine (MTA), diazepam and y-aminobutyric 

acid (GABA), 6-mercaptoethanol, dithiothreitol (DTT), 3-[(3-Cholamidopropyl)- 

dimethylammonio]-1 -propanesulfonate (CHAPS) were purchased from Sigma. 

Radiolabelled [^H-m^r/zy/j-SAM (specific activity 70-75 Ci/mmol) was from NEN Du 

Pont and l,2-dioleoyl-L-3-phosphatidyl-L-[3-^^C]serine (53mCi/mmol) and [N- 

m^r/zy/-^H]flunitrazepam (85 Ci/mmol) were from Amersham Int.

Bio-Lyte 3/10 ampholyte for isoelectric focusing (lEF), acrylamide, bis-acrylamide, 

TEMED, ammonium persulfate, SDS and low molecular weight protein standards for 

SDS-PAGE were obtained from Bio-Rad.

Triazine-activated agarose 4XL was from Affinity Chromatography Ltd. Q-Sepharose 

Fast Flow and Sephacryl S-300 HR, MonoQ, MonoS and MonoP FPLC columns were 

from Pharmacia. EconoPac Q, EconoPac S and EconoPac HIC (hydrophobic interaction 

chromatography) were purchased from Bio-Rad.

Ultrafiltration membranes YM-10 (cut-off 10,000 Da) were purchased from Amicon. 

Coomassie Blue G-250 and R-250 dyes were from Aldrich and GELCODE colour 

silver stain kit was from Pierce.

Silica gel plates (Alugram Sil G/UV254) were supplied by Camlab and high 

performance TLC (HP-TLC) plates were purchased from Whatman. Water was of Milli 

Q quality. Other reagents, including detergent Triton X-100, salts for buffer 

preparation, solvents for HPLC and TLC were obtained from Aldrich, BDH or other 

commercial sources.
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2.2 METHODS

2.2.1 Isolation of rat brain myelin

Myelin was isolated according to Norton and Poduslo (Norton and Poduslo, 1973). 

Adult Wistar rats (weighing 200-250 g) were sacrificed by CO2 intoxication and their 

brains (average weight 1.55 g each) quickly removed and homogenised in 10 volumes 

of ice-cold 0.32M sucrose with a Potter-Elvehjem homogenizer with a motor-driven 

Teflon pestle (8-10 strokes). The brains from 2 rats were usually used for each 

preparation. All following manipulations were performed at 4°C unless otherwise 

specified. All centrifugation steps were performed with the Beckman 6 LS 

ultracentrifuge equipped with a fixed-angle 60 Ti rotor.

(1) The homogenate was layered over 0.85M sucrose and centrifuged at 75,000 g for 30 

min. Myelin is a light structure that floats on 0.85 M sucrose. The layer of crude myelin 

was collected with a Pasteur pipette from the interface of the two sucrose solution and 

the pellet used to isolate synaptosomes and mitochondria. (2) Sucrose was washed out 

by pelleting myelin diluted with water at 75,000 g for 15 min. (3) Two osmotic shocks 

of myelin, achieved by dispersing the myelin in water and followed by centrifugation at 

12,000 g for 15 min, separated trapped particles and smaller membrane fragments from 

myelin which was obtained as loosely packed pellets. (4) This was suspended in 0.32M 

sucrose, layered over 0.85M sucrose and centrifuged at 75,000 g for 30 min. (5) The 

last step of isolation involved suspending myelin (collected from the interface of the 

previous step) in 0.85M sucrose and overlaying it with clear 0.32M sucrose. 

Centrifugation (75,000 g, 30 min) utilised the “floating-up” approach (Haley et al., 

1981) and yielded highly purified myelin which was collected from the interface. This 

myelin was pelleted after being diluted with water as in the step (2).

The amount of myelin protein which was obtained with this method was estimated as 

30-40 mg of protein per average 1.55 g rat brain.
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2.2.2 Myelin solubilisation

Purified myelin was suspended in 20mM phosphate or Tris-HCl buffer, 0.5% Triton X- 

100 (w/v) (pH 8.0) and incubated at 4°C for 40-60 min. The unsolubilised material was 

pelleted at 100,000 g for 60 min and the supernatant used as a source of solubilised 

enzyme.

As an alternative, solubilization with CHAPS detergent was carried out as follows: 

purified myelin was suspended in either 20 mM Tris-HCl or K2HPO4 buffer (pH 8.0) 

containing 1% (w/v) CHAPS and incubated with stirring for 1 hr at 4°C. The 

unsolubilised material was pelleted as above and the supernatant diluted with the same 

buffer but without the detergent to a final CHAPS concentration of 0.3% (w/v)

2.2.3 Isolation of rat brain synaptosomes

Rat brains were obtained and homogenized in 0.32 M sucrose in the same manner as for 

myelin isolation and the pellet resulting from the first centrifugation step was dispersed 

in 0.8 M sucrose and layered over clear 1.2 M sucrose and centrifuged at 75,000 g for 

30 min. Synaptosomes are sealed structures and have a higher water content than 

mitochondria; thus, they equilibrate between the two layers of sucrose and were 

collected from the interface. For additional purity synaptosomes were diluted with 

water, pelleted at 75,000 g for 15 min and redispersed in 0.8 M sucrose. This was again 

layered over 1.2 M sucrose, centrifuged at 75,000 g for 30 min and purified 

synaptosomes collected from the interface. For storage and assay, synaptosomes were 

pelleted, after being diluted with water, at 75,000 g for 20 min and dispersed in an 

appropriate buffer.
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2.2.4 Preparation of the rat brain membranes for binding studies

Wistar rats (180 to 220 g) were sacrificed by CO2 intoxication and the brain was 

removed. Two rats were used for each membrane preparation. Crude synaptic 

membranes were prepared according to the method described elsewhere (Enna and 

Snyder, 1976). Briefly, brains were homogenised in 10 volumes of 0.32 M sucrose 

solution. The homogenate was centrifuged at 1000 g for 10 min and the supernatant 

was centrifuged again at 20,000 g for 20 min. The resulting pellet was resuspended in 

20 volumes of 50 mM Tris-HCl buffer (pH 7.4) and homogenised. After centrifugation 

at 48,000 g for 20 min, the pellet (membrane preparation) was washed three times with 

50 mM Tris-HCl buffer (pH 7.4) and stored at -20°C for at least 12 hr. After being 

thawed, membranes were resuspended in 50 mM Tris-HCl buffer (pH 7.4) and 

centrifuged at 48,000 x g for 20 min. The resultant pellet was resuspended in 40 ml of 

50 mM Tris-HCl buffer (pH 7.4) and used in the binding assays.

2.2.5 Phospholipid N-methyltransferase assay

Phospholipid methyltransferase was assayed by measuring the radioactive methyl group 

incorporation into phospholipids. The assay was performed in 5-ml scintillation vials. 

The assay medium contained the enzyme source in 20mM K2HPO4 (pH 8.0) (although 

20mM Tris-HCl buffer was also used and did not affect the enzyme activity), 0.5% 

Triton X-100 (w/v) and 10|il of PE/PME mixture (concentrations 8mg/ml and 1 mg/ml, 

correspondingly) in a final volume of 440|il and performed in duplicate.

The reaction was started by the addition of [^H-methyl]-SAM (12.5mCi/mmol) to 

200pM concentration and carried out at 40°C for 30 min in a shaking water bath. To 

stop the reaction and extract phospholipids 2ml of CHClg-MeOH (2:1) mixture were 

added and vials vortexed for 30sec. The extraction time control was found to be 

essential for the reproducibility of the assay and the accuracy of the duplicates. The
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lipid-rich chloroform extract was washed twice with 2ml of 0.5M KCl in 50% MeOH, a 

500|il aliquot was transferred into a clean vial, dried under a stream of N2 and total 

chloroform-soluble radioactivity measured by scintillation counter (Beckman LS 5000 

CE).

2.2.6 Identification of individual phospholipid products

Individual phospholipid products of the reaction were analysed by applying an aliquot 

of organic phase to a silica gel plate which was then developed in a solvent system of 

chloroform-ethanol-triethylamine-water (4:5:4:1) (system A) or n-propanol- propionic 

acid-chloroform-water (3:2:2:1) (system B). Phospholipids were visualised by 0.12% 

Rodamine 6G solution and distribution of radioactivity on a TLC track was determined 

by radiometric scanning of the plate in the Berthold Tracemaster 20 radioactivity 

scanner.

2.2.7 Phosphatidylserine decarboxylase assay

Phosphatidylserine decarboxylase (PSDase) was assayed by measuring conversion of 

[I'^C] -labelled phosphatidylserine into radiolabelled phosphatidylethanolamine (PE). 

The detection of the other products such as lyso-PE (LPE), PME, PDE, PC and lyso- 

PC (LPC) along with sphingomyelin (SM) would indicate the presence of the other 

enzymes such as phospholipase À2 , PLMTase and base-exchange ones. The assay 

medium contained the enzyme source in either 20mM Tris-HCl or phosphate buffer 

(pH 7.5) containing 0.5% Triton X-100 in 440|il of final volume. The reaction was 

started by the addition of 0.05pCi l,2-dioleoyl-L-3-phosphatidyl-L-[3-l^C]serine, and 

the mixture was incubated for 30-40 min at 37“C. Phospholipids were extracted by the 

addition of 2ml of CHClg-MeOH (2:1), washed with 2ml of 0.5M KCl in 50% MeOH 

and 400|il aliquot was taken for TLC separation in system A. Phospholipids were 

visualised by 0.12% Rodamine 6G solution and distribution of radioactivity determined
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by radiometric scanning of the plate in the Berthold Tracemaster 20 radioactivity 

scanner.

2.2.8 Binding assay

Membrane preparations (400 p.1) were incubated with 8 nM [^HJflunitrazepam (50 jil) 

together with varying concentrations of SAM, SAH or MTA (50 |ii or an equal volume 

of buffer for control) in a final volume of 1 ml in 50 mM Tris-HCl buffer (pH 7.4) for 1 

hr at 4°C. Incubations were terminated by rapid filtration under vacuum through 

Whatmann GF/B filters and the filters were washed with 3 x 2 ml of ice-cold 50 mM 

Tris-HCl buffer (pH 7.4). Radioactivity retained on the filters was measured by liquid 

scintillation counting on a Beckman LS 5000 CE spectrophotometer using OptiPhase 

scintillation cocktail (LKB). Specific binding was calculated by subtracting the amount 

of non-specific binding, determined by carrying out parallel incubations in presence of 

10“̂  M diazepam, from total binding. SAM, SAH and MTA stock solutions were made 

in water with a drop of O.IM HCl to aid solubilisation.

2.2.9 Isoelectric focusing of myelin PLMTase

Solubilised myelin was brought to 50ml with water and Bio-Lyte 3/10 ampholytes and 

Triton X-100 were added to a final concentration of 2% and 0.5% correspondingly, and 

protein focused in a Rotofor lEF Preparative Cell (Bio-Rad) for 4-5 hr (until the voltage 

stabilised). Harvested fractions were assayed for PLMTase activity after adjusting their 

pH to 8 without removal of the ampholytes. Active fractions were pooled, diluted with 

water (according to the manufacturer’s recommendation) and re-fractionated in a 

narrower pH gradient.
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2.2.10 Ion-exchange chromatography on Q-Sepharose Fast Flow

Solubilised myelin was loaded on the Q-Sepharose Fast Flow packed column (1.6x20 

cm) which was equilibrated with 20mM phosphate buffer (pH 8.0), 0.5% Triton X-100 

(buffer A). The column was washed with 30ml of buffer A at 2 ml/min and then with 

80ml of linear gradient, 0-100% of buffer A plus IM NaCl (buffer B) and finally with 

20 ml of buffer B. Protein elution was monitored by absorbance at 280 nm. Fractions (4 

ml) were collected and assayed for PLMTase activity.

2.2.11 Gel filtration chromatography on Sephacryl S-300 HR

Solubilised myelin (2 ml) was loaded on the Sephacryl S-300 HR packed column (1.6 x 

85 cm) which was equilibrated with 20mM phosphate buffer (8.0), 0.5% Triton X-100, 

150mM NaCl. Proteins were eluted with the same buffer at 0.5 ml/min and monitored 

by absorbance at 280 nm. Fractions (4 ml) were collected and assayed for PLMTase 

activity. The column was calibrated by running standard molecular weight proteins 

(apoferritin (443 kDa), bovine serum albumin (66 kDa), deoxyribonuclease I (31 kDa) 

and myoglobin (16.8 kDa)) and the void volume was determined with Blue dextran.

2.2.12 Chromatofocusing on Mono P

The Mono P HR 5/20 chromatofocusing FPLC column was equilibrated with starting 

buffer (25mM triethylamine (pH 11.0), 0.1% Triton X-100) prior the sample (1 ml of 

the pooled active fractions obtained after Q Sepharose step) injection. Proteins were 

eluted with 50 ml of elution buffer (Pharmalyte 8-10.5 (Pharmacia) diluted 1:45 with 

water according to the manufacturer’s recommendation (pH 7.4 adjusted with HCl), 

containing 0.1% Triton X-100) at 1 ml/min and fractions (4 ml) were collected and 

assayed for PLMTase activity.
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2.2.13 Affinity chromatography on SAH-Agarose

0.2 g of Triazine-activated Agarose 4XL was wetted in water for 30-40 min, filtered 

and dispersed in 4 ml of lOOmM NaHCOg buffer (pH 9). 5 mg of S-adenosyl- 

homocysteine (SAH) was added to the suspension and it was slowly spun for 14-16 hr 

at room temperature. Excess SAH was removed by washing the gel with 20 volumes of 

0.5M KCl. Unreacted groups on agarose were blocked by 2 hr incubation with 2M 

ethanolamine. The gel (1 ml) was finally washed with 0.5M KCl (20 volumes) and then 

equilibrated with 5mM K2 HPO4 (pH 6.2) buffer, 5mM EDTA, lOmM 2- 

mercaptoethanol in a small column.

The sample (1 ml) was applied to the column and recirculated for 8-10 times and the 

column then washed with the equilibration buffer (up to 10 ml) to elute non-specifically 

bound proteins. PLMTase was eluted with 10 mM K2HPO4 (pH 8.0) buffer, IM NaCl, 

lOmM 2-mercaptoethanol, 0.5% Triton X-100.

2.2.14 Preparative SDS-PAGE of myelin

Purified myelin was mixed with the standard electrophoresis sample buffer and 

incubated for 30 min at 40°C for solubilisation. The sample was centrifuged at 15,000 

rpm on a microcentrifuge and filtered prior to electrophoresis. The 10% T gel column 

was polymerised in a 491 Prep Cell (Bio-Rad) and SDS-PAGE was performed 

according to Laemmli (Laemmli, 1970). The fractions were collected (4 ml) at 1 ml/min 

elution buffer (which was the same as electrophoresis buffer) and protein elution 

monitored at 280 nm. The fractions containing the dye front and all proteins eluted later 

were pooled two at a time, concentrated by ultrafiltration through a YM-10 membrane 

(cut-off 10,000 Da) and washed with 20% ethylene-glycol to remove SDS. 

Concentrated fractions were assayed for PLMTase activity after mixing them with 

equal volumes of standard assay buffer (pH 8.0) plus PE/PME mixture.
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2.2.15 SDS-PAGE analysis of active fractions

Rapid protein gel electrophoresis analysis of the samples was performed on Mini- 

Protean II Cell (Bio-Rad) mini slab gels according to Laemmli (Laemmli, 1970). 

Homogenous 10 and 12.5% T gels (0.75 mm or 1.5 mm thick) were usually used for 

both SDS and native separation. The gels were stained with Coomassie Blue G and then 

silver stained with the GELCODE colour silver stain kit. The intensity and colour of 

protein bands on the gel has been used for protein quantity estimation at the purification 

stages where protein concentration was extremely low. Otherwise proteins were 

quantified by the method of Bradford (Bradford, 1976) as below.

2.2.16 Sample desalting and buffer exchange with PD-10 columns

Desalting of the samples after ion-exchange or gel-filtration chromatography and the 

buffer substitution after ultrafiltration was achieved by quickly passing the 1 ml 

samples through an appropriately equilibrated PD-10 column and collecting the first 1.5 

ml of eluate. At the later stages of the project the ultrafiltration on YM-10 membranes 

was exclusively used for concentration, desalting and buffer exchange.

2.2.17 Protein content determination

Proteins were quantified by the method of Bradford (Bradford, 1976) with bovine 

serum albumin as a standard with Triton X-100 or CHAPS included in the buffer. Other 

methods, which were employed in an attempt to overcome the significant interference 

of Triton X-100 with the assay, included the filter paper dye-binding assay (Minamide 

and Bamburg, 1990) or the precipitation method of Chang (Chang, 1992).
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2.2.18 Purity analysis of the PLMTase by capillary electrophoresis

Free flow capillary electrophoresis (CE) was performed on the Quanta 4000 (Waters) 

CE system using 60cm capillary (0.75 pm diameter) in 50 mM phosphate buffer (pH 

7.4). The sample was electrophoresed at 15,000 V for 30 min at ambient temperature. 

The protein was detected by absorbance at 214 nm (0.005 AUFS) and the results were 

recorded on LKB recorder with 2 mm/min chart speed.

2.2.19 Purity analysis of SAM by HPLC

S-adenosylmethionine (SAM) purity was assessed using the reverse-phase 

chromatography method developed in this laboratory. 20 pi of SAM preparation (either 

radio- or non-labelled) was injected into Hichrom SIO 0DS2 column (4.6 x 25) 

attached to a standard dual-pump Gilson HPLC controlled with 714 HPLC manager 

software and equipped with a Gilson UV-116 detector. The column was pre

equilibrated with 10 mM ammonium formate (pH 2.8) and the injected compounds 

were eluted with a linear gradient of acetonitrile (0 -10% over 20 min), then 10% 

acetonitrile over 10 min, at 1 ml/min and detected by absorbance at 254 nm. 500 pi 

fractions were collected during HPLC of [^H-methyljSAM and the radioactivity of 

these fractions was measured by spectrophotometry after addition of 4 ml of 

scintillation cocktail.
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3.1 Purification of myelin and its purity

The determination of the degree of purity of isolated myelin fractions has been a vexing 

problem. Part of the difficulty arises from an ambiguity in the definition of myelin. From 

the morphological point of view, myelin is a very heterogeneous structure, containing 

areas of compacted membranes, cytoplasmic inclusions, specialised membrane regions of 

attachment to the axolemma, and possibly others. Even within this definition, there will 

be ambiguity in deciding where the myelin sheath begins and the oligodendroglial (or 

Schwann cell) plasma membrane ends. The multilammelar structure can be definitely 

identified as myelin; however, single membranes can not be identified morphologically, 

but may be considered myelin if they have the physical and chemical properties of the 

multilamellar fragments.

The crude myelin obtained after first step centrifugation is of varying purity depending on 

the tissue from which myelin was isolated. Adult brain white matter, which is 50-60 % 

myelin to start with, yields a reasonably pure myelin, whereas myelin from whole brain 

of an animal in the early stages of myelination might be quite impure (Norton and 

Cammer, 1984). The major impurities are axolemma, glial plasma membranes, fragments 

of endoplasmic reticulum, and trapped axoplasm. In fact, if ions are present in the initial 

homogenisation medium and mild conditions are used, then the myelin sheath is 

preserved on the axon and the “crude myelin layer” will actually consist of myelinated 

axons.

Further purification, therefore, of crude myelin is usually achieved by osmotically 

shocking the myelin in water. The trapped material is released, and the larger but less 

dense myelin particles can be separated from the smaller but denser membranes by 

relatively low-speed centrifugation or by density-gradient centrifugation. The heavier 

axonal and glial filaments can also be separated by density-gradient centrifugation.
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Rat brain

Homogenize using  
glass-teflon homogenizer

H om ogenate in 0.32 M sucrose

Lay over 0.85 M sucrose 
and spin at 75,000 x g for 30 min

Crude m yelin in interface

Collect myelin with a Pasteur pipett, 
suspend in water and 

spin at 75,000 x g for 20 m in

M yelin in pellet

Disperse pellet in water and 
spin at 12,000 x g for 20 m in (repeat twice)

M yelin in pellet

Disperse pellet in 0.32 M sucrose, 
lay over 0.85 M sucrose and 
spin at 75,000 x g for 30 m in

M yelin in interface

Inverse the dispersion of the previous 
step and repeat the spin

Pure myelin 

Method of myelin isolation
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The scheme on the previous page show the flow-chart of the myelin isolation procedure 

adopted for the project and based on the classical method (Norton and Poduslo, 1973) 

with the variation for greater purity (Haley et al., 1981).

Despite the uncertainties in determining the absolute purity of myelin isolated by standard 

methods, it is probably safe to say that it can be prepared in higher purity than any other 

subcellular fraction of the nervous system. The results of assays by many investigators 

indicate that the sum of all contamination in routinely purified myelin preparation from 

normal brains is 5% or even less with the additional “float-up” step. Myelin is also one of 

the few examples of a subcellular fraction that is the product of a single cell type 

(synaptosomes are another example of such rare fractions from brain) and rivals red cell 

ghosts as a preparation of a single membrane type that can be easily and reproducibly 

obtained in high purity.

72



Chapter 3

3.2 PS decarboxylation in rat brain myelin.

As mentioned in the previous chapter, PSDase activity is predominantly located in the 

inner mitochondrial membrane in liver (Zborowski et al., 1983) and brain (Percy et al., 

1983). The enzyme catalyses conversion of PS to PE. Inconclusive evidence, however, 

exists that some decarboxylation of phosphatidylserine may take place in other subcellular 

fractions and, possibly, myelin. Bradbury, for example, has shown that neonatal rat 

cerebellum incubated in vitro in the presence of radiolabelled serine displayed a 

significant rise of incorporation of radioactivity into PE concomitant with the period of 

active myelination (Bradbury, 1984), suggesting increased PS —> PE formation. Some, 

albeit little, PSDase activity was detected in myelin fraction by Percy et.al. (Percy et al., 

1983). Despite the fact that radiolabelled serine injected into the axon was incorporated 

into PS and PE among other lipids, assays for phosphatidylserine synthesizing enzymes 

in myelin yielded negative findings (Haley and Ledeen, 1979; Wu and Ledeen, 1980). 

The results from this laboratory have demonstrated that phosphatidylserine decarboxylase 

activity exists in rat liver plasma membrane (Auchi et al., 1993) and platelet plasma 

membrane (Yeboah and Gibbons, to be published elsewhere). It appeared, therefore, 

worth investigating the presence of phosphatidylserine decarboxylase in myelin. 

Although the conclusion being made in the end was that sometimes detected PSDase 

activity was most likely due to minor mitochondrial contamination of myelin, the 

discussion of the obtained results seems appropriate.

Since phosphatidylserine concentration in rat brain myelin is about 1% and combined PE 

and ethanolamine plasmalogen concentration is about 30% of total lipid (Norton and 

Cammer, 1984), it appeared that there was enough phospholipids in myelin preparations 

to serve as a substrate and to create the environment closely related to that of intact myelin 

membrane. Therefore, the activity of phosphatidylserine decarboxylase was assayed 

without adding any exogenous lipids by incubating different myelin preparations in a 

suitable buffer with 0.01 p-Ci of l,2-dioleoyl-L-3-phosphatidyl-L-[3-^'^C]serine
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(53mCi/mmol) for various periods of time, followed by extraction and TLC separation of 

phospholipids. The radioactivity distribution on a TLC track was assessed by either (1) 

scraping off the spots of silica corresponding to Rf values of authentic phospholipids 

with consequent liquid scintillation counting, or (2) by radiometric scanning on Berthold 

Tracemaster 20 scanner. The former approach was obviously more time- and labour

consuming, but provided more accurate quantitative estimation of the radioactive product 

formation, whereas the latter was relatively fast and allowed the fate of PS-derived 

radioactivity in a head group to be followed through PE to the other possible 

phospholipid products, such as phosphatidylcholine and lyso-PE or lyso-PC, if PSDase 

is coupled with PLMTase or/and phospholipase.

Consequently, a novel method for assaying total PS decarboxylase activity has been 

developed (Tsvetnitsky and Gibbons, 1994). The method takes advantage of the fact that 

PS, being an acidic lipid, binds to amino group on Bond Elut (NH2 -aminopropyl) 

column, while the product of PS decarboxylation PE does not, and may, therefore, be 

readily eluted from the Bond Elut column with methanol (Fig. 5). Thus, radioactivity in a 

polar head group of PE or its derivatives can be quickly quantified by liquid scintillation 

counting. By replacing the TLC step in the assay (usually taking about 3-3.5 hr) with a 

fast separation on the pre-packed column (which can be speeded up by a low-speed 

centrifugation) considerable time saving can be achieved. Besides, the columns may be 

reused at least twice without any detectable leakage of the bound radiolabelled PS. The 

comparison of the amount of PE detected with TLC and Bond Elut methods is shown on 

Fig. 4.

It was reported that the presence of a non ionic detergent in the assay mixture is 

mandatory for detecting PSDase activity (Dowhan et al., 1974). Therefore, the use of 

Triton X-100, which has been shown to be the only detergent to stimulate mitochondrial 

PSDase at molar ratio of Triton X-100 to PS of about 5.6 (Dygas and Zborowski, 1989), 

was adopted throughout all experiments.
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Myelin and its Triton X-100-soluble and non-soluble subfractions were assayed for 

PSDase activity exactly as described in the Materials and Methods and revealed no such 

PS-converting enzyme activity. The rat liver mitochondrial PSDase activity assessed in 

the same conditions, as shown on Fig. 4, showed a good correlation with the published 

data. In an attempt to optimise the conditions, the assay for myelin was performed at 

various pH values (from 6 to 9 with 0.5 pH unit step). The negative results were again 

obtained with all tested myelin preparations.
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F igure 4 . C om parison o f rat liver m itochondria PS decarboxylation  as m easured by 
TLC m ethod and Bond Elut method. Mitochondria were isolated according to (Hogeboom, 1955) 
and PS decarboxylation assayed as described in Materials and Methods. At the time points indicated the 
assay was terminated and extracted phospholipids separated on either Bond Elut column or TLC plate 
developed in a solvent system of chloroform-ethanol-triethylamine-water (4:5:4:1) (system A). The 
amount o f labelled PE was then determined. The data were obtained from two experiments run in 
duplicate.
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Figure 5. R adioactivity  TLC scan of the substrate radiolabelled  PS and m ethanol 
elu ate from  Bond Elut colum n follow ing the PSD ase assay . M itochondrial PS 
decarboxylation was assayed as described in Materials and Methods and extracted phospholipids were 
separated on a disposable Bond Elut column. An aliquot of radiolabelled PS (A) extracted at time zero of 
the PSDase assay was chromatographed on the TLC plate alongside with an aliquot o f the methanol 
eluate ( B ) . The plate was developed in chloroform-ethanol-triethylamine-water (4:5:4:1). Or, origin; Fr, 
solvent front.
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The solubilization of rat brain myelin with zwitterionic detergent CHAPS also did not 

help, in general, to detect the presence of PS decarboxylation in this membrane. 

Interestingly, when PS conversion in myelin preparations was sporadically (one out of 

ten times) detected, the product of the conversion in which radioactivity was recovered 

appeared to be PC but not PE. This was supported by TLC scan results (Fig. 6A) and 

reinforced by separating chloroform-extracted assay products on a Bond Elut column 

with subsequent separation of the methanol eluted phospholipids on TLC (Fig. 6B): a) 

since radiolabelled PS binds to a Bond Elut column, methanol eluate could only contain 

neutral phospholipids like PE and PC; and b) the Rf value of the major detected 

radiolabelled TLC peak on Fig. 6B was the same as that for authentic PC. This 

observation gives an additional support to the previously reported data that PS-derived 

PE may be preferred for subsequent méthylation by a distinctive non-mitochondrial N- 

methyltransferase (Vance and Vance, 1986), because the same myelin preparations did 

not show any detectable synthesis of radiolabelled PC after incubation with [^H- 

methylJSAM, forming mostly PME.

The overall conclusion made in regard to the presence of phosphatidylserine 

decarboxylase in rat brain myelin was negative. The conversion of PS, when it occurred, 

was most likely caused by a minor contamination with mitochondria (where PSDase is 

predominantly located). Indeed, the original communication describing myelin isolation 

mentioned that under the microscope one can sometimes see one or two mitochondria that 

may be trapped in myelin vesicles (Norton and Poduslo, 1973). The chance still existed 

however, that the minor form of PSDase similar to that located in liver plasma membrane 

(Auchi et al., 1993) and also suggested by others (Trotter et al., 1993) may be present in 

the myelin membrane, but the employed conditions of the assay did not generally favour 

its detection.
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0

Front

Figure 6. TLC scan of sporadically detected conversion of [1^C]PS by ra t 

brain myelin. Myelin was dispersed in 20 mM phosphate buffer (pH 7.5) and assayed 

for PSDase activity as described in Materials and Methods. An aliquot of extracted 

phospholipids were separated on TLC plate developed in system A and distribution of 

radioactivity was determined with radioscanning (20 min per track) (panel A). Another 

aliquot was applied on a Bond Elut column and phospholipids eluted with methanol were 

separated on a TLC plate as above (panel B)
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3.3 Preface to purification and characterization of the myelin 
PLMTase

The literature on the phospholipid méthylation and the number of enzymes involved is 

controversial thus reflecting the complexity of the subject. Different forms of PLMTase 

were found in rat brain synaptosomes (Crews et al., 1980), rat liver (Rama Sastry et al., 

1981; Tanaka et al., 1990), erythrocyte membranes (Hirata and Axelrod, 1978) and 

adrenal medulla (Hirata et al., 1978). Hattori with co-authors (1984) documented the 

presence of phospholipid méthylation activities in both axolemma- and myelin-enriched 

fractions from rat brain. The presence of PLMTase in highly purified rat brain myelin 

was recently reported (Chung et al., 1990) and it was claimed that two forms of this 

enzyme existed which differed in their affinity for SAM and their solubilisation 

characteristics and mode of inactivation by trypsin. In yeast, two genes encoding 

different methyltransferases were cloned, one catalysing PE monomethylation and 

another all three méthylation steps (Kodaki and Yamashita, 1987). On the other hand, a 

number of reports maintained the view that one enzyme is responsible for all three 

méthylation steps and that conclusions based upon kinetic data and divalent cation 

requirements may be misleading (Audubert and Vance, 1983). The purification of a 

single polypeptide from rat liver microsomes which catalysed all three steps of PE N- 

methylation (Ridgway and Vance, 1987) seemed to end the discussion, at least in relation 

to mammalian PLMTase. However, the same authors reported later that extended 

electrophoresis resolved two (and possibly three) isoforms of purified methyltransferase 

(Ridgway and Vance, 1989). The most recent report also clearly indicated presence of at 

least two different forms of PLMTase in rat liver (Cui et al., 1993).
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3.4 Subceilular distribution of PLMTase activity in rat brain

Rat brain was homogenised and its subceilular fractions were prepared according to the 

scheme presented on Fig. 7. When PLMTase activity of these fractions was determined 

(Fig. 8), the highest specific methyltransferase activity was found in microsomes as 

expected (Crews et al., 1980). Interestingly, the total PLMTase activity of the crude 

nuclear pellet was the highest of them all. This fact was also noticed by others (Park et 

al., 1991), who reported the high specific activity of PLMTase in nuclear envelopes and 

proposed that it may be associated with the gene expression.

Rat brain

Homogenate in 0.32 M sucrose

Spin at 1000 g for 10 min

Crude nuclear pellet (P I) + Supernatant (SI)

Spin at 14,000 g for 20 min

Crude mitochondrial pellet (P2) + Supernatant (S2)

Spin at 39,000 g for 60 min

Microsomal pellet (P3) + Cytosol (S3)

Figure 7. Preparation of rat brain subceilular fractions. It has been found preferable to use 
as fresh as possible tissues for subceilular fractionation, since the PLMTase activity in the subceilular 
fractions obtained from frozen brain was significantly lower and quite often undetectable.
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Fig. 8. Subceilular distribution of PLMTase activity in rat brain fractions.
The specific PLMTase activity of subfractions was measured after supplementing the 
fractions with CHAPS to a final detergent concentration of 0.3% (w/v). The enzyme 
activity was assessed by 30 min incubation of the samples with 200 |xM [^H- 
methylJSAM, followed by extraction of phospholipids and liquid scintillation counting of 
radioactivity associated with them. Data are from two experiments performed in 
duplicate. PI pellet contained unbroken cells and nuclei; P2-Golgi apparatus, 
mitochondria, lysosomes, synaptosomes and myelin; and P3-microsomes and plasma 
membranes.

3.5 Determination of the optimal assay conditions for myelin 
PLMTase

3.5.1 Effect of S-adenosyl-methionine

The instability of SAM, especially [^H-methylJ-labelled SAM, has been a vexing 

problem in the PLMTase assays and was recognised about a decade ago (Audubert and 

Vance, 1983). When stored even at -20°C, SAM tends to decompose giving rise to 

various products, the major ones being SAH and MTA. Both SAH and MTA are the
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known potent inhibitors of méthylation reactions, as discussed in the Introduction, and 

therefore the use of the impure cold SAM may lead to underestimated PLMTase activity. 

When radiolabelled SAM has broken down, the major radioactive product of this 

decomposition MTA (see Fig. 9) may be partially extracted into chloroform-methanol 

phase following PLMTase assay and therefore produce falsely high estimation of the total 

enzyme activity.

The purity of both cold and [^Hj-labelled SAM was assessed by the HPLC on ODS 

column using the solvent system developed in our laboratory. According to these results, 

cold SAM normally used for the PLMTase assay was more than 80% pure. Radio purity 

of the freshly purchased [^H-methyl]SAM was estimated as more than 90%, but after 

four months’ storage at -20“ C radiolabelled SAM constituted only about 15% of all 

radioactivity of the sample, as shown in Fig. 9.

Therefore, the calculated values of the myelin PLMTase activity always took this into 

account and the chloroform-extracted radioactivity in the blank assay containing no 

enzyme (“background” value) has been subtracted from the total radioactivity 

incorporated into the phospholipids methylated by the enzyme. The value of the 

background can vary substantially, sometimes leading to hard-to-reproduce and, 

sometimes, meaningless results. This problem could be alleviated by the precise timing of 

the phospholipid extraction and washing processes during PLMTase assay.

The 5-fold increase of the specific radioactivity of SAM (from 12.5 to 37.5 mCi/mmol) 

resulted in about 5 times higher incorporation of [^H-methylj-group into methylated 

phospholipids, although the background radioactivity (no enzyme control) also increased 

to the same extent (data not shown). The increase of concentration of SAM from 200 |iM 

to 600 |iM in the enzyme assay mixture did not result in the detectable increase of 

radioactivity recovered in methylated phospholipids, suggesting that 200 |iM was already 

equal or exceeded the saturation concentration for PLMTase under the conditions 

employed.
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Figure 9. HPLC profile of new and old S-adenosyl-m ethionine  
preparations. New (upper panel) and four-month-old (lower panel) [^H-methylJSAM 
preparations were analysed by RP-HPLC as described in Materials and Methods. The 
radioactivity associated with the collected chromatography fractions was measured by 
liquid scintillation spectrophotometry.

3.5.2 Effect of detergent concentration

The various difficulties encountered by other investigators who studied PLMTase were 

caused by the reasons which, apart from those discussed in the Introduction, included the
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dependence of the enzyme activity on the type and concentration of the detergent used for 

solubilization. Since PLMTase is a membrane protein its effective solubilisation may 

require much higher concentration of the detergent than its optimal concentration for the 

enzyme activity. Besides, as the more pure enzyme is obtained as the purification 

proceeds, the enzyme/detergent ratio changes and may fluctuate from the optimal one 

found with the less pure enzyme preparation.

Two detergents were found to be suitable for the PLMTase solubilisation and purification 

from rat liver. The group of Mato favoured zwitterionic detergent CHAPS and reported 

purification of PLMTase consisting of two 25 kDa subunits (Pajares et al., 1984; Pajares 

et al., 1986), while the group of Vance claimed that nonionic detergent Triton X-100 was 

an excellent detergent for both solubilisation and stability of the enzyme and supported 

this notion by the reported purification of the 18.3 kDa form of PLMTase (Ridgway and 

Vance, 1987).

Therefore, in order to estimate the effect of detergent concentration on myelin PLMTase 

activity, purified myelin was divided into 400 pi fractions in 20mM Tris-HCl buffer (pH

8.3) to which different amounts of Triton X-100 were added (or equal volume of the 

buffer for control) to a final concentration 1.5, 1.0 and 0.5 % (w/v).The PLMTase 

activity was estimated by incubating the mixture for 30 min at 40"C with [^H-methyl]- 

SAM as described in Materials and Methods. Total radioactivity incorporated in all 

methylated phospholipids was determined by liquid scintillation counting. The results are 

shown in Fig. 10.

In another experiment, purified myelin was solubilised in 20mM Tris-HCl buffer (pH

8.3) containing 1.0% (w/v) Triton X-100 by Ihr incubation at 4"C on magnetic stirring. 

Supernatant obtained after 100,000 x g centrifugation was diluted with the same buffer 

without detergent to a final Triton X-100 concentration of 0.7, 0.5, 0.25 and 0.1%. The 

results of PLMTase assay of thus obtained samples, performed in the standard 

conditions, are shown in Fig. 11.
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The results indicate that the optimal concentration of Triton X-100 for solubilisation and 

subsequent assay of PLMTase activity from rat brain myelin is 0.5% (w/v). This 

concentration of detergent was employed throughout all experiments, unless mentioned 

otherwise.

The use of CHAPS for solubilisation and subsequent purification of PLMTase promised 

to avoid certain drawbacks inherent to the use of Triton X-100. For example, the size of 

CHAPS micelles is much smaller than that of Triton X-100 (4 kDa vs. 96 kDa, 

respectively), the former does not absorb UV light at 280 nm unlike the latter, and 

CHAPS does not interfere (at least at concentration 0.3%) with protein concentration 

measurements in contrast to Triton X-100 and, at last, chloroform-soluble Triton causes a 

“trailing effect” on TLC separation of phospholipids following the PLMTase assay. If 

CHAPS is used, all its features seem bound to facilitate immensely the chromatographic 

purification of PLMTase and its assay. However, the solubilisation of myelin PLMTase 

in 1% (w/v) CHAPS with subsequent dilution of the 100,000 x g supernatant to 0.3% of 

detergent resulted in only about 60% of the PLMTase activity (per mg protein) being 

detected as compared with PLMTase activity achieved after solubihsation in 0.5% Triton 

X-100. This observation determined the use of Triton X-100 for the majority of the 

performed experiments, although CHAPS has been utilised at the later stages of the 

project.

85



Chapter 3

25001

2000 -

1500-

c
©

C 2 
— a.
o O)

f i
m-, .  1000 -

Ifo
£a.

500-

Myelin Sonicated myelin 1,5% detergent 1% detergent 0.5% detergent

F ig u re  10. Inh ib ition  of myelin PLM Tase ac tiv ity  by increasing  

concentration of Triton X-100. The different amounts of Triton X-100 were added 

to a myelin preparations containing equal amounts of myelin to give final concentrations 

as shown. One sample was ultrasonicated for 5 min at 4°C. The PLMTase activity was 

estimated after 30 min incubation of these samples with [^H-methyl] SAM as described in 

Materials and Methods. Data are average from two experiments performed in duplicate.
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Figure 11. Effect of solubilization of the myelin PLM Tase in different 

concentration of Triton X-100 on the enzyme activity. Myelin was solubilised 

in a 25 mM Tris-HCl buffer (pH 8.3) containing 1% Triton X-100, 1 mM DTT and the 

unsolubilised material has been pelleted at 39,000 x g. The supernatant thus obtained was 

diluted with the same buffer containing no detergent to give Triton X-100 concentrations 

shown on the graph. The PLMTase activity was estimated after 30 min incubation of 

these samples with [^H-methylJSAM as described in Materials and Methods. Data are 

average from two experiments performed in duplicate.
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3.5.3 Effect of thiol-group reducing agents

It has been reported that the reducing agents such as 6-mercaptoethanol and DTT may 

substantially increase (Vetter et al., 1991) or even restore the activity of PLMTase 

(Ridgway and Vance, 1989). Thus, the activity of myelin PLMTase was assayed in the 

presence of lOmM 6-mercaptoethanol and some increase of the enzyme activity (about 

15%) was detected and this agent has been used when mentioned. It was not utilised all 

the time due to some anxiety regarding possible méthylation of the thio-group.

3.5.4 Effect of Mg^+ and Ca^ +

To determine whether the enzyme was Mg^+-dependent, magnesium chloride was added 

to the incubation mixture and at 1 mM did not have any effect on the PLMTase activity, 

but appeared to be inhibitory at 10 mM. Calcium did not have any effect on the enzyme 

activity in the range 1-10 mM (data not shown). Therefore, no addition of ions has been 

made to the standard enzyme mixture.

3.6 Determination of the myeiin PLMTase activity

The time-dependent course of the phospholipid méthylation by highly purified rat brain 

myelin is shown on Fig. 12. It was linear up to 60 min at the protein concentration of 10- 

12 mg/ml and SAM concentration 200 }iM (12.5 mCi/mmol) and corresponded to the 

enzyme specific activity 28 pmol/min/mg protein, which was in the same order of 

magnitude as previously reported for myelin PLMTase values (Crews et al., 1980; 

Chung et al., 1990).
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F igu re 12. T im e cou rse o f phospholip id  m éthylation  by m yelin  P L M T ase. M yelin  
separated from rat brain was dispersed in 20 mM phosphate buffer (pH 8.0) containing 0.5% Triton X- 
100 to a 10-12 mg protein/ml concentration. 400 pi of this preparation was incubated with 200 |iM [^H- 
methylJSAM (12.5 mCi/mmol) at 40'C for indicated periods of time. The reaction was terminated and 
phospholipids extracted as described in Materials and Methods. The amount o f incorporated [^H-methyl] 
was determined with liquid scintillation. The data are from three experiments performed in duplicate.

The TLC separation of the radiolabelled products of PE méthylation by myelin PLMTase 

(Fig. 13) showed that the radioactivity of [^H-methyl] group was predominantly 

incorporated in the substance which in two TLC systems (see Materials and Methods) 

had the same or slightly higher Rf value than did authentic dipalmitoyl-PME. 

Additionally, this radiolabelled product of the méthylation reaction was eluted from the 

silica HPLC column with the retention time similar to that of PME. It was therefore 

concluded that the predominant product of the PE N-methylation reaction under the 

employed conditions was phosphatidyl-N-monomethylethanolamine (PME). Although a 

very small amount of PC was also formed, as judged by the radioactivity associated with 

corresponding spot scraped off a TLC plate, it could not be detected using TLC 

radioactivity scanner, perhaps owing to the low efficiency of [^H] detection of the latter.

89



Chapter 3
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Figure 13. TLC scan of phospholipids methylated by myelin PLMTase.
Purified myelin was incubated with radiolabelled SAM as in Materials and Methods and 
an aliquot of the extracted phospholipids was separated on a TLC plate developed in 
system A. Radioactivity (vertical axis, counts per 20 min per track) distribution was 
determined by radioscanning. The positions of the authentic phospholipids are indicated.

The small incorporation of the radiolabel into PC was not an expected result, since most 

of the literature agreed that PME is the major product of PLMTase at low (up to 10 |iM) 

SAM concentration. The conditions of the assay for myelin PLMTase employed during 

this study (200 pM SAM) should have favoured PC synthesis, if the literature on this 

subject is correct and applicable to myelin. The most probable explanation of 

predominantly PME formation appeared to be that phospholipid méthylation in rat brain 

myelin is catalysed by at least two enzymes: PE N-methyltransferase which is active at
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the employed assay conditions and makes PME only, and another N-methyltransferase 

which makes PDE and PC (although the possibility of catalysing all three steps of PE 

méthylation cannot be excluded) and either not fully activated at the assay conditions or 

present at lower concentration than PE N-methyltransferase.
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3.7 Anion-exchange chromatography of solubilised myelin 
PLMTase

The separation of the crude protein mixture on the basis of charge on an anion-exchange 

medium such as Q Sepharose or DEAE-Cellulose is a common first step of the protein 

purification schemes. It combines a high capacity and a good separation of proteins, 

providing sometimes considerable enrichment of the purified enzyme activity. From the 

published results of PLMTase purification it ensued that PLMTase activity bound to 

DEAE-Sephacel and could be eluted with a linear NaCl gradient (Pajares et al., 1984); 

contradictory to this, others reported that PLMTase can be recovered in an non-bound 

(flow-through) fractions from DEAE-Cellulose (Ridgway and Vance, 1987; Tanaka et 

al., 1990). It was not clear, however, whether these differences were caused by the use 

of different detergents or other experimental details.

When Triton X-lOO-solubilised myelin PLMTase activity was separated on a Q 

Sepharose Fast Flow column, it yielded the méthylation activity profile shown on Fig. 

14. The results showed that peaks of PLMTase activity were found in (1) non-bound 

protein fractions (basic proteins) and (2) eluted with 0.2-0.6M NaCl (acidic proteins) 

along with (3) remainder being eluted with IM salt (highly acidic proteins). This profile 

proved to be quite reproducible, although the PLMTase activity associated with highly 

acidic proteins was not always detectable. The separation profile was very reproducible 

and so presumably reflected the real ratio of differently charged isoforms. Besides, very 

similar activity profile was obtained with Triton-solubilised rat brain synaptosomal 

PLMTase and CHAPS-solubilised myelin enzyme.
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F igure 14. Q -Sepharose chrom atography o f m yelin P L M T ase. Solubilised m yelin was 
separated on a Q-Sepharose column and fractions were assayed for PLMTase activity (open circles) as 
described in Materials and Methods. The salt gradient is shown as a solid line. The results are expressed as 
a mean radioactivity of duplicate samples incorporated in all methylated phospholipids/mg protein per 30 
min assay.

The ion-exchange resins from different suppliers and with different functional groups 

may have differences in the specificity for the separated proteins. The PLMTase activity 

profile which resulted from chromatography of CHAPS-solubilised myelin PLMTase on 

a DE-52 Cellulose column is shown on Fig. 15. It resembles quite closely the separation 

of PLMTase activity peaks achieved with Q Sepharose (Fig. 14). It seemed however that 

the “highly acidic PLMTase” peak was either eluted earlier with the salt gradient from 

DE-52 column than from Q Sepharose column or was not eluted at all. The different ion- 

exchange or mechanical properties of DE-52 as compared to Q Sepharose could provide 

the ground for explanation of the observed difference.
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F igure 15. D E-52 chrom atography o f CH A PS-solubilised m yelin PLM Tase. Solubilised  
myelin was separated on DE-52 Cellulose column (1.6 x 12 cm) and proteins were eluted with a gradient 
o f salt (solid line). 2 ml fractions were collected at 0.3 ml/min and the PLMTase activity determined 
(open circles) as described in Materials and Methods. The results are expressed as a mean radioactivity of  
duplicate samples incorporated in all methylated phospholipids per 30 min assay.

3.8 Cation exchange chromatography of solubilised myeiin 
PLMTase

In order to further characterize detergent-solubilised myelin PLMTase the cation 

exchanger column has been used. Thus, Triton X-100-solubilised myelin was separated 

on a EconoPac S column (5ml, cation exchanger) as described in Materials and Methods. 

The obtained PLMTase activity profile is shown on Fig. 16. As seen before with the 

anion exchanger results, the detected distribution of PLMTase activity among the 

chromatography fractions may be divided into at least three groups: the enzyme activities 

being eluted in acidic region (before the beginning of salt gradient, fractions 3-4), in 

neutral region (fractions 6-11) and in basic region (fractions 14, 17-18 and 21). A bit
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unexpectedly, it appeared that the major part of activity was again recovered in the protein 

fractions which weakly bound to S-Sepharose. But taking into account the complexity of 

the detergent-solubilised protein behaviour on a chromatographical support and the later 

obtained results with lEF of myelin PLMTase, the results of both anion and cation 

exchange chromatography steps are consistent with the hypothesis of the existence of 

differently charged isoforms of myelin PLMTase.
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Figure 16. EconoPac S chromatography of solubilised myelin PLMTase.
The solubilised enzyme was applied on to a pre-packed EconoPac S cartridge equilibrated 
with 20 mM phosphate buffer (pH 7.6), containing 10% glycerol and 0.5% Triton X-KX) 
(wA )̂. The column was eluted with the same buffer and subsequently with a linear NaCl 
gradient (solid line) in the same buffer with a flow rate of 1 ml/min. Fractions (4 ml) 
were collected and PLMTase activity (open circles) was determined as in Materials and 
Methods. The results are expressed as a mean radioactivity of duplicate samples 
incorporated in all methylated phospholipids per 30 min assay.
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3.10 Gel-filtration chromatography and column SDS-PAGE of 
myelin PLMTase

Although gel-filtration is not often chosen to be the first step in the protein purification 

schemes (due to its relatively low resolution and capacity), some investigators reported 

that solubilised PLMTase can be separated into three peaks of activity following 

chromatography on Sephadex G-75 (Makishima et al., 1985). Research in this laboratory 

suggested that at least two forms of PLMTase activity exist in rat liver microsomes {ca. 

67 kDa and ca. 200 kDa) which can be separated by gel-filtration chromatography 

(McBride, K., 1988). Similar experiments later detected low molecular weight PLMTase 

activity {ca. 18 kDa) additional to ca. 200 kDa and 115-140 kDa forms in the same 

subceilular fraction of rat liver (Fonteh, 1989).

Fractionation of the detergent-solubilised myelin PLMTase on a Sephacryl S-300 HR gel- 

filtration column typically yielded two main peaks or ranges of activity, corresponding to 

Mr >150 kDa and a broad low molecular weight protein fraction containing PLMTase 

activity from 70 kDa to 20 kDa (Fig. 17). The principal peaks occurred at ca. 65 kDa and 

20-25 kDa, respectively. It is possible, that the higher molecular weight peak of activity 

resulted from protein aggregation which is not unusual for Triton-solubilised membrane 

proteins and was confirmed by SDS-PAGE, although it could be due to a multisubunit 

protein that possessed PLMTase activity. The considerable protein heterogeneity of this 

>150 kDa fraction revealed at least 10 bands on the SDS-PAGE gel ranging from 20 to 

>100 kDa (not shown).

When this peak of PLMTase activity (“>150 kDa activity”) was concentrated and 

subjected to chromatography on Q-Sepharose, most of the PLMTase activity appeared to 

elute at about 0.5 M salt suggesting acidic nature of the PLMTase. This PLMTase activity 

was again subjected to gel-filtration on S-200 HR Sephacryl column and again the 

enzyme activity was recovered at >150 kDa. But the following Q-Sepharose purification 

step of this >150 kDa methyltransferase activity now yielded the major peak of activity 

eluted before the beginning of the salt gradient, now suggesting a basic nature of the
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PLMTase (summarised in Table 3). Although active fractions were not analysed by SDS- 

PAGE at the two last steps, it appeared from these experiments that the presumed protein 

complex shed something (acidic phospholipids, perhaps) during these purification steps 

which would change its charge, but not substantially change its size.
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Figure 17. Sephacryl S-300 HR gel-filtration chromatography of myelin PLMTase.
Triton-solubilized myelin proteins were separated on a gel-filtration column and PLMTase activity of 
column fractions (open circles) determined as described in Materials and Methods. Elution position of the 
standard molecular weight markers were determined and estimated molecular weight o f PLMTase forms 
are indicated. The results are expressed as a mean total radioactivity o f duplicate samples incorporated in 
all methylated phospholipids/mg protein per 30 min assay.

Table 3. Gel-filtration of Triton X-lOO-solubilised myelin PLMTase.

Chromatography step Sample applied PLMTase activity eluted

1. Gel-filtration on Sephacryl 
S-300 HR

Solubilised myelin >150 kDa, ca. 65 kDa and ca. 25- 
30 kDa

2. Anion-exchange on Q 
Sepharose

>150 kDa activity eluted with 0.3 M NaCl (“acidic 
PLMTase”)

3. Gel-filtration on Sephacryl 
S-200 HR

“acidic PLMTase” >150 kDa

4. Anion-exchange on Q 
Sepharose

>150 kDa activity 
from the previous 
step

eluted in non-bound fractions 
(“basic PLMTase”)
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Although gel-filtration in presence of Triton X-100 can not be reliably used for the 

protein molecular weight determination, because the separation of mixed protein- 

detergent micelles occurs rather than virtual protein separation, it could still provide 

valuable information on association of PLMTase activity with certain proteins. In 

principal, the use of CHAPS could allow more precise estimation of PLMTase molecular 

weight because pure CHAPS micelles have MW around 4,000 Da as compared to about 

90,000 Da for Triton X-100. Another alternative was to utilise the unique property of 

myelin to be completely soluble in organic solvents such as chloroform-methanol (2 :1) or 

tetrahydrofuran (THF) (Boyan and Clement-Cormier, 1984; Diaz et al., 1991), and than 

use gel-filtration on a solvent-resistant LH-20 Sepharose. This approach promised to 

provide a micelle-free separation with concomitant delipidation of the myelin PLMTase. 

Therefore, rat brain myelin was dispersed in water and THF was added until the clear 

solution has been obtained (where the concentration of THF was estimated 80-85% 

(v/v)). This THF-solubilised myelin was applied on a 20 ml LH-20 Sepharose column 

previously equilibrated with 80% (v/v) THF in water. The proteins were eluted with the 

same solvent and protein concentration in the 16 collected fractions (4 ml) was 

determined by the method of Bradford (Bradford, 1976). The protein elution profile 

showed two peaks, the major one around fraction 4 and the minor one around fraction 7 

(data not shown). A 400|il aliquot from each fraction was dried under a stream of N2 and 

redissolved in 400 |il of standard phosphate buffer (pH 8.0) containing 0.5% Triton X 

100. The PLMTase activity of these preparations was assayed in a normal fashion, but no 

such activity has been detected. Therefore, no further experiments with organic solvents 

have been performed.

The solubilisation of myelin with CHAPS followed by gel-filtration on a S-300 HR 

column resulted in the PLMTase profile shown in Fig. 18. The enzyme activity profile 

looked similar to, but slightly more resolved than that of gel-filtration in the presence of 

Triton X-100 (Fig. 17). SDS-PAGE of the active fractions showed considerable 

heterogeneity of their protein composition (more than 10 bands, not shown).
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F igure 18. G el-filtration  o f CH APS-solubilised m yelin PLM Tase. Myelin was solubilised  
in 20 mM phosphate buffer containing 1% CHAPS (w/v), centrifuged to pellet unsolubilised material and 
the supernatant was diluted with buffer (no detergent) to a final CHAPS concentration of 0.3%. This was 
concentrated by ultrafiltration on YM-10 membrane and subjected to chromatography on a Sephacryl S- 
300 HR column (1.6 x 85 cm) equilibrated with 20 mM phosphate buffer (pH 8.3), 0.2M NaCl, 0.3% 
CHAPS. The protein was eluted with the same buffer and PLMTase activity (open circles) o f  the 
fractions (4 ml) was determined. The estimated MW of detected peaks o f the PLMTase activity is shown 
with arrows.
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Figure 19. Preparative SDS column PAGE of m yelin PLM Tase. Myelin was subjected to 
preparative SDS-electrophoresis on 10% gel column and collected fractions were assayed for the PLMTase 
activity (open circles) as in Materials and Methods. The molecular weight markers elution positions were 
determined by running the pre-stained standards on an identical gel column. The dye front was eluted 
mainly in fraction 7 and the protein concentration in the eluted later fractions is shown with solid dots. 
The estimated molecular weight of the eluted PLMTase forms are indicated with arrows.
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There are at least two possible explanations for all these data: 1) rat brain myelin 

PLMTase is a multimeric membrane enzyme complex which can be partially broken by 

the detergent treatment and resolved by conventional chromatography; and 2) the enzyme 

aggregation or incomplete solubilisation caused experimental artefacts detected with gel- 

filtration chromatography. Strongly bound phospholipids masked the real net charge of 

PLMTase and caused the appearance of the several peaks of activity following ion- 

exchange chromatography, and 3) there may be isoforms of PLMTase that could differ in 

phospholipid substrate specificity or catalyse mono-, di- or trimethylation of PE.

In order to clarify the molecular weight of myelin PLMTase the column SDS-gel 

electrophoresis was used. The results are shown in Fig. 19. They showed that the major 

forms of the myelin PLMTase activity were eluted from column SDS-PAGE at Mr 60-70 

kDa and ca. 100 kDa. Around 20% of the total eluted PLMTase activity was detected at 

ca. 20 kDa but its specific activity was low due to fact that more than 80% of myelin 

proteins were co-eluted at that point. Total recovered PLMTase activity, however, was 

poor, perhaps due to the incomplete renaturation of the enzyme after SDS treatment.

Due to the nature of protein separation on the reducing SDS-PAGE it is unlikely that the 

protein aggregation would occur. The results are in good agreement with those obtained 

with gel-filtration of myelin PLMTase. It is reasonable to suggest therefore that there are 

at least three forms of the myelin PLMTase which differ in size and the most active of 

these detected forms has the molecular weight of 60-70 kDa.
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3.11 Isoelectric focusing of myelin PLMTase

Separation of the proteins on a basis of their isoelectric points over pH gradient is a 

powerful method of protein analysis. It is common to use isoelectric focusing (lEF) on a 

gel as a first step of separation of complex protein mixtures usually to be followed by 

SDS-PAGE in two-dimensional electrophoresis. The high resolving power of the lEF 

applied to the separation of proteins in free solution, such as available on Preparative lEF 

Rotofor Cell (Bio-Rad), gives qualitative and reproducible first step separation while 

maintaining proteins in a biologically active form. Fractions of interest can be pooled and 

refractionated over the much narrower pH range permitting separation of the proteins 

with very subtle pi differences, including their isoforms.

The following discussion of the separation of PLMTase isoforms using lEF cannot fully 

characterize these forms of the enzyme. In certain cases, for example, the total enzyme 

activity is expressed rather than the specific activity (per mg protein). It may partially be 

explained by the fact that the presence of Triton X-100 in the preparations severely 

impaired measurements of protein concentration which was quite low to begin with. The 

anxiety over the potential (and too often experienced) loss of the PLMTase activity 

coupled with the desire to rationalise earlier results, pointing to the existence of the 

isoforms of the enzyme, sometimes encouraged further separation steps in favour of 

time- and labour-consuming protein measurements.

Isoelectric focusing of Triton X-100 solubilised myelin over pH range 3-10, performed 

as described in Materials and Methods, separated at least two forms of PLMTase (Fig. 

20A) which are referred to as “acidic” (plapp around 4-5) and “basic” (plapp around 9- 

10). Some phospholipid méthylation activity was also detected at highly acidic plapp 

below 4. When the acidic peak of activity (fractions 4—12) was refractionated over the 

effective pH gradient 4—7, three distinct peaks of phospholipid méthylation activities were 

detected (Fig. 20B), corresponding to plapp 4.5, 5.2 and 6.2. TLC analysis of the 

products of PLMTase showed (Fig. 21A and B) predominant formation of PME (more
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then 90% of total phospholipid-incorporated radioactivity) by all isoforms with the 

exception of plapp 6.2 isoform, which incorporated about 30% of radioactive methyl 

group in PC along with about 60% in PME at identical assay conditions (Fig. 21C). The 

Rf value of the radiolabelled PME that was formed was just slightly higher than that of 

standard diacyl-PME, possibly suggesting the presence of plasmalogen or other 

monomethylethanolamines. The refocusing of the “8-10 methyltransferase” peak over the 

3-10 pH gradient yielded rather broad peak of PLMTase activity with maximum at plapp

8.5 (Fig. 20C), which also predominantly yielded labelled PME under the standard assay 

conditions.

The protein composition of the detected activities as reflected in SDS-PAGE gel (Fig. 22) 

was still heterogeneous. The plapp 8.5 PLMTase activity appeared most pure along with 

pi 4.5-5.2 activity (see Fig. 20C) and contained one major band at ca 65 kDa and two (or 

possibly three) fainter bands (Fig. 22 lanes b and a, respectively). The acidic PLMTase 

activities also contained this ca 65 kDa protein band.

Table 4. lEF purification of Triton X-lOO-solubilised myelin PLMTase.

Purification
step

Sample used PLMTase
detected

Enzyme activity^ 
(purification 
factor, fold)

Products of PE 
méthylation detected 
by TLC

1. Triton X-100 
solubilisation Rat brain myelin yes 0.84 >90% PME

2. lEF over pH 
range 3-10

Triton-solubilised
myelin

p la p p  4—5 

p la p p  9

2 5  ( 2 9 . 8 )

26 (31)
>90% PME

3. lEF over pH 
range 3-7

“acidic” 
PLMTase 
(p la p p  ^ 5 )

P^app 4.5 
p la p p  5.2 
P^app 6.2

448 (533) 
341(405) 
437 (520)

>90% PME 
>90% PME 

60% PME, 30% PC

4. lEF over pH 
range 3-10

“basic” PLMTase 
(p la p p  9 )

plapjp 4.5- 
5 . 2

p la p p  8.5
486 (578) 

1986 (2364)
>90% PME 
>90% PME

PLMTase activity in nmol of [^H-methyl] transferred per mg protein per 30 min assay
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Figure 20. Isoelectric focusing of Triton X-lOO-solubilised myelin PLMTase.
Solubilised myelin proteins were focused on Preparative lEF Cell over pH range 3-10 (A) as described in 
Materials and Methods and harvested fractions assayed for PLMTase activity (open circles). pH gradient 
formed during the lEF is depicted by solid squares. The results are expressed as a mean total radioactivity 
o f duplicate samples incorporated in all methylated phospholipids/mg protein per 30 min assay. Fractions 
4-12 (“4-5 PLMTase”) and 13-19 (“8-10 PLMTase”) were pooled and refocused separately. The PLMTase 
activity profile which resulted from the re-fractionation of fractions 4-12 is shown on panel B. Fractions 
13-19 were fractionated over 3-10 pH gradient and yielded PLMTase activity in basic pH region (panel C)
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Figure 21. Incorporation of [H^-methylJ-groups in the phospholipids 
catalysed by the myelin PLMTase isoforms. Phospholipids were separated on a 
TLC plate in the system A as in the Materials and Methods, following the PLMTase assay 
of the activities recovered at pi 4.5 (A), 5.2 (B) and 6.2 (C). The radioactivity 
distribution in phospholipids was determined by radioscanning the tracks for 20 min 
each. The positions of the authentic phospholipids were visualised with Rodamine 6G 
staining. Or, origin at 2 cm; Fr, solvent front at 20 cm.
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Figure 22. SDS-PAGE of myelin PLMTase activities detected at different

p la p p . The active fractions were concentrated by ultrafiltration and analysed by SDS- 

electrophoresis on non-reducing 12% polyacrylamide gel, which was then silver stained. 

Lanes: a) plapp 4.5-5.2 (see Fig.20C) activity; b) plapp 8.5 (see Fig. 20C) activity; c) 

and d) p lapp 6.2 (see Fig. 20B) activity; f) plapp 5.2 activity (see Fig. 20B); g) plapp

4.5 activity (see Fig. 20B).
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Figure 23. Effect of 2-mercaptoethanol on SDS-PAGE appearance of ca 
65 kDa band of the active lEF fraction, plapp 6.2 m yelin PLM Tase activity was 

analysed by 12% SDS-PAGE in absence (lanes 1, 2) and presence (lanes 3, 4) of 2- 

m ercaptoethanol in the sample buffer. The indicated set of bands (ca 65 kDa) appeared to 

converge to one band under non-reducing conditions. The same effect was seen with 

more pure enzym e preparations (compare Fig. 22B and Fig. 27D for appearance of ca 65 

kDa band of plapp 8.5 PLMTase activity).
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It is noteworthy, that the exact profile of the enzyme activity was dependent on the 

sample preparation method. Ideally, proteins for lEF should be dissolved in water with 

ampholytes which create pH gradient upon application of voltage. On the other hand, it is 

equally desirable that the solubilization of membrane-bound enzyme takes place in a 

suitable buffer. Therefore, the PLMTase profile shown on Fig.20A above has been 

achieved when solubilisation of the myelin PLMTase was performed in the minimal 

volume of 5-10 mM phosphate buffer (about 5-7 ml) in the presence of 0.5% of Triton 

X-100. The detergent-soluble proteins (including PLMTase) were then diluted with water 

(plus ampholyte) to a final volume of 50 ml, which effectively reduced buffering capacity 

of the solute. The absence of any appreciable buffering capacity in the IFF preparation is 

necessary to ensure the correct linear shape of pH gradient.

When the myelin PLMTase was solubilised in 20 mM or more concentrated buffer before 

lEF, the focusing effect of the lEF was greatly diminished and PLMTase activity was 

nearly even-spread over 20 fractions, obtained from lEF. If salts were present in the 

preparation (for example, fractions after gel-filtration or ion-exchange chromatography) 

and were not removed from the sample prior lEF, the separation suffered from the very 

low initial voltage that lead to poor resolution. Hence, desalting by ultrafiltration of the 

samples prior to lEF was found to be sufficient to reduce these unwanted effects.

3.11.1 Effect of variations in solubilization procedure on the lEF

profile of PLMTase activity

It also appeared that the PLMTase activity profile was dependent on the volume of the 

buffer used for solubilization of myelin PLMTase. When myelin prepared from two rat 

brains was solubilised in 20 ml of phosphate buffer (instead of 5-7 ml) with 0.5% Triton 

X-100, about 90% of PLMTase activity was recovered in the acidic plapp region (Fig. 

24). It is unclear whether the slight change in the pH of the solubilization buffer (from 8 

to 7.5) could also have contributed to this effect.
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The PLMTase assay conditions was also slightly changed, that is the pH of the fractions 

was not adjusted, but rather was the pH of 400|il fraction aliquots. It was reasoned that 

the enzyme might need phospholipids other than PE/PME for its activity. Therefore lOpl 

of total brain lipids in 10 mM phosphate buffer (pH 8.0), 0.5% Triton X-100 per assay 

were added to create uniformed lipid environment. 600|il of the extracted phospholipids 

were taken for determination of the total radioactivity incorporated in phospholipids (Fig. 

24A). Additionally, 200 |il of extracted phospholipids were separated on a TLC plate 

developed in system A and PC and PME spots were subsequently scraped off and the 

associated radioactivity was determined (Fig. 24B). The results indicate that the amount 

of radiolabel recovered in PME was about 10 times higher than that in PC, but the 

PME/PC radioactivity ratio has dramatically changed from 3:1 or even 2:1 in the fractions 

NN 11, 14, 16 and 19-20 to roughly 10:1 in the fractions NN 1-5. This observation 

suggested the presence of partially separated isoforms, which preferentially catalyse 

different steps of PE méthylation, namely, the predominant PME formation by acidic 

isoform(s) and PC synthesis by basic isoform(s).

The solubilisation of myelin PLMTase in a larger volume of buffer should have changed 

the enzyme/detergent ratio. If one assumes that differently charged forms of PLMTase are 

in fact the same protein with different amount of tightly-bound phospholipids or other 

proteins, than the change in the protein/detergent ratio could lead to substitution of certain 

charged components in the mixed micelles with the detergent and subsequently to a 

different charge on the PLMTase protein complex.
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F igu re  24. IF F  o f  m yelin  P L M T ase so lu b ilised  in a large  vo lu m e o f  T r iton -  
containing buffer. Myelin protein was solubilised in 20 ml of phosphate buffer (pH 7.5, 0.5% Triton 
X-100, lOmM 2-mercaptoethanol) separated from insoluble pellet by centrifugation, concentrated down 
by ultrafiltration on YM-10 membrane to ~5ml and brought to 50ml with water with added Bio-Lyte 3/10 
(to 2%) and Triton X-100 (to 0.5%). lEF was carried out for 2.5 hr (until voltage has stabilised at 
-lOOOV), then paused and the fractions were harvested. Fractions 1 and 20 were discarded (and when 
assayed latter showed no PLMTase activity), while 2-19 were pooled and further focused for another 2.5 
hr (voltage reached and stabilised at 1300V). PLMTase activity o f thus obtained IFF fractions was 
determined as in text and is shown on panel A (open circles). Following PLMTase assay, 200 pi o f  
extracted phospholipids were applied onto a TLC plate which was developed in system A and spots 
corresponding to PME and PC were scraped off into scintillation vials and the incorporated radioactivity 
was quantified (panel B)
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If, however, there are two or more different proteins which catalyse either different steps 

of PE méthylation or have different substrate specificity in this méthylation, than one may 

speculate that the increase in molar detergent ratio may, perhaps, facilitate the 

solubilisation of the more acidic forms of PLMTase. Another possibility is that the 

addition of total brain lipids instead of PE/PME mixture to the assayed enzyme could 

create the phospholipid environment more favourable for the activity of the more acidic 

isoform of PLMTase.

Interestingly, the concentration of the ampholytes also has been observed to affect the 

distribution of the myelin PLMTase activity along the pH gradient during lEF. When lEF 

was performed in the presence of 0.6% (instead of 2%) of BioLyte 3/10 (Fig. 25A), the 

PLMTase activity profile revealed a certain shift in the enzyme activity from “acidic” 

region ( p l a p p ~ 5 )  to the more acidic ( p l a p p ~ 3 . 5 ) ,  which was confirmed when the 

fractions 3-9 were re-fractionated over a narrower pH gradient (Fig. 25B) where 

distinctive peaks of PLMTase activity were comparable to those shown on Fig.20B, but 

appeared in the more acidic pH regions.

It is possible that the decreased buffering capacity of the preparation containing lower 

than usual concentration of the ampholytes resulted in higher running voltage and hence 

higher resolution of PLMTase isoforms. Another explanation may be drawn from the 

suggestion that the lower ampholyte/protein ratio could have unmasked previously 

unexposed charges on the proteins and therefore slightly altered the observed plapp- 

The most probable but not the only explanation of the data from IFF and ion-exchange 

chromatography experiments is the presence of differently charged isoforms of 

phospholipid methyltransferase or different enzymes. These different PLMTases may be 

responsible for either separate méthylation steps (e.g. formation of PME only or going 

through PDF to form PC) or, perhaps, for catalysing transfer of methyl group to different 

ethanolamine phospholipids, plasmalogens for example (Percy et al., 1982).
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Figure 25. IFF of Triton-solubilised myelin PLMTase in 0.6% ampholyte. lEF of Triton- 
solubilised myelin PLMTase was carried out for 5 hr until the voltage reached 1300V. 
Fractions’ pH values was adjusted immediately after harvesting and the fractions were kept 
at -20°C until the assay. The standard PLMTase assay conditions were employed and the 
amount of [^H-methyl]-incorporation in phospholipids is depicted with open circles (panel 
A). pH gradient is shown with solid dots. Fractions NN 3-9 were pooled and refocused. The 
profile of PLMTase activity in the refocused fractions (open circles) is shown on panel B.
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It seems unlikely, although not impossible, that the described sort of distribution of the 

enzyme activity can be caused by heterogeneity of the micelles formed during 

solubilisation or the different extent of the protein aggregation. The very reproducible 

separation profile at the set conditions, presumably, reflected the real ratio of differently 

charged isoforms. It has been demonstrated with liver PLMTase that two forms of the 

enzyme (purified and cloned) may have close molecular weights and catalyse the same 

reactions but differ at least in part of carboxyl-terminal sequences (Cui et al., 1993). 

Assuming the same is true for the myelin PLMTase, one can imagine how these 

differences in the sequence may result in the different plapp values. Besides, a number of 

hydrophobic interaction chromatography and chromatofocusing experiments supported 

the notion for the charge heterogeneity of myelin PLMTase and was consistent with the 

presented data.

It is possible, however, that strongly bound phospholipids may change the charge of the 

phospholipid methyltransferase if it is a single polypeptide. By analogy, the isoelectric 

point of two different isoforms of phosphatidylinositol /phosphatidylcholine transfer 

protein (PI-TP) depends on which of its phospholipid substrates is noncovalently bound 

to the protein, which suggests that the two forms are otherwise identical (Helmkamp, 

1985; van Paridon et al., 1987). It is also imaginable that different phosphorylation 

pattern may have resulted in the different pi values for myelin methyltransferases, since it 

is known that at least one form of liver PLMTase can be phosphorylated (Ridgway and 

Vance, 1989).

Quite unexpectedly, it was noticed during the experiments that the total recovered 

PLMTase activity increased after the first separation step (either lEF or Q-Sepharose 

chromatography), although this was also noted by others during liver PLMTase 

purification (Ridgway and Vance, 1987). Possible explanations of this phenomenon may 

include removal of the endogenous inhibitor(s) for PLMTase or the more favourable for 

PLMTase activity detergent-lipid-protein ratio which resulted from separation forces. 

Interestingly, when Triton-solubilised synaptosomal PLMTase preparation, which did
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not have any detectable PLMTase activity after 1 month storage at 4° C, was subjected to 

lEF, it revealed the considerable phospholipid méthylation activity in the acidic (fraction 

NN 5-7) and basic plapp fractions (fraction NN 14-19) reminiscent of the myelin 

PLMTase profile (see Fig. 28). It still remains unclear what is the exact explanation of 

this observation, although the mentioned idea of removing an inhibitor does not seem 

unreasonable.

3.12 Affinity chromatography of the active lEF fractions on SAH- 
Agarose

The high affinity of PLMTase to SAH has been previously used for paitial purification of 

the enzyme by affinity chromatography (Makishima et al., 1985; Tanaka et al., 1990). In 

this laboratory SAH-affinity purified rat liver PLMTase was shown to reveal three peaks 

of the enzyme activity after being subjected to gel-filtration chromatography (Fonteh, 

1989). Using the conditions similai* to those used by Kim et.al. (Kim et al., 1978) it was 

possible to further characterise the active myelin PLMTase fractions from the IFF 

experiments (see Fig. 2GB). The active fractions containing PLMTase recovered at plapp 

4.5, 5.2, 6.2 and 8.5 were applied to an SAH-Agarose column and, although under the 

conditions not all PLMTase bound to the SAH-support (which was also noticed by 

Fonteh (1989) and was possibly due to the presence of detergent in the PLMTase 

preparations), this problem was alleviated by recirculating the sample through the 

column. The PLMTase activity could not be eluted by merely including 0.02 mM SAM in 

the elution buffer in the absence of detergent. The best elution of the enzyme was 

achieved by the combination of changed pH, ionic strength and inclusion of detergent in 

the elution buffer and specifically eluted active fractions (NN 8-14, Fig. 26) were 

ultrafiltrated and analysed by SDS-PAGE (Fig. 27). The enzyme was stable on the 

column for at least three days at 4° C and all PLMTase isoforms showed the same activity 

profile after affinity chromatography. SDS-PAGE of the eluted specifically-bound 

fractions revealed the major set of bands at 65±2 kDa for all affinity-purified PLMTase-
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containing lEF fractions, which would converge to a single band at the same position on 

the gel when 2-mercaptoethanol was omitted from the sample buffer (in the same manner 

as shown in Fig. 23).

Table 5. Affinity chromatography purification of lEF-purified myelin PLMTase

PLMTase activity 
recovered at pljqjp

Enzyme activity (nmol/mg 
protein/30 min) before SAH- 

Agarose chromatography

Enzyme activity (nmol/mg 
protein/30 min) after SAH- 

Agarose chromatography

Purification factor, 
fold {and over 

solubilised myelin)

4.5 448 2024 4.5 (2409)

5.2 341 1979 5.8 (2355)

6.2 437 2004 4.6

8.5 1986 2052 1.03 (2442)
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F igu re  26. A ffin ity  chrom atography o f  the active IF F  fraction s on SA H -A garose  
4XL. The column was packed with 1ml of SAH-Agarose (see Materials and Methods) and equilibrated 
with 5mM K2 HPO4 , 5mM EDTA, lOmM 2-mercaptoethanol buffer (pH 6.1). 1 ml o f the concentrated 
lEF fraction containing PLMTase activity recovered at different plapp (plapp 4.5 in this case) was applied 
on the column and allowed to flow slowly (1 drop/min). “Flow-through” was recirculated several times 
and formed fraction 1. The non-bound proteins were eluted with equilibration buffer alone (fractions 2-6) 
and the specifically-bound -  with the elution buffer (lOmM K2HPO4  (pH 8.0), containing 0.5% Triton 
X-100, lOmM 2-mercaptoethanol, IM NaCl) and the fractions (2ml) were collected. PLMTase activity of 
the fractions was measured as described in Materials and Methods.
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Figure 27. SDS-PAGE of the affinity-purified active lEF fractions of 
Triton-solubilised myelin PLMTase. The lEF fractions containing PLMTase 
activity which were recovered at plapp 4.5, 5.2, 6.2 and 8.5 were purified on a SAH- 
Agarose column and specifically eluted PLMTase fractions were analysed by SDS-PAGE 
(lanes A, B, C and D, respectively). The gel was silver stained and the positions of MW 
markers are indicated (in kDa).
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3.13 lEF of rat brain synaptosomal PLMTase.

Rat brain synaptosomal PLMTase was solubilised in Triton X-100 and was subjected to 

lEF in free solution in the same manner as the myelin enzyme. The isoelectric focusing 

over pH range 3-10 yielded two broad peaks of PLMTase activity as shown on Fig. 28 

which looked quite similar to the PLMTase activity profile obtained after myelin enzyme 

IFF (Fig. 20). When the “acidic” peak of activity was refractionated over the very narrow 

pH gradient from 4 to 5.5, the activity was detected as two partially resolved peaks 

around plapp 4.8 and 5.1 (Fig. 28B). The re-focusing of a “basic PLMTase” did not 

appear to result in a tighter focusing of the enzyme activity, although reached maximum at 

plapp 9. There are obvious similarities between the PLMTase profiles obtained after IFF 

of myelin and synaptosomal Triton X-lOO-solubilised enzyme.

When synaptosomal PLMTase activity recovered at around plapp 5 was analysed by 

SDS-PAGF, it revealed the major set of protein bands at ca 65 kDa (Fig. 29), providing 

an additional line of support for the idea that this set of bands observed also with purified 

myelin preparations correspond to phospholipid methyltransferase (or one of its forms).
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Figure 28. lE F  o f synaptosom al PLM Tase. The rat brain synaptosomes were prepared as 
described in Materials and Methods and solubilised in 0.5% Triton X-100 phosphate buffer (pH 8.0). 
After one month’ storage at 4*'C it has been subjected to lEF over pH gradient 3-10 (panel A). No 
PLMTase activity was detected in the preparation prior lEF. The harvested IFF fractions were assayed for 
PLMTase activity (open circles). The pH gradient is depicted with solid dots. The “acidic” activity was 
pooled and refocused over much narrower pH gradient and yielded two unresolved peaks o f PLMTase 
activity (panel B). Fractions 7-10 were pooled and analysed by SDS-PAGE (Fig. ?). The refocusing of a 
“basic PLMTase” over pH 7-10 seemed to yield poor focusing (panel C).
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Figure 29. SDS-PAGE of rat brain synaptosomal PLMTase. Fractions 7-10 

containing PLMTase activity (recovered at around plapp 5, Fig. 28B) were pooled, 

concentrated by ultrafiltration and 2pg {lane 6) and 4|ig {lane 7) of protein were analysed 

by SDS-PAGE. Lanes: 1- solubilised synaptosomes; 2, 3 and 4 -  fractions 6 , 7 and 8, 

respectively, from Fig. 28A; 5-low molecular weight protein standards. The gel was 

then silver stained.
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3.14 Purification of CHAPS-solubilised myelin PLMTase

In an attempt to employ the conceivable advantages of CHAPS over Triton X-100 

(discussed earlier in this chapter) myelin PLMTase was solubihsed in a buffer containing 

1% CHAPS (w/v), separated from the insoluble material by centrifugation and diluted 

with buffer to a final detergent concentration of 0.3%. The preparation thus obtained was 

subjected to ion-exchange chromatography on EconoPac Q cartridges and the collected 

fractions were assayed for PLMTase activity (Fig. 30). The most active fractions (2-6 

and 9,10, 13) were pooled, concentrated and desalted by ultrafiltration on YM-10 

membrane and subjected to lEF. Harvested IFF fractions revealed the presence of 

PLMTase activity as shown in Fig. 31. The most active fractions were affinity-purified 

on SAH-Agarose and analysed by SDS-PAGE (Fig. 32) and revealed the close set of 

bands at ca. 65 kDa. Native non-reducing PAGE of the PLMTase thus purified showed 

one band with the similar to bovine serum albumin (BSA) mobility, suggesting its Mr of

ca 66 kDa (Fig. 34).

Fractions NN 7, 10, 16 and 19 from the lEF of the CHAPS-solubilised myelin (plapp 

5.2, 5.8,7.2 and 8.0, respectively) were also checked for purity (after being subjected to 

affinity purification) using capillary electrophoresis (Fig. 33). The sample containing 

purified PLMTase was injected hydro statically and protein absorbance at 214 nm was 

detected on-line at 0.005 AUFS. Only one peak of absorbance observed at this very high 

sensitivity with the tested fractions (along with the SDS-PAGE results) suggested that the 

enzyme is probably a tight complex of similarly sized proteins which can be broken with 

SDS and disulfide bond-reducing agent, but not the SDS alone. Another possibility is 

that the PLMTase is a single polypeptide of ca. 65 kDa modified by, perhaps, 

glycosylation or tightly-bound lipids which can lose its modificating chains and therefore 

appear as a set of close bands on a slab SDS-PAGE. The results of purification of 

CHAPS-solubilised myelin PLMTase are summarised in the Table 6 .
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Solubilised myelin proteins were applied on the EconoPac Q cartridge equilibrated with 20 mM 
phosphate buffer (pH 8.0), 0.3% CHAPS and bound proteins were eluted with the salt gradient in the 
same buffer (solid line). PLMTase activity of the collected fractions was then measured as in Materials 
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Figure 31. IFF of the active chrom atography fractions of CH APS-solubilised myelin  
P L M T ase. The most active fractions from the EconoPac Q chromatography step were pooled, 
concentrated and desalted by ultrafiltration on YM-10 membrane, and subjected to lEF over pH gradient 3- 
10 (solid dots). Harvested lEF fractions revealed the presence of PLMTase activity (open circles). The 
most active fractions (7,10,16 and 19) were further affinity-purified and analysed by SDS-PAGE.
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Figure 32. SDS-PAGE of the active fractions of the lEF-purified myelin 

PLMTase. Fractions 7, 10, 16 and 19 (lanes a, b, c and <7, respectively) from  the lEF 

step of CH A PS-solubilised myelin PLM Tase (Fig. 31) were affinity-purified on SAH- 

Agarose, and specifically-eluted PLMTase were analysed by 12% SDS-PAGE and the 

gel was silver stained.
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Figure 33. Capillary electrophoresis of the active fractions of the lEF- 

and affinity purified myelin PLMTase. Fractions 7, 10, 16 and 19 (panels A, B, 

C and D, respectively) from the IFF step of CHAPS-solubilised myelin PLMTase were 

further purified on a SAH-Agarose and analysed by CE as described in Materials and 

Methods.
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Figure 34. Native gel electrophoresis of IFF- and affinity-purified myelin 

PLMTase. Fractions 7, 10, 16 and 19 (lanes A, B, C and D, respectively) from  the 

IFF step of CHAPS-solubilised myelin PLM Tase were further purified on SAH-Agarose 

and analysed by 7% native PAGE. Samples were mixed with a native solubiliser (60 mM 

Tris-H Cl (pH 8.0), 10% glycerol, 0.02% bromphenol blue) and applied on a gel without 

any fu rther treatm ent. E lectrophoresis was carried  out for 45 min at an am bient 

temperature under constant voltage 200 V.
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Table 6. Purification of CHAPS-solubilised myelin PLMTase.

Purification step PLMTase recovered PLMTase activity^ 
(purification factor)

1 CHAPS solubilisation soluble 0.51
particulate 0.95

2 EconoPac Q “acidic” and 32.1 (62.9)
chromatography “basic” 11.6 (22.7)

3 lEF of combined “acidic” plapp 4.5 496 (972)
and “basic” PLMTase plapp 5.2 714(1400)

plapp 5.8 467 (915)
plapp 7.2 418(819)
piapp 8.0 431 (845)

4 SAH-affinity Specifically-bound of
chromatography of piapp 5.2 2320 (4549)
different pi PLMTase plapp 5.8 2383 (4672)
activities piapp 7 .2 2435 (4774)

piapp 8.0 2365 (4637)

PLMTase activity in nmol of [^H-methyl] transferred per mg protein per 30 min assay
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4.1 Sequence analysis of the E . C o l i  PSDase.

Sequence analysis is widely used to discover related proteins, functionally significant 

motifs and potential protein modification sites. The analysis of the prokaryotic PSDase 

(gene name DPSD_ECOLI) using PC/GENE software predicted one transmembrane 

segment. The results are in the Appendix 1. On the other hand, sequence comparison of 

the E.Coli PSDase (EMBL accession number J03916) using SWEEP (v 3.02) software, 

which cuts the sequence of protein of interest into 10-residue overlapping pieces and 

aligns them the best it can with the all known sequences of proteins, revealed a 100% 

degree of homology between certain sequences of the PSDase (residues 257-263) and 

glutamine synthetase, and between the sequence residues 259-264 of PSDase and 

NADP-specific glutamate dehydrogenase (EC 1.4.1.4). Glutamine synthetase (EC 

6.3.1.2) converts glutamate into glutamine and therefore its glutamate-binding domain 

ought to be homologous to the domain with the same function in glutamate 

dehydrogenase. Besides, the amino acid sequence from PSDase, which is identical with a 

piece of glutamine synthetase, is composed from the residues 2 and 4-11 on the a  

subunit of PSDase starting from the Ser254 which is the active centre of the 

decarboxylase (Li and Dowhan, 1988). Another interesting observation comes from the 

sequence similarity between amino acids which flank Ser254 of PSDase and 10-residue- 

long motif of protein-glutamine gamma-glutamyltransferase (EC 2.3.2.13) (see above).

It is reasonable to propose, hereupon, that the amino-acid string (NN 257-264) of the 

phosphatidylserine decarboxylase from E.Coli may participate in glutamate or serine head 

group binding or the identical amino acid string of the other glutamate-binding enzymes 

may bind PS or serine. Glutamate and serine are structurally similar (isoelectronically) 

and some evidence in the literature suggest that PS (or phosphoserine) may be involved 

in the regulation of glutamate receptors activity. For example, it has been reported that PS 

at concentration of 100 |ig/ml caused 28% inhibition of L-glutamate binding to synaptic 

plasma membrane (Foster et al., 1982) and glycerophosphoserine was even more potent
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inhibitor while phosphoserine was slightly less. Serine, phosphoethanolamine and 

phosphocholine did not inhibit L-glutamate binding. In addition, the enzyme glutamate 

decarboxylase (GAD) has been reported to bind electrostatically and very firmly to PC/PS 

liposomes, but not to PC liposomes (Covarrubias and Tapia, 1980), again suggesting the 

binding of the glutamate-specific enzymes to PS. Besides, glutamate was found to inhibit 

PS synthesis in glioma C6 cells (Czarny et al., 1992). The elucidation of the function of 

this string of eight amino acids (IN L F A P G K ) of the E.Coli PSDase, however, will 

require additional investigation.

Other noticeable homologies between short sequence strings of PSDase and those of 

other proteins included: tryptophan synthetase (7 identical aa out of 10), progesterone 21- 

hydroxylase (7 identical and one similar residues out of 11), few cytochromes P450, 

alcohol dehydrogenase, HMG-CoA reductase and few others with about 60% overall 

identity and even higher homology over 10-20 residues. It would suffice to say that only 

hypothetical links between these proteins and PSDase exist and the possible functionality 

of these findings will not be discussed here.

4.2 Analysis of the yeast PLMTase sequences

The same PC/GENE sequence analysis was done on the two published gene sequences 

which represent two phospholipid methyl transferase proteins PEMl (PEM1_YEAST; 

EMBL accession number M l6987) and PEM2 (PEM2_YEAST; accession number 

M l6988) (Kodaki and Yamashita, 1987).

The bigger PEMl product (869 residues) was reported to catalyse PME-only formation 

from PE and had a calculated from the sequence isoelectric point 8.47. The computer 

search revealed numerous potential post-translation modification sites: 5 for N- 

glycosylation, 2 for cAMP and cGMP-dependent PK, 12 for PKC and 2 for tyrosine 

kinase phosphorylation sites together with eight potential N-myristoylation sites. 

Additionally, 4 transmembrane helices and 11 membrane associated helices were
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predicted by the PC/GENE program in the PEMl sequence. The results are in the 

Appendix 1.

The smaller PEM2 protein (206 residues) preferentially catalyses second and third step of 

PE méthylation, but has some activity toward first step as well (Kodaki and Yamashita, 

1987). Calculated pi from the deducted sequence of PEM2 product is 9.3. The protein 

contains 2 potential N-glycosylation sites, one each of PKC and casein kinase II potential 

phosphorylation sites and 5 potential N-myristoylation sites. The search also revealed one 

transmembrane helix, although none of the membrane-associated helices was predicted.

4.3 Sequence analysis of mammalian PSDase

Another part of this work has been initiated in hope to find any significant similarities 

between the known sequences of the enzymes of interest PLMTase (from yeast) and 

PSDase (from CHO cells and E.Coli) and other proteins, ideally present in myelin. The 

search was performed on all protein sequences deposited in the SwissProt data bank and 

the currently available software packages with default settings were used.

Despite its obvious limitations, this approach could reveal interesting similarities in 

protein primary sequences and may suggest an unusual functions for the known proteins. 

Although it is generally accepted that the most of protein functions are dependent on its 

high order structures and 3-D shape, the lack of 3-D structure information renders it 

impossible to rely on them in structure-function search as yet.

The sequence analysis done on a CHO cells PSDase sequence (pssC\ accession number 

J05753 in the EMBL Data Library) (Kuge et al., 1991) using PC/GENE software 

revealed one potential 16 residue-long transmembrane helix (amino acids 22 to 37), two 

potential N-glycosylation sites (N m  and N 125), five protein kinase C and six casein

kinase II potential phosphorylation sites, and six potential N-myristoylation sites. Since 

eukaryotic PSDase has been located on the mitochondrial membrane, it is possible that 

any predicted transmembrane helix could be a membrane-spanning part of the protein.
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and than at least one of the predicted myristoylation sites (G35 or G36) may play a 

functional role by stabilising or anchoring the protein in the membrane.

But since the deducted amino acid sequence of CHO PSDase cannot be considered 

complete, as pointed out by others (Trotter et al., 1993) and discussed earlier in the 

Introduction, the biological significance of the revealed sites remains obscure and 

requires further investigation.

The aligning of the predicted amino-acid sequence of PSDase from CHO cells against the 

all known protein sequences unveiled obvious although not striking (for example, there 

were no strings of identical amino acids longer than eight residues), similarities with 

PSDase sequence from E.Coli and a number of other proteins. It is difficult to choose the 

computer-located homologies to rely on in looking for structure-function relationships. 

Therefore, the highlighted strings of homology (see Appendix 1), however interesting, 

may bear a personal preference and have an unidentified biological significance.

For example, the use of the PROSRCH programme (v 1.1) revealed that there was a 15- 

residue sequence in a mammalian PSDase (residues 64-78) which has been found to 

have 8 identical and 4 similar amino acid residues with a sequence from ryanodine 

receptor from rabbit cardiac and human skeletal muscle (Appendix 1). There was also 

nearly absolute homology over nine amino acids (eight identical and one similar) from 

PSDase sequence (NN 206-214) with a sequence from H'*'-transporting ATP synthase 

and mitochondrial precursor of ATP synthase beta chain from the organisms as diverse as 

human, yeast, bacteria, rat and bovine. This is hardly a coincidence and may suggest that 

this homologous sequence is responsible for either PS recognition on a ATP-synthase or 

is a site for ADP or, perhaps, other adenosine derivative binding.

It is noteworthy that other proteins, including protein kinase GCN2, DNA repair protein 

RADI and ethanolaminephosphotransferase from S.Cerevisiae, methionine synthase 

from E.Coli, sphingomyelin phosphodiesterase were also found to have a highly 

homologous sequences (usually 10-15 residues) with a mammalian PSDase.
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The computer analysis of the recently reported sequences of 500-residue PSDase from 

yeast (PSD; accession number L19930; Trotter et al., 1993) and the unique form of 

PLMTase from rat liver (PEMTl; accession number L I4441; Cui et al., 1993) has not 

been performed because these sequences have not yet been included in the current 

PC/GENE data library. Analysis of these sequences may be facilitated by the conclusions 

made in the recently published review on mammalian small molecule methyltransferases 

(Fujioka, 1992).

It was hoped that some of the findings may reveal similarities between the enzymes of 

interest and any of the myelin proteins. However it was not the case. The literature on the 

sequence analysis of the myelin proteins and genes (Inouye and Kirschner, 1991; 

Mikoshiba et al., 1991) is sparse and could not be used to identify any relevant sequence 

homologies.
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5.1 Inhibitors of phosphoiipid methyiation inhibit 

[3H]flunitrazepam binding

The GAB A-benzodiazepine receptor complex is embedded in the plasma membrane lipid 

bilayer and it has been shown that the treatment of membranes with phospholipases A2 

and C affects the relationship between the benzodiazepine (BDZ) and the GAB A binding 

sites (Ueno and Kuriyama, 1981; Havoundjian et al., 1986). A number of reports have 

suggested a close relationship between phospholipid méthylation and [^H]GABA and 

[^HJdiazepam binding in rat brain membranes. Inhibition of phospholipid méthylation by 

L-homocysteine (an SAH precursor) injection into rats induced an increase in specific 

[^Hjmuscimol (GABA agonist) binding to rat brain without affecting [^HJdiazepam 

binding (Benistant et al., 1987). Phospholipid méthylation in synaptic membranes 

increased the specific binding of [^^CJGABA (Vartanyan and Aprikyan, 1991) and 

decreased its reuptake. Incubation of brain membranes with SAM has been reported to 

increase both BDZ and GABA binding (Di Perri et al., 1983), although a recent report 

(Benistant et al., 1990) claimed that the increase in basal [^Hjdiazepam binding after 

pretreating of membranes with SAM is, in fact, induced by unwashed endogenous 

GABA. Nevertheless these different studies appear to agree on the close relationship 

between SAM and its metabolites and GABA-BDZ receptor binding. On the basis of 

these various studies, the effect of SAM and its metabolic derivatives SAH and 5’- 

methylthioadenosine (MTA) on binding to the BDZ-recognition site of the GABA 

receptor has been investigated.

Incubation of cerebral synaptic membranes with [^Hjflunitrazepam resulted in a high 

level of specific binding of the radiolabelled ligand. At the chosen membrane protein and 

the ligand concentration (8 nM) which was about four times the Kd value for 

flunitrazepam (Squires and Braestrup, 1977), the specific binding was about 6000 dpm 

(3170 fmol/g wet tissue) while non-specific values were around 120 dpm (63.4 fmol/g
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wet tissue). In addition, GABA at 10'^ M significantly enhanced [^H]flunitrazepam 

binding as anticipated (by over 30%, Fig. 35).

To examine the effect of SAM and its metabolites on [^H]flunitrazepam binding, 

increasing concentrations of either SAM, SAH or MTA (from 10"^ to 10"^ M) were 

added to the membranes incubated with the radiolabelled ligand. Both MTA and SAH 

decreased [^H]flunitrazepam binding with Ki values of 15.8 pM and 7.9 pM 

respectively, and virtually abolished it at ImM (Fig. 36). SAM in the same concentration 

range had no effect on specific binding (not shown). Both these compounds are poorly 

soluble in water and, when the binding experiments were performed with the suspension 

of either of them (rather than clear solution), no effect on [^H]flunitrazepam binding was 

observed.

Several compounds have been proposed to function as endogenous benzodiazepines 

(Stephenson, 1989). The purines, inosine and hypoxanthine inhibit diazepam binding 

with IC50 values 400-1300 pM and 700-3700 pM, respectively (Asano and Spector, 

1979). Adenosine can also inhibit benzodiazepine binding (IC50 >10 mM) and the 

existence of a specific interaction between benzodiazepines and adenosine and its 

derivatives has been proposed (Phillis and Wu, 1980). However, a role for these 

compounds cannot be fully accepted or rationalised when the potency for the inhibition of 

binding is compared with the known brain concentrations (Braestrup and Nielsen, 1983). 

SAH is an established precursor of and can be rapidly metabolised to adenosine and then 

to inosine and hypoxan thine. Our data show that SAH and MTA have the capacity to 

inhibit [^H]flunitrazepam binding more specifically than the other reported adenosine 

derivatives. It seems feasible that both SAH and MTA acted directly on 

[^H]flunitrazepam recognition site because the incubation of the assay components took 

place at 4°C and, therefore, SAH or MTA were unlikely to be metabolised during the 

assay. Both SAH and MTA are present in the brain and their synthetic and degradation 

pathways have been also shown to occur in brain tissue. On the basis of these and the 

other observations (Fonteh et al., 1989) and the current data, MTA and SAH can be
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Figure 35. Effect of GABA on the [^H]-flunitrazepam  binding to ra t brain 
membranes. 200 jil of rat brain membrane preparation was incubated in 50 mM Tris- 
HCl buffer (pH 7.4) with 8 nM of [^H]-flunitrazepam in a final volume of 1 ml with the 
indicated amount of freshly prepared GABA solution for 1 hr at 4'C. The amount of 
radioactivity bound to membrane was quantified as described in Materials and Methods. 
The data are mean ± SD from two individual experiments performed in triplicate.

proposed as candidate endogenous benzodiazepine-receptor ligands. The concentration of 

SAH in whole rat brain is reported to be 1 nmol/g wet tissue (Gharib et al., 1982) and 

since it is nearly impossible to assess the local concentration of SAH and MTA achievable 

in certain circumstances, the biological significance of our findings is still obscure. 

Although the results do not show unambiguously the existence of the link between 

phospholipid méthylation and BDZ-receptor binding, one may speculate that the locally 

increased rate of phospholipid méthylation would increase SAH concentration which may 

achieve the level where SAH can bind to BDZ-recognition site and uncover high-affinity 

GABAa receptor (in the manner that benzodiazepines are proposed to act). In this way, 

the opening of the Cl" ionophore becomes a more efficient process than in the presence of 

GABA only (Skolnick and Paul, 1981). Additionally, since benzodiazepines were
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reported to stimulate phospholipid méthylation (Strittmatter et al., 1979), it is possible 

that SAH can provide some kind of a feed-back mechanism.

The physiological roles of SAH and MTA in cells are not fully elucidated, although both 

SAH and MTA have been shown to inhibit méthylation reactions (Cantoni, 1975; Kido et 

al., 1991) including phospholipid méthylation. MTA is also reported to inhibit the cell 

growth (Nishikawa et al., 1987), protein kinase activity (Maher, 1993) and polyamine 

synthesis (Raina et al., 1982) and is an agonist for the adenosine A% receptor and 

antagonist for the A% receptor (Munshi et al., 1988). Interestingly, SAH is a sleep- 

inducing agent and anticonvulsant (Gharib et al., 1982). On the other hand, SAM has 

antidepressant activity (mechanism unknown) and potentiate barbiturate-induced sleep 

(Baldessarini, 1987). It is unclear at present whether these observations can be related to 

our findings and the issues await further investigation.
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Figure 36. Inhibition of [^H jflunitrazepam  binding to rat brain 
membranes by SAH and MTA. Membranes were incubated with different amount of 
SAH (panel A) or MTA (panel B) and [^H]flunitrazepam for 1 hr at 4°C and the amount 

of radioactivity bound to membrane was determined as in Materials and Methods. Total 
and non-specific [^H]flunitrazepam binding was 6000 ± 480 dpm (3170 fmol/g wet 
tissue) and 120 ± 20 dpm (63.4 fmol/g wet tissue), respectively. The results are the mean 
± SD of three individual experiments performed in triplicate.
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The roles of myelin in the nervous system do not appear to be confined to providing an 

electrical insulation for the axon and, therefore, facilitation of saltatory conduction despite 

the paramount physiological significance of the latter. The earlier concept of myelin as an 

simple inert membrane devoid of virtually any enzymatic activities has been revised and 

this unique membrane is known to contain numerous enzyme activities (Table 1) involved 

in ion transport, lipid biosynthesis and degradation, protein degradation and 

phosphorylation/dephosphorylation (Suzuki, 1980; Ledeen, 1992). The demonstration of 

conventional G-proteins, along with receptors and effector systems, supported and 

extended the concept of myelin as a metabolically-active membrane with the ability to 

respond to specific signals in the environment.

A number of diseases of CNS, including multiple sclerosis (MS), are characterised by 

areas of severe demyelination where the myelin sheath is partially or completely 

degraded. The exact cause is not known but demyelination diseases appear to arise from 

complex interactions of genetic, biochemical, infective and immunological mechanisms. 

Whatever the event which may trigger the degradation of myelin, it is feasible that 

disappearance of lipids which constitute more than 70% of myelin dry weight, may be 

caused, among other reasons, by inadequate synthesis or excessive degradation. The 

presence of various lipid-metabolising activities in myelin suggests that they participate in 

maintaining the lipid balance within myelin (Ledeen, 1992) and may be responsible for 

some effects of demyelination if their activities are impaired.

The phospholipid composition of MS plaques is altered and there is an increase in the 

certain species of phosphatidylethanolamine (PE) and decrease of phosphatidylcholine 

(PC) concentration (Cuzner and Davison, 1980), suggesting that the activities of the 

enzymes participating in PE/PC metabolism may be affected.

One of these enzymes is phospholipid N-methyltransferase (PLMTase) which converts 

PE to PC by successive three-step méthylation of the amino group of PE (Vance and 

Schneider, 1981). Méthylation of PE has been implicated in a number of important 

cellular processes including signal transduction (Hirata, 1981), although it remains a
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controversial issue. While PE may derive from two different pathways (Kennedy’s or 

phosphatidylserine (PS) decarboxylation), a number of reports suggested that in some 

cells PS-derived PE is quickly and preferentially methylated to PC (Vance and Vance, 

1986) and the PLMTase activity may be co-regulated with PS decarboxylase (PSDase) 

activity (Hirata et al., 1979; Carson et al., 1984), suggesting specific significance of the 

PS’PE’PC pathway. No reports have described the presence of either activity in myelin 

and, when the project was started, it appeared interesting to investigate the existence of 

this pathway in myelin and its possible importance in relation to demyelinating diseases 

and signal transduction in myelin.

Myelin can be prepared in higher purity than most subcellular fractions of the nervous 

system and this was achieved by the combination of velocity and isopycnic gradient 

centrifugation. By employing the established in our laboratory methods for PLMTase 

detection, the enzyme activity was found in highly purified rat brain myelin. The 

PLMTase activity was then characterized by time- and concentration-dependent studies 

and the calculated specific activity was 28 pmol/min/mg protein, which was in the same 

order of magnitude as reported simultaneously for myelin PLMTase (Chung et al., 

1990). In contrast to liver, the main product of PE N-methylation in this study appeared 

to be monomethylated PE (PME) with relatively little radioactivity being incorporated into 

PC and PDE. The most probable explanation of this predominantly PME formation is that 

phospholipid méthylation in rat brain myelin is catalysed by at least two enzymes: PE N- 

methyltransferase which is active at the employed assay conditions and makes PME only, 

and PME N-methyltransferase which makes PDE and PC and either not fully activated at 

the assay conditions or present in lower concentration than PE N-methyltransferase. 

Extensive experiments failed to consistently detect PS decarboxylation activity in myelin. 

The use of the conventional and improved methods for PSDase assay (Tsvetnitsky and 

Gibbons, 1994) allowed the conclusion that PSDase activity is not present in the highly 

purified rat brain myelin. However, when this activity was sporadically observed, the 

main product of the reaction was not PE but PC, which suggested that PE formed by the
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decarboxylation of PS was efficiently trimethylated to PC by myelin preparation. The 

hypothesis which reconciled these facts proposed that the observed PS decarboxylation 

was carried out by rarely occuring contamination (most likely mitochondrial or, perhaps, 

plasma membrane PSDase) and PE formed was subsequently methylated by myelin 

PLMTase.

Various approaches were utilised in order to isolate and purify myelin PLMTase. The 

membrane localisation of the enzyme necessitated the use of detergent. Non-ionic 

detergent Triton X-100 at 0.5% (w/v) was found to be suitable both for solubilisation and 

assay of myelin PLMTase, although some properties of Triton X-100 were later 

considered as creating a number of uncertainties and therefore the zwitterionic detergent 

CHAPS was used.

The results of chromatographic purification of myelin PLMTase revealed charge 

heterogeneity of the enzyme. The use of anion and cation-exchange chromatography and 

chromatofocusing suggested that there are at least three differently charged forms of 

myelin PLMTase, namely acidic, neutral and basic. Both detergent-solubilised myelin 

and synaptosomal PLMTase activity were consistently recovered in protein fi-actions 

which did not bind, weakly-bound and strongly-bound to both anion- and cation- 

exchangers.

The high resolving power of lEF allowed further characterisation of the charge 

heterogeneity of PLMTase. The re-focusing of “acidic and near-neutral” myelin PLMTase 

activity revealed three distinct peaks of phospholipid méthylation activity, corresponding 

to plapp 4.5, 5.2 and 6.2. TLC analysis of the products of PLMTase-catalysed reaction 

showed predominant formation of PME (more than 90% of total phospholipid- 

incorporated radioactivity) by all isoforms with the exception of the plapp 6.2 isoform, 

which incorporated about 30% of the radioactive methyl group into PC and about 60% 

into PME under identical assay conditions. The Rf value of the radiolabelled PME formed 

was just slightly higher than that of standard diacyl-PME possibly suggesting the 

presence of plasmalogen monomethylethanolamines. The re-focusing of the “basic” peak
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of PLMTase activity (plapp 7-10) over the 3-10 pH gradient yielded a broad peak of 

PLMTase activity with a maximum at plapp 8.5. This also yielded predominantly labelled 

PME under the standard assay conditions.

The most probable but not the only explanation of the data from the lEF and ion- 

exchange chromatography experiments is the presence of differently charged isoforms of 

phospholipid methyltransferase or different phospholipid methylating enzymes in rat 

brain myelin or both. These different PLMTases may be responsible for either separate 

méthylation steps (e.g. formation of PME only or going through PDE to form PC) or, 

perhaps, for catalysing transfer of methyl group to different ethanolamine phospholipids, 

plasmalogens for example. It has been demonstrated with liver PLMTase that two forms 

of the enzyme (purified and cloned) may have close molecular weights and catalyse the 

same reactions but differ at least in part of carboxyl-terminal sequences (Cui et al., 1993). 

Assuming the same is true for the myelin PLMTase, one can imagine how these 

differences in the sequence may result in the different plapp values. Although the profile 

of PLMTase activity generally did not depend on the detergent used for solubilisation 

(Triton X-100 or CHAPS), it appeared to shift into acidic regions on the pH scale when 

solubilisation or lEF parameters were changed. This fact leaves the slight possibility that 

incomplete myelin solubilisation or protein aggregation could have caused the observed 

charge heterogeneity of myelin PLMTase although the reproducibility of the activity 

profile argues against it. In addition, it is possible that strongly bound phospholipids may 

change the charge of myelin phospholipid methyltransferase if it is a single polypeptide or 

that different phosphorylation pattern may have resulted in the different pi values for 

methyltransferases, since it is known that at least one form of liver PLMTase can be 

phosphorylated.

A number of evidence now support the idea that myelin PLMTase (or its major form) has 

molecular weight of ca 65 kDa. Separation of myelin proteins on a column SDS-PAGE 

yielded the major peak of phospholipid méthylation activity at ca 65 kDa with smaller 

peaks at ca 20 kDa and ca 100-150 kDa (Fig. 19). The results were consistent with those
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obtained after the gel-filtration chromatography of detergent-solubilised myelin PLMTase 

(Fig. 17). The three distinctive peaks of PLMTase activity detected after IFF (plapp 4.5, 

5.2 and 6.2) were still heterogeneous in terms of protein composition when analysed on 

non-reducing SDS-PAGE, while plapp 8.5 activity revealed one major band of ca 65 kDa 

with two much fainter bands of ca 38-40 kDa (Fig. 22). When all four active IFF 

fractions were further purified on an S AH-affmity column, the specifically eluted fraction 

containing phospholipid methylating activity revealed set of closely situated bands at ca 

65 kDa on the SDS-PAGF gel (Fig. 27 and 32). Only one band of ca 65 kDa was 

detected on a gel following native non-reducive PAGE of purified myelin PLMTase (Fig. 

34). Capillary electrophoresis of the purified enzyme also showed only one peak on the 

electrophoregram (Fig. 33). These findings taken together suggest that the major form of 

rat brain myelin PLMTase is a protein with molecular weight of ca 65 kDa with possible 

lipid or sugar modifications cleavable by reducing agents. Another possibility is that 

multiple S-S bonds are present within ca 65 kDa PLMTase molecule and incomplete 

cleavage of them creates a number of partially folded molecules which are differently 

shaped and therefore slightly differ in their ability to penetrate the gel matrix. In order to 

explain the nature of other detected molecular weight forms of myelin PLMTase the 

following hypothesis can be put forward: high molecular weight PLMTase {ca 100 kDa) 

is a separate protein (although protein aggregation or formation of a multiprotein complex 

could not be ruled out) which is present in low quantity in myelin and is relatively active, 

while ca 20 kDa PLMTase activity may be related to the similarly-sized PLMTase found 

in liver and yeast (although it could be a proteolytic product of either 65 or 100 kDa 

protein). The sequencing of ca 65 kDa protein is underway to provide a better insight into 

the complex nature of phospholipid méthylation in myelin.

Computer sequence homology search for E.Coli PSDase against all known protein 

sequences revealed a 100% degree of homology between certain sequences of the 

bacterial PSDase and glutamine synthetase and also NADP-specific glutamate 

dehydrogenase. This observation coupled with some evidence in the literature suggested
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that the amino-acid string (NN 257-264) of the phosphatidylserine decarboxylase from 

E.Coli may participate in glutamate or serine head group binding. Equally, the identical 

amino acid string of the glutamate-binding enzymes may bind PS or serine, although the 

confirmation of these ideas awaits direct experiments. It was also found that there is also 

nearly absolute homology over nine amino acids (eight identical and one similar) from 

mammalian PSDase sequence (NN 206-214) with a sequence from H+-transporting ATP 

synthase and mitochondrial precursor of ATP synthase beta chain from the organisms as 

diverse as human, yeast, bacteria, rat and bovine. This is hardly a coincidence and may 

suggest that this homologous sequence is responsible for either PS recognition on a ATP- 

synthase or is a site for ADP or, perhaps, other adenosine derivative binding on PSDase. 

Computer analysis of the yeast PLMTase gene products unveiled a number of potential 

post-translation modification sites on both sequences and suggested four transmembrane 

domains for the bigger {ca 100 kDa) PEMl gene product and one for the smaller {ca 23 

kDa) PEM2 product, which correlates well with their membrane-bound location.

In conclusion, a special role of monomethylated PE (PME) in cell signal transduction has 

been suggested based on the literature evidence and possible involvment of phospholipid 

méthylation in cell signalling was discussed. The research has established the presence of 

phospholipid N-methylation in highly purified rat brain myelin and characterized it, while 

phosphatidylserine decarboxylation was shown to be undetectable in the same 

preparations. The ca 65 kDa protein with associated PLMTase activity has been 

successfully solubilised with either Triton X-100 or CHAPS and purified by 2300-fold 

(Triton X-100) or 4600-fold (CHAPS) from rat brain myelin by a combination of ion- 

exchange chromatography, isoelectric focusing and affinity chromatography. Ion- 

exchange chromatography and lEF revealed a charge heterogeneity of myelin PLMTase. 

The major form of myelin PLMTase was shown to have molecular weight of ca 65 kDa 

by column SDS-PAGE and gel-filtration chromatography. While at least four peaks of 

phospholipid methylating activity heterogeneous in protein composition were detected 

following lEF of myelin proteins, the affinity-purified preparations contained only ca 65
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kDa protein, suggesting presence of differently charged isoforms of the enzyme. At least 

one detected isoform catalysed formation of appreciable amount of PC, while others 

formed predominantly monomethylated PE. The exact nature of the observed charge 

heterogeneity of myelin PLMTase is still unclear and the undergoing sequencing of the 

purified protein should advance our understanding of the roles that the putative isoforms 

of PLMTase play in myelin and their possible relation to demyelination diseases and 

signal transduction in myelin.
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POSITION AND SEQUENCE OF TRANSMEMBRANE HELICES 
Done on sequence DPSD_ECOLI.
PHOSPHATIDYLSERINE DECARBOXYLASE PROENZYME (EC 4.1.1.65).
ESCHERICHIA COLL
Total number of residues is: 322.
Analysis done on the complete sequence.
Method of Rao and Argos.
Current settings of the parameters of the method:

- Peak minimal value: 1.13
- Base-line value : 1.05
- Minimum length of a transmembrane helix is: 16
- These settings are identical to those proposed in the original article.
There is 1 transmembrane helix predicted.

(n#) Position Peak Charged Sequence 
From To value +polar 

( 1) 196 218 1.22 1+ 1 MAQILVGATIVGSIETVWAGTIT

PREDICTION OF MEMBRANE ASSOCIATED HEUCES 
Total number of residues is: 322.
Analysis done on the complete sequence.
The method used is that of Eisenberg, Schwarz, Komarony and Wall.
<H> stands here for the average hydrophobicity on a 21 residue segment

No membrane associated helix is predicted in this protein.
None of the 1 candidate transmembrane segments has a <H> value greater or equal to 
0.68 (condition 2a).
The maximum <H> value for a 21 residues segment was: .58 for positions 199 to 219.
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1.4 -

1.2  -

1201 60 180 240 300

Smoothed curve of DPSD ECOLI from amino acid 1 to amino acid 322. 
The g axis value represents the buried helix parameter.

Sequence homology search for E.CoIi PSDase using SWEEP software.

1. DPSD$ECOLI PHOSPHATIDYLSERINE DECARBOXYLASE (EC
4.1.1.65) (GENE NAME: PSD) .-ESCHERICHIA COLI.

2. GLNA$BACFR GLUTAMINE SYNTHETASE (EC 6.3.1.2)
(GLUTAMATE--AMMONIA LIGASE) (GS) (GENE NAME: GLNA).- 
BACTEROIDES FRAGILIS.

Residues 
254 263
350 359

DPSD$ECOLI
GLNA$BACFR

STVINLFAPG
DTGINLFAPG

O'lap %Id
1 10 100.0 DPSD$ECOLI
2 9 88.9 GLNA$BACFR

# # # # # # # # # #  

# # # # # # # #
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8. DHE4$EC0LI
(EC 1.4.1.4)

9. DHE4$SALTY
(EC 1.4.1.4)

10. DHE4$UNKP
(EC 1.4.1.4)

11. GLNA$BACFR
(GLUTAMATE-- 
BACTEROIDES

NADP-SPECIFIC GLUTAMATE DEHYDROGENASE 
(GENE NAME: GDHA).-ESCHERICHIA COLI.
NADP-SPECIFIC GLUTAMATE DEHYDROGENASE 

(GENE NAME: GDHA).-SALMONELLA TYPHIMURIUM 
NADP-SPECIFIC GLUTAMATE DEHYDROGENASE 
- UNKNOWN PROKARYOTIC ORGANISM.
GLUTAMINE SYNTHETASE (EC 6.3.1.2) 

AMMONIA LIGASE) (GS) (GENE NAME: GLNA).- 
FRAGILIS.

Residues
1. 259 268 DPSD$ECOLI LFAPGKVNLV
8 365 374 DHE4$ECOLI LFAPGKAANA
9 365 374 DHE4$SALTY LFAPGKAANA
10 364 373 DHE4$UNKP LFAPGKAANA
11 355 364 GLNA$BACFR LFAPGKNPKG

0 ' lap %Id
1 10 100.0 DPSD$ECOLI ##########
8 6 100.0 DHE4$EC0LI ######
9 6 100.0 DHE4$SALTY ######
10 6 100.0 DHE4$UNKP ######
11 6 100.0 GLNA$BACER ######

PRED ICTION OF M EM BRANE ASSO CIATED H ELICES  
Done on sequence PEM1_YEAST.
Total number of residues is: 869.
Analysis done on the complete sequence.
The method used is that of Eisenberg, Schwarz, Komarony and Wall.
<H> stands here for the average hydrophobicity on a 21 residue segment 
The number of membrane associated helices predicted by the program is: 11.

(Nb) <H> Segment Sequence
( 1) . 62 56 to 76 - > LLEKCIALAIISNFFICYWVF < -
( 2) .59 87 to 107 - > FFLVQYLFWRIAYNLGIGLVL < -
( 3 ) .61 188 to 208 - > FVDLILMQDFVTYIIYVYLSI < -
( 4 ) .58 213 to 233 - > VQIFNWRSLLGVILILFNIWV <-
( 5) .48 259 to 279 -> LIFDGVFNIS PHPMYSIGYLG <-
( 6) .51 363 to 383 -> FTDYFTIGTVAALMLGTIMNA <-
( 7) .67 390 to 410 -> YLFITVFVTKLVSWLFISTIL <-
( 8) .51 440 to 460 -> IYNYYLVLTYTLMIIHTGLQI <-
( 9) .44 464 to 484 -> FSNINNSQLIFGLILVALQTW <-
(10) .44 491 to 511 -> LAISDFGWFYGDFFLSNYIST <-
(11) .65 535 to 555 -> VWGTVLMTNFAVTNIILAVLW < -
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Tentative characterization of the predicted membrane associated helices.

The hydrophobic moments plot coordinates (<H> and <Muh>) are listed along with the 
starting position of the 11 residues hehx fragment used for the computation.

(Nb) <H> <Muh> S t a r t r e s i d u e T e n t a t i v e  c l a s s i f i c a t i o n

( 1) .7 4 .27 60 (Cys) T r a n s m e m b r a n e m u l t i m e r i c
( 2) .3 4 .5 92 (T y r) S u r f a c e .
( 3) .4 9 .4 1 194 (M et) S u r f a c e .
( 4) .6 .3 9 218 (T rp ) S u r f a c e .
( 5) .4 1 .4 2 260 ( l i e ) G l o b u l a r .
( 6) .5 7 .23 373 (A la ) T r a n s m e m b r a n e m u l t i m e r i c
( 7) .53 .37 393 ( l i e ) T r a n s m e m b r a n e m u l t i m e r i c
( 8) .5 4 .27 450 (T h r ) T r a n s m e m b r a n e m u l t i m e r i c
( 9) .7 6 .27 473 ( l i e ) T r a n s m e m b r a n e m u l t i m e r i c
(1 0 ) .4 5 .3 5 493 ( l i e ) G l o b u l a r .
(1 1 ) .7 5 .2 4 545 (A la ) T r a n s m e m b r a n e m u l t i m e r i c

POSITION AND SEQUENCE OF TRANSMEMBRANE HELICES 
Done on sequence PEM1_YEAST.
Total number of residues is: 869.
Analysis done on the complete sequence.
Method of Rao and Argos.
Current settings of the parameters of the method:

- Peak minimal value: 1.13
- Base-line value : 1.05
- Minimum length of a transmembrane helix is: 16
- These settings are identical to those proposed in the original article. 
There are 4 transmembrane helices predicted.

Number Position Peak
From To value

Charged+ Sequence 
polar

1 60 76 1.236 0+ 1
2 367 383 1.304 0+ 1
3 388 410 1.225 1+ 1
4 528 566 1.255 1+3

CIALAIISNFFICYWVF 

FTIGTVAALMLGTIMNA 

LNYLFITVFVTKLVSWLFISTIL 

AVLGWGVWGTVLMTNFAVTNIILAVLWTLTNF 

ILVKFI
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1.4

1.2

1

.8

. 6

.4

.2

H HB
300 400 500 600 700 8001 100 200

Smoothed curve of PEMl YEAST from amino acid 1 to amino acid 869. 
The y axis value represents the buried helix parameter.

POSITION AND SEQUENCE OF TRANSMEMBRANE HELICES

Done on sequence PEM2_YEAST.
Total number of residues is: 206.
Analysis done on the complete sequence.
Method of Rao and Argos.
Current settings of the parameters of the method:

- Peak minimal value: 1.13
- Base-line value : 1.05
- Minimum length of a transmembrane helix is: 16
- These settings are identical to those proposed in the original article.

There is 1 transmembrane helix predicted.
(n#) Position Peak Charged Sequence 

From To value +polar 
( 1) 100 124 1.236 1+1 LGVALFGLGQVLVLSSMYKLGITGT
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PREDICTION OF MEMBRANE ASSOCIATED HELICES *

Done on sequence PEM2_YEAST.
Total number of residues is: 206.
Analysis done on the complete sequence.
The method used is that of Eisenberg, Schwarz, Komarony and Wall.
<H> stands here for the average hydrophobicity on a 21 residue segment.
No membrane associated helix is predicted in this protein.
None of the 3 candidate transmembrane segments has a <H> value greater or 
equal to 0.68 (condition 2a) and no two such segments have summed <H> values 
greater or equal to 1.10 (condition 2b).
The maximum <H> value for a 21 residues segment was: .56 for positions 101 
to 121.

1.4

1.2

1

8

. 6

.4

.2

0
20016012040 801

Smoothed curve of PEM2 YEAST from amino acid 1 to amino acid 206. 
The 1/ axis value represents the buried helix parameter.
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Computer-revealed homologies between amino-acid sequence of PSDase CCHO-Kl cells') 
(bottom string) and other known protein sequences (top sequence). Asterisk (*) denotes 
identity and dot (.Vsimilar amino acid.

>GGT_ECOLI 580 A m i n o - a c i d s
GAMMA-GLUTAMYLTRANSPEPTIDASE PRECURSOR (EC 2 . 3 . 2 . 2 ) .  -  ESCHERICHIA 
C O L I .

S c o r e =  88 Q u a l i t y  3 2 .1 1 7
13 I D s ;  10 CONs; 8 M i s M a t c h e s ;  1 G a p s .  E x p .  No. 0 .8 4 0 6 E + 0 0

SD 0 . 6

* * * * ★* * ** * ★ ★ *
2 1 1  KEGEPLKKGDTLVQANLAKSLEMIAENGPDEF 242
3 2 1  KEGIPMRKGEHLGEFNLGSTIVLIFE-APKDF 3 51

>RYNR_HUMAN 5032 A m i n o - a c i d s
RYANODINE RECEPTOR, SKELETAL MUSCLE.’ -  HOMO SAPIENS (HUMAN).

S c o r e =  82 Q u a l i t y  6 6 .6 6 7
7 I D s ;  5 CONs; 1 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .3 0 4 9 E + 0 1

3 564  RWQMALYRGVPGR 3576
66 HWEVALYKSVPTR 78

>A29229 529 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n  p r e c u r s o r ,  
m i t o c h o n d r i a l  -

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 . 7 198E +01

240  TREGNDLYH 248
2 0 6  TREGNELYH 214

> J S 0 0 0 2  539 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n  -  Human 

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s  ; 0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

★ ★★★★ * * *
250  TREGNDLYH 258
20 6  TREGNELYH 214

>A24260 509 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n  p r e c u r s o r ,  
m i t o c h o n d r i a l  -

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s  ; 0 G a p s .  E x p .  No. .7 1 9 8 E + 0 1

★★★★★ ★★★
222  TREGNDLYH 23 0
206  TREGNELYH 214
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>PWBSBF 467 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n  -  B a c i l l u s  
f i r m u s

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

★ ★★★★ * * *
190 TREGNDLYH 198
206  TREGNELYH 214

>PWBOB 478 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n ,  m i t o c h o n d r i a l  • 
B o v i n e

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 . 7 198E +01

* * * * * * * *
190 TREGNDLYH 198
2 0 6  TREGNELYH 214

>PWBYB 312 A m i n o - a c i d s
H + - t r a n s p o r t i n g  ATP s y n t h a s e  (EC 3 . 6 . 1 . 3 4 )  b e t a  c h a i n ,  m i t o c h o n d r i a l  ■ 
Y e a s t  (S a

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s  ; 0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

* * *
30 TREGNDLYH 38

206  TREGNELYH 214

>ATPB_THEP3 473 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN (EC 3 . 6 . 1 . 3 4 ) .  -  THERMOPHILIC BACTERIUM P S - 3 .  

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

★★★★★ ★★★
192 TREGNDLYH 200
206  TREGNELYH 214

>ATPB_RHORU 474 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN (EC 3 . 6 . 1 . 3 4 ) .  -  RHODOSPIRILLUM RUBRUM.

S c o r e =  78  Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

***** * * *
186 TREGNDLYH 194
206  TREGNELYH 214

>ATPB_RHOBL 478 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN (EC 3 . 6 . 1 . 3 4 ) .  -  RHODOPSEUDOMONAS BLASTICA. 

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s  ; 0 G a p s .  E x p .  No. 0 . 7198E +01

★ * * *
189 TREGNDLYH 197
206  TREGNELYH 214
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>ATPB RAT 529 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN, MITOCHONDRIAL PRECURSOR (EC 3 . 6 . 1 . 3 4 ) .  -  
RATTUS NORVEGI

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No, 0 .7 1 9 8 E + 0 1

240
206

★★★★★ ★★★
TREGNDLYH
TREGNELYH

248
214

>ATPB_HUMAN 529 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN, MITOCHONDRIAL PRECURSOR (EC 3 . 6 . 1 . 3 4 ) .  -  HOMO 
SAPIENS (

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  N o. 0 . 7 198E+01

240
2 0 6

TREGNDLYH
TREGNELYH

248
214

>ATPB_NEUCR 519 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN, MITOCHONDRIAL PRECURSOR (EC 3 . 6 . 1 . 3 4 ) .  -  
NEUROSPORA CRA

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .7 1 9 8 E + 0 1

* * *
22 9  TREGNDLYH 237
2 0 6  TREGNELYH 214

>ATPB_BACME 472 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN (EC 3 . 6 . 1 . 3 4 ) .  

S c o r e =  78 Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;

BACILLUS MEGATERIUM.

0 G a p s .  E x p .  N o. 0 .7 1 9 8 E + 0 1

192
20 6

ie  i f  i f  i f  i f  i f  i f  i f

TREGNDLYH
TREGNELYH

200
214

>ATPB_BOVIN 528 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN, MITOCHONDRIAL PRECURSOR (EC 3 . 6 . 1 . 3 4 ) .  -  BOS 
TAURUS (BO

S c o r e =  78  Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M i s m a t c h e s ;  0 G a p s .  E x p .  N o. 0 .7 1 9 8 E + 0 1

240
206

*  *  *  *  *  *  *  *

TREGNDLYH
TREGNELYH

248
214

>ATPB_BACFI 469 A m i n o - a c i d s
ATP SYNTHASE BETA CHAIN (EC 3 . 6 . 1 . 3 4 ) .  

S c o r e =  78  Q u a l i t y  9 6 . 2 9 6
8 I D s ;  1 CONs; 0 M is m a tc h e s  ;

BACILLUS F IRMUS.

0 G a p s .  E x p .  N o . 0 .7 1 9 8 E + 0 1
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★★★★★ ★★★
191 TREGNDLYH 199
206  TREGNELYH 214

>GCN2_YEAST 1590 A m i n o - a c i d s
PROTEIN KINASE GCN2 (EC 2 . 7 . 1 . - ) .  -  SACCHAROMYCES CEREVISIAE (BAKER'S 
Y E A ST ).

S c o r e =  77 Q u a l i t y  6 4 .1 6 7
8 I D s ;  3 CONs; 3 M i s m a t c h e s ;  0 G a p s .

**** ★
40 8  GSDIVMNFETPQEF 421
33 8  GSTIVLIFEAPKDF 351

>A32644 1124 A m i n o - a c i d s
5 - M e t h y l t e t r a h y d r o f o l a t e - h o m o c y s t e i n e  m e t h y l t r a n s f e r a s e  (EC 2 . 1 . 1 . 1 3 )  
-  E s c h e r i c h i a  C o l i

S c o r e =  76 Q u a l i t y  3 8 . 9 7 4
9 ID s ; 6 CONs; 7 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 . 1106E+02

* * ** * *  * **
93 0 GVQEVEASIETLRNYIDWTPFF 951
109 GVNMTEAAVEDLHHYRNLSEFF 130

>METH_ECOLI 1199 A m i n o - a c i d s
5 -METHYLTETRAHYDROFOLATE--HOMOCYSTEINE METHYLTRANSFERASE (EC 2 . 1 . 1 . 1 3 )  
(METHIONIN SYNTHASE)

S c o r e =  76 Q u a l i t y  3 8 . 9 7 4
9 ID s ; 6 CONs; 7 M is m a tc h e s  ; 0 G a p s .  E x p .  No. 0 . 1106E+02

*  *  * *  *  *  lAr * *

929  GVQEVEASIETLRNYIDWTPFF 950
109 GVNMTEAAVEDLHHYRNLSEFF 13 0

>RYNR_RABIT 5037 A m i n o - a c i d s
RYANODINE RECEPTOR, SKELETAL MUSCLE. -  ORYCTOLAGUS CUNICULUS (RABBIT) 

S c o r e =  75 Q u a l i t y  6 0 . 9 7 6
6 ID s ; 6 CONs; 1 M is m a t c h e s  ; 0 G a p s .  E x p .  No. 0 . 1371E+02

3 57 0 RWQMALYRGLPGR 3582
66 HWEVALYKSVPTR 78

>EPT1_YEAST 391 A m i n o - a c i d s
ETHANOLAMINEPHOSPHOTRANSFERASE (EC 2 . 7 . 8 . 1 )  (E T H P T ). -  SACCHAROMYCES 
CEREVISIAE

5 c o r e =  75 Q u a l i t y  4 5 . 7 3 2
8 I D s ;  6 CONs; 4 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 .1 3 7 1 E + 0 2

★ ★ ★★ * * * *
68 YYDPNLNTDTPRWTYFSY 85

293  YFDQDLHTNS PRYSKGSY 310
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>PHL_LEPIN 556 A m i n o - a c i d s
SPHINGOMYELINASE C PRECURSOR (EC 3 . 1 . 4 . 1 2 )  (SPHINGOMYELIN 
PHOSPHODIESTERASE)

S c o r e =  74 Q u a l i t y  5 1 .7 4 8  
10 I D s ;  2 CONs; 5 M i s m a t c h e s ;  0 G a p s .  E x p .  No. 0 . 1 6 9 9 E + 0 2

131 EAFDTDARKILLDGVRS 147
5 EPFNTGARKIHTAPVRS 21
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Appendix 1
ID PEM1_YEAST STANDARD; PRT; 8 69 AA.
AC P05374;
DT Ol-NOV-1988 (REL. 09, CREATED)
DT Ol-NOV-1988 (REL. 09, LAST SEQUENCE UPDATE)
DT Ol-DEC-1992 (REL. 24, LAST ANNOTATION UPDATE)
DE PHOSPHATIDYLETHANOLAMINE M-METHYLTRANSFERASE (EC 2.1.1.17).
GN PEMl OR CH02.
OS SACCHAROMYCES CEREVISIAE (BAKER'S YEAST).
OC EUKARYOTA; FUNGI; ASCOMYCOTINA; HEMIASCOMYCETES.
RN [1]
RP SEQUENCE FROM N.A.
RM 88058872
RA KODAKI T., YAMASHITA S.;
RL J. BIOL. CHEM. 262:15428-15435(1987).
CC PATHWAY: FIRST STEP IN PHOSPHATIDYLETHANOLAMINE METHYLATION 
CC PATHWAY.
CC CATALYTIC ACTIVITY: S-ADENOSYL-L-METHIONINE + PHOSPHATIDYL- 
CC ETHANOLAMINE = S-ADENOSYL-L-HOMOCYSTEINE +

PHOSPHATIDYL-N- 
CC METHYLETHANOLAMINE.
DR EMBL; M16987; SCPEMA.
DR PIR; A28443; A28443.
KW PHOSPHOLIPID BIOSYNTHESIS;
SQ SEQUENCE

MSSCKTTLSE
lALAIISNFF ICYWVFQRFG 
SHYETLTNCA KTHAIFSKIP 
EIRSKMPKEY DLFAYPEEIN 
SWVQIFNWRS LLGVILILFN

TRANSFERASE; METHYLTRANSFERASE. 
869 AA; 101203 MW; 4224949 CN;
MVGSVTKDRG TINVEARTRS SNVTFKPPVT

TLKKSLLEKC 
LGIGLVLHYQ 
WNFIRKFCQY 
IIYVYLSIPY 
FFFLEESELI 
YSQFLFLKYV 
MGLSFNNFNK 
VSWLFISTIL 
LMIIHTGLQI 
GDFFLSNYIS 
LAVLWTLTNF 
VNRIENIIIK 
LSPYCELKIE 
ADREKTRVGS 
TSLLYFENGI 
EFLTKVNVLK 
AHVISHRAWD

LQFTKYFFLV
QNKDANSNFS
VWLIFRQFVD
IWVKLDAHRV

HDMVRSLFDP
QYLFWRIAYN
TNSNSFSEKF
LILMQDFVTY
VKDYAWYWGD

FDGVFNISPH PMYSIGYLGY YGLSLICNDY KVLLVSVFGH
ENPHIERTYG
LRFTDYFTIG
YKQSQSKWFT
WSNFSNINNS
TRKLTSQGIY

DGTDSDSQMN
TVAALMLGTI
RLFLENGYTQ
QLIFGLILVA
RYLNHPEAVL

SRIDDLISKE
MNARFINLNY
VYSYEQWQFI
LQTWCDKETR
GWGVWGTVL

NYDYSRPLIN
LFITVFVTKL
YNYYLVLTYT
LAISDFGWFY
MTNFAVTNII

ILVKFIETPH VNKIYGKTKR VSGVGKTLLG LKPLRQVSDI 
SLVDESKNSN GGAELLPKNY QDNKEWNILI QEAMDSVATR 
NEQVETNFVL PTPVTLNWKM PIELYNGDDW 
GGHWSATSKD SYMNHGLRHK ESVTEIKATE 
YEFRYHSGNS HKVLLISTPF EISLPVLNTT 
DGKFRPLGNK FFGMDSLKQL IKNSIGVELS 
IKQTLDSLA

IGLYKVIDTR
KYVQGKVTFD
TPELFEKDLT
SEYMRRVNGD
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  Appendix 1
* DETECTION OF SITES AND SIGNATURES IN A PROTEIN SEQUENCE *

Done on sequence PEM1_YEAST.

DE PHOSPHATIDYLETHANOLAMINE M-METHYLTRANSFERASE (EC 2.1.1.17).
OS SACCHAROMYCES CEREVISIAE (BAKER’S YEAST).

Total number of residues is: 869.
Analysis done on the complete sequence.

Warning: all the sites, regions and signatures detected by this program are 
only POTENTIALLY biologically significant. Please use the textbook' option 
to learn more about the validity of what was found in your sequence.

N-glycosylation site.

Number of potential sites found: 5

[ 1 ]  32 : rtrss N vtfkp 
[ 2] 138 : kdans N fstns
[ 3] 463 : Iqiws N fsnin
[ 4] 468 : nfsnl N nsqli
[ 5] 788 : sipvl N tttpe

Tyrosine sulfatation site.

Number of potential sites found: 2

[ 1] 319 : hiert Y gdgtd 
[ 2] 685 : mplel Y ngddw

cAMP- and cGMP-dependent protein kinase phosphorylation site.

Number of potential sites found: 2

[ 1] 515 : strki T sqgiy 
( 2] 582 : ktkrv S gvgkt

Protein kinase 0  phosphorylation site.

Number of potential sites found: 12

[1 ]  3 : ms S cktti
[ 2] 34 : rssnv T fkppv 
[3 ]  51 : sifdp T Ikksi 
[ 4] 147 : nsnsf S ekfwn 
[ 5] 510 : Isnyi S trkit 
[ 6] 511 : snyis T rklts 
( 7] 578 : kiygk T krvsg 
[ 8] 717 : ghwsa T skdsy
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[ 9] 739 : teika T ekyvq Appendix 1
[ 10] 770 ; yhsgn S hkvll
[11] 826 : ffgmd S Ikqii 
[ 12] 855 : dahvi S hrawd

Casein kinase II phosphorylation site.

Number of potential sites found: 15

1] 7 : ssckt T Isemv
2] 46 : hdmvr S Ifdpt
3] 55 : ptikk S llekc
4] 111: vihyq S hyetl
5] 145 : stnsn S fsekf
6] 318 : phier Tygdgt
7] 323 : tygdg T dsdsq
8] 331 : dsqmn S riddi
9] 483 : Ivalq T wcdke
10] 611 : niiik S Ivdes
11] 699 : ykvid T radre
12] 717 : ghwsa T skdsy
13] 732 : Irhke S vteik
14] 778 : vllis T pfels
15] 790 : pvint T tpelf

Tyrosine kinase phosphorylation site.

Number of potential sites found: 2

[ 1] 175 : ydlfa Y peein 
[ 2] 428 : fieng Y tqvys

N-myristoylation site.

Number of potential sites found: 8

[ 1 ]  80 : vfqrf G Iqftk 
[ 2] 352 : plinm G Isfnn 
[ 3] 370 : dyfti G tvaal 
[ 4] 378 : aalmi G timna 
[ 5] 534 : vigw G vwgtv 
( 6] 583 : tkrvs G vgktl 
[ 7] 711 : trvgs G ghwsa 
[ 8] 836 : iknsi G veiss

Sites annotated on the sequence

( P )  (P )
I I

1 Met-Ser-Ser-Cys-Lys-Thr-Thr-Leu-Ser-Glu-Met-Val-Gly-Ser-Val-
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16 Thr-Lys-Asp-Arg-G!y-Thr-lle-Asn-Val-Glu-Ala-Arg-Thr-Arg-Ser- Appendix 1

Cho (P)
I I

31 Ser-Asn-Val-Thr-Phe-Lys-Pro-Pro-Val-Thr-His-Asp'Met-Val-Arg- 

(P) (P) (P)
I I I

46 Ser-Leu-Phe-Asp-Pro-Thr-Leu-Lys-Lys-Ser-Leu-Leu-GIu-Lys-Cys-

61 lle-AIa-Leu-Ala-IIe-lle-Ser-Asn-Phe-Phe-lle-Cys-Tyr-Trp-Val-

Myr
I

76 Phe-Gln-Arg-Phe-Gly-Leu-Gln-Phe-Thr-Lys-Tyr-Phe-Phe-Leu-Val- 

91 Gln-Tyr-Leu-Phe-Trp-Arg-lle-AIa-Tyr-Asn-Leu-Gly-IIe-Gly-Leu-

( P )  
I

106 Val-Leu-His-Tyr-GIn-Ser-His-Tyr-Glu-Thr-Leu-Thr-Asn-Cys-Ala- 

121 Lys-Thr-His-AIa-lle-Phe-Ser-Lys-IIe-Pro-Gln-Asn-Lys-Asp-Ala-

Cho (P) (P)
I I I

136 Asn-Ser-Asn-Phe-Ser-Thr-Asn-Ser-Asn-Ser-Phe-Ser-GIu-Lys-Phe-

151 T rp-Asn-Phe-IIe-Arg-Lys-Phe-Cys-Gln-T y r-Glu-Ile-Arg-Ser-Lys-

(P )  
I

166 Met-Pro-Lys-GIu-Tyr-Asp-Leu-Phe-Ala-Tyr-Pro-GIu-GIu-IIe-Asn- 

181 Val-Trp-Leu-IIe-Phe-Arg-Gln-Phe-Val-Asp-Leu-IIe-Leu-Met-GIn- 

196 Asp-Phe-Val-Thr-Tyr-lle-IIe-Tyr-Val-Tyr-Leu-Ser-lle-Pro-Tyr- 

211 Ser-Trp-Val-Gln-IIe-Phe-Asn-Trp-Arg-Ser-Leu-Leu-G!y-Val-lle- 

226 Leu-lle-Leu-Phe-Asn-lle-Trp-Val-Lys-Leu-Asp-Ala-His-Arg-Val- 

241 Val-Lys-Asp-Tyr-AIa-Trp-Tyr-Trp-Gly-Asp-Phe-Phe-Phe-Leu-GIu- 

256 GIu-Ser-Glu-Leu-IIe-Phe-Asp-GIy-Val-Phe-Asn-IIe-Ser-Pro-His- 

271 Pro-Met-Tyr-Ser-lle-Gly-Tyr-Leu-GIy-Tyr-Tyr-GIy-Leu-Ser-Leu- 

286 lle-Cys-Asn-Asp-Tyr-Lys-Val-Leu-Leu-Val-Ser-Val-Phe-GIy-His- 

301 Tyr-Ser-GIn-Phe-Leu-Phe-Leu-Lys-Tyr-Val-GIu-Asn-Pro-His-IIe- 

(P) S04 (P)
I I I

316 Glu-Arg-Thr-Tyr-GIy-Asp-GIy-Thr-Asp-Ser-Asp-Ser-Gln-Met-Asn- 

( P )
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331 Ser-Arg-IIe-Asp-Asp-Leu-IIe-Ser-Lys-Glu-Asn-Tyr-Asp-Tyr-Ser- Appendix 1

Myr
I

346 Arg-Pro-Leu-Ile-Asn-Met-GIy-Leu-Ser-Phe-Asn-Asn-Phe-Asn-Lys-

Myr
I

361 Leu-Arg-Phe-Thr-Asp-Tyr-Phe-Thr-lle-Gly-Thr-Val-Ala-Ala-Leu- 

Myr
I

376 Met-Leu-Gly-Thr-lle-Met-Asn-Ala-Arg-Phe-IIe-Asn-Leu-Asn-Tyr-

391 Leu-Phe-IIe-Thr-Val'Phe-Val-Thr-Lys-Leu-Val-Ser-Trp-Leu-Phe-

406 lle-Ser-Thr-Ile-LeU'Tyr-Lys-Gln-Ser-Gln-Ser-Lys-Trp-Phe-Thr-

(P)
I

421 Arg-Leu-Phe-Leu-Glu-Asn-Gly-Tyr-Thr-GIn-Val-Tyr-Ser-Tyr-GIu-

436 G!n-Trp-G!n-Phe-IIe-Tyr-Asn-Tyr-Tyr-Leu-Val-Leu-Thr-Tyr-Thr-

Cho
I

451 Leu-Met-IIe-lle-His-Thr-Gly-Leu-GIn-IIe-T rp-Ser-Asn-Phe-Ser-

Cho
I

466 Asn-Ile-Asn-Asn-Ser-Gln-Leu-IIe-Phe-GIy-Leu-IIe-Leu-Val-Ala-

(P)
I

481 Leu-Gln-Thr-T rp-Cys-Asp-Lys-GIu-Thr-Arg-Leu-AIa-IIe-Ser-Asp-

(P)
I

496 Phe-Gly-Trp-Phe-Tyr-Gly-Asp-Phe-Phe-Leu-Ser-Asn-Tyr-lle-Ser-

(P) (P)
I I

511 Thr-Arg-LyS'Leu-Thr-Ser-Gln-Gly-lle-Tyr-Arg-Tyr-Leu-Asn-His-

Myr
I

526 Pro-Glu-AIa-Val-Leu-GIy-Val-Val-Gly-Val-Trp-Gly-Thr-Val-Leu-

541 Met-Thr-Asn-Phe-AIa-Val-Thr-Asn-lle-Ile-Leu-AIa-Val-Leu-Trp-

556 Thr-Leu-Thr-Asn-Phe-IIe-Leu-Val-Lys-Phe-IIe-GIu-Thr-Pro-His-

(P) (P) Myr
I I I

571 Val-Asn-Lys-lle-Tyr-Gly-Lys-Thr-Lys-Arg-Val-Ser-Gly-Val-GIy- 

586 Lys-Thr-Leu-Leu-Gly-Leu-Lys-Pro-Leu-Arg-Gln-Val-Ser-Asp-lle-
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Appendix 1
I

601 Val-Asn-Arg-lle-GIu-Asn-IIe-lle-IIe-Lys-Ser-Leu-Val-Asp-GIu- 

616 Ser-Lys-Asn-Ser-Asn-Gly-GIy-Ala-Glu-Leu-Leu-Pro-Lys-Asn-Tyr- 

631 Gln-Asp-Asn-Lys-GIu-Trp-Asn-lle-Leu-lle-Gln-GIu-Ala-Met-Asp- 

646 Ser-Val-Ala-Thr-Arg-Leu-Ser-Pro-Tyr-Cys-GIu-Leu-Lys-lle-Glu- 

661 Asn-GIu-Gln-Val-Glu-Thr-Asn-Phe-Val-Leu-Pro-Thr-Pro-Val-Thr-

S04
I

676 Leu-Asn-Trp-Lys-Met-Pro-lle-Glu-Leu-Tyr-Asn-Gly-Asp-Asp-Trp-

( P )
I

691 lle-GIy-Leu-Tyr-Lys-Val-IIe-Asp-Thr-Arg-AIa-Asp-Arg-Glu-Lys- 

Myr (P)
I I

706 Thr-Arg-Val-GIy-Ser-Gly-GIy-His-Trp-Ser-Ala-Thr-Ser-Lys-Asp-
I

(P )

(P )
I

721 Ser-Tyr-Met-Asn-His-Gly-Leu-Arg-His-Lys-GIu-Ser-Val-Thr-GIu-

( P )
I

736 lle-Lys-AIa-Thr-GIu-Lys-Tyr-Val-GIn-Gly-Lys-Val-Thr-Phe-Asp- 

751 Thr-Ser-Leu-Leu-Tyr-Phe-Glu-Asn-GIy-IIe-Tyr-Glu-Phe-Arg-Tyr-

( P )  (P )
I I

766 His-Ser-Gly-Asn-Ser-His-Lys-Val-Leu-Leu-lIe-Ser-Thr-Pro-Phe-

Cho (P)
I I

781 GIu-lle-Ser-Leu-Pro-Val-Leu-Asn-Thr-Thr-Thr-Pro-GIu-Leu-Phe- 

796 Glu-Lys-Asp-Leu-Thr-GIu-Phe-Leu-Thr-Lys-Val-Asn-Val-Leu-Lys- 

811 Asp-Gly-Lys-Phe-Arg-Pro-Leu-Gly-Asn-Lys-Phe-Phe-GIy-Met-Asp- 

(P) Myr
I I

826 SGr-L6u-Lys-Gln-L6u-ll6-Lys-Asn-S@r-ll6-Gly-Val-Glu-LGu-S6r-

(P )
I

841 Ser-Glu-Tyr-Met-Arg-Arg-Val-Asn-GIy-Asp-Ala-His-Val-IIe-Ser- 

856 His-Arg-Ala-Trp-Asp-IIe-Lys-GIn-Thr-Leu-Asp-Ser-Leu-Ala
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Abbreviations: Appendix 1

Cho : stands for a carbohydrate group.
Myr : stands for a myristyl group.
(P) : stands for a phosphate group.
S04 : stands for a sulfate group.

===13-APR-1993====================PR0SITE==========================PC/GENE===
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Appendix 1
ID PEM2_YEAST STANDARD; PRT; 20 6 AA.
AC P05375;
DT Ol-NOV-1988 (REL. 09, CREATED)
DT Ol-NOV-1988 (REL. 09, LAST SEQUENCE UPDATE)
DT Ol-NOV-1990 (REL. 16, LAST ANNOTATION UPDATE)
DE M E T H Y L E N E -F A T T Y -A C Y L -P H O S P H O L I P I D  SYN TH A SE (EC 2.1.1.16) 
(UN SATU RATED

DE P H O S P H O L I P I D  M E T H Y L T R A N S F E R A S E ).
GN PEM2 OR OP13.
OS SACCHAROMYCES CEREVISIAE (BAKER'S YEAST).
OC EUKARYOTA; FUNGI; ASCOMYCOTINA; HEMIASCOMYCETES.
RN [1]
RP SEQUENCE FROM N . A .
RM 88058872
RA KODAKI T., YAMASHITA S.;
RL J. BIOL. CHEM. 262:15428-15435(1987).
CC PATHWAY: SECOND AND THIRD STEPS OF PHOSPHATIDYLETHANOLAMINE 
CC METHYLATION PATHWAY (HAS ALSO SOME ACTIVITY FOR THE

FIRST METHYLATION STEP).
CC CATALYTIC ACTIVITY: S-ADENOSYL-L-METHIONINE + PHOSPHOLIPID 
CC OLEFINIC FATTY ACID = S-ADENOSYL-L-HOMOCYSTEINE +

PHOSPHOLIPID METHYLENE FATTY ACID.
DR EMBL; M16988; SCPEMB.
DR PIR; B28443; B28443.
KW PHOSPHOLIPID BIOSYNTHESIS; TRANSFERASE; METHYLTRANSFERASE.
SQ SEQUENCE 206 AA; 23150 MW; 235628 CN;

MKESVQEIIQ QLIHSVDLQS SKFQLAIVCT MFNPIFWNIV ARMEYHKHSL
TKMCGGARKG CYMLAATIFS LGIVRDMVYE SALREQPTCS LITGENWTKL
GVALFGLGQV LVLSSMYKLG ITGTYLGDYF GILMDERVTG FPFNVSNNPM
YQGSTLSFLG lALYKGKPAG L W S A W Y F M  YKIALRWEEP FTAMIYANRD
KAKKNM
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* DETECTION OF SITES AND SIGNATURES IN A PROTEIN SEQUENCE * Appendix 1

Done on sequence PEM2_YEAST.

DE METHYLENE-FATTY-ACYL-PHOSPHOLIPID SYNTHASE (EC 2.1.1.16) (UNSATURATED 
DE PHOSPHOLIPID METHYLTRANSFERASE).
OS SACCHAROMYCES CEREVISIAE (BAKER’S YEAST).

Total number of residues is: 206.
Analysis done on the complete sequence.

Warning: all the sites, regions and signatures detected by this program are 
only POTENTIALLY biologically significant. Please use the textbook’ option 
to learn more about the validity of what was found in your sequence.

N-glycosylation site.

Number of potential sites found; 2

[ 1 ]  96 : litge N wtklg 
[ 2] 144 : tgfpf N vsnnp

Protein kinase C phosphorylation site.

Found at 20 : svdlq S skfql 

Casein kinase II phosphorylation site.

Found at 4 : mke S vqeii 

N-myristoylation site.

Number of potential sites found: 5

[ 1] 56 : tkmcg G arkgc
[ 2] 120 : smyki G itgty
( 3] 123 : kigit G tylgd
[ 41 153 : npmyq G stisf
I 5] 170 : kgkpa G Iwsa
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Sites annotated on the sequence

(P )  
I

1 Met-Lys-GIu-Ser-Vai-Gln-GIu-ile-lIe-Gln-GIn-Leu-Iie-His-Ser-

(P )  
I

16 Val-Asp-Leu-Gln-Ser-Ser-Lys-Phe-GIn-Leu-Ala-lie-Val-Cys-Thr-

31 Met-Phe-Asn-Pro-ile-Phe-T rp-Asn-lle-Val-AIa-Arg-Met-GIu-Tyr-

Myr
I

46 His-Lys-Hls-Ser-Leu-Thr-Lys-Met-Cys-Gly-GIy-Ala-Arg-Lys-Gly- 

61 Cys-Tyr-Met-Leu-Ala-AIa-Thr-lle-Phe-Ser-Leu-GIy-lle-Val-Arg- 

76 Asp-Met-Val-Tyr-Glu-Ser-Aia-Leu-Arg-Glu-Gln-Pro-Thr-Cys-Ser- 

Cho
I

91 Leu-lle-Thr-Gly-Glu-Asn-Trp-Thr-Lys-Leu-GIy-Val-AIa-Leu-Phe-

Myr
I

106 Gly-Leu-Gly-Gln-Val-Leu-Val-Leu-Ser-Ser-Met-Tyr-Lys-Leu-Gly- 

Myr
I

121 lle-Thr-Gly-Thr-Tyr-Leu-Gly-Asp-Tyr-Phe-GIy-lle-Leu-Met-Asp-

Cho
I

136 Glu-Arg-Vai-Thr-Gly-Phe-Pro-Phe-Asn-Val-Ser-Asn-Asn-Pro-Met- 

Myr
I

151 Tyr-Gln-Giy-Ser-Thr-Leu-Ser-Phe-Leu-Gly-lle-Ala-Leu-Tyr-Lys- 

Myr
I

166 Gly-Lys-Pro-Ala-Gly-Leu-Val-Val-Ser-Ala-Val-Val-Tyr-Phe-Met- 

181 Tyr-Lys-lle-Ala-Leu-Arg-Trp-Glu-GIu-Pro-Phe-Thr-Ala-Met-IIe- 

196 Tyr-Ala-Asn-Arg-Asp-Lys-Ala-Lys-Lys-Asn-Met

Abbreviations:

Cho : stands for a carbohydrate group.
Myr : stands for a myristyl group.
(P) : stands for a phosphate group.
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Isozymes of rat brain myelin 
phospholipid-N-methyltransferase.
VADIM TSVETNTTSKY, LUMA AUCHI, FRANCIS A. 
YEBOAH and WILLIAM A. GIBBONS.

University-lndustry Centre for Pharmaceutical Research, School of 
Pharmacy, University of London, 29-39 Brunswick Square, London WC1.

Myelin is a specialised extension of the plasma 
membrane of oligodendrocytes in the CNS which wraps 
around the axon and provides insulation for and 
facilitation of axonal conduction. Its composition is 70- 
75% lipid with six major proteins accounting for more 
than 95% of total protein. Ib e  earlier concept of myelin as 
an inert membrane has been revised and myelin is known 
to contain numerous enzymes, more than half of which 
metabolise lipids [1].
Phospholipid methyltransferase (PLMTase) catalyses 
transfer of CH3- groups from the methyl donor S- 
adenosyl-methionine (SAM) to the amino head-group of 
phosphatidylethanolamine (PE) to yield monomethyl-PE 
(PME), dimethyl-PE (PDE) and phosphatidylcholine (PC). 
PLMTase was reported from rat liver [2] to be a single 
polypeptide, Mr 18.3 kDa, which possessed all three 
methylating activities. Others suggested PLMTase had 
two activities [3][4][5]. The first one catalysed formation 
of PME and the second either completed PC formation 
from PME or catalysed all three steps [6]. Rat brain 
myelin PLMTase [7] was also reported to be a two- 
enzyme methylating system.
Here we report that iso-electric focusing (lEP) of Triton 
X-lOO-solubilised myelin proteins resulted in separation 
of acidic (pI-5) and basic (pI-9) PLMTase activities. The 
acidic activity yielded three distinct peaks upon further 
re-focusing.
Myelin was isolated according to the classical procedure 
[8] with the additional sucrose gradient [9] and 
solubilised in phosphate buffer (pH 8.0) containing 0.5% 
(w/v) Triton X-100. The solubilised proteins were 
subjected to lEF on Preparative lEF Cell (Bio-Rad) over 
pH gradient from 3 to 10. The harvested fractions were 
assayed for PLMTase activity after adjusting pH to 8 by 
incubating the aliquot from each lEF fraction for 30 min 
at 40®C with 200^M S-adenosyl-L-f^H-mefAyZ)- 
methionine (12.5 mCi/mmol) and 10|il of the mixture of 
PE (8mg/ml) and PME (Img/ml). After the phospholipids 
were extracted and dried, the amount of {^'H.-methyï) 
incorporated into phospholipids was measured by liquid 
scintillation counting. The active fractions were pooled 
and subjected to re-focusing. The aliquots of each A ction  
were analysed by 12% SDS-PAGE and the gels silver- 
stained.
The results indicated that iso-electric focusing over the 
pH range 3-10 separated detergent-solubilised myelin 
PLMTase into two broad peaks of activity, one in the pi 4- 
7 and another in the basic region respectively. Upon re
focusing (pH 3-7) the former reve«ded three (hstinct 
methylating activities with pi 4.5, 5.5 and 6.5 (Fig. 1). Re
fractionation of the basic activity (pH 7-10) did not result 
in tighter focusing but activity centred around pI-9.
TLC separation and radiometric analysis of the products 
of PLMTase showed predominant formation of PME both 
from the pi 4.5 and 5.5 activities whilst the pi 6.5 activity 
yielded 30% PC and >60% PME. We cannot yet attribute 
these differences as evidence of separate mono- 
methyladng and di/tri-methylating activities.
SDS-PAGE of each active acidic fraction unveiled the 
presence of one major band at Mr 65±2 kDa plus a few 
m in or bands while active basic fractions contained the ca 
65 kDa band and one at -200 kDa (not shown).
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Fig. 1 PLMTase assay of the lEF firactions of Triton X- 
100-solubilised myelin.

The predominant activity was confirmed to occur at ca 65 
kDa by preparative column SDS-PAGE with lower 
activity detected at ca 20 kDa.
The most probable but not the only explanation of these 
data is that rat brain myelin contains three acidic and at 
least one basic phospholipid methylating isozymes and 
that the major isozyme in each case is between 60-70 kDa 
in size.
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Purification of piasma membrane rat iiver 
phosphatidylserine decarboxyiase.
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The genes and proteins of phosphatidylserine 
decarboxylase (PSDase) have been characterised in 
microorganisms [1, 2] and the enzyme partially purified 
from rat liver mitochondria [3]. This enzyme catalyses 
formation of phosphatidylethanolamine (PE) firom PS. It 
has not been reported fi*om platelets or liver plasma 
membranes. The latter were characterised by enzyme 
markers and shown to contain less then 5 percent 
mitochondria or other organelle contaminants.
The purified liver plasma membranes were solubilised 
using one percent CHAPS and diluted to 0.3% prior the 
PSDase assay. C^Mabelled PS was incubated with the 
solubilised membranes and the chloroform-extractable 
radioactive products were separated by TLC and 
determined quantitatively by radiometric scanning. 
Surprisingly, the principal product was radiolabelled 
phosphatidylcholine (PC) with small amounts of mono 
(PME) and dimethylated PE (PDE), corresponding to the 
four steps of Equation 1
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Figure 1. Time course for PS decarboxylation by CHAI 
solubilised rat liver plasma membranes.
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At incubation times up to 10 minutes for every mole of PS 
that disappeared greater then 90% of the radioactivity 
was recovered as PC (Fig. 1).
The CHAPS-solubilised membranes were subjected to 
native PAGE and the gel divided into 15 x 1 cm slices. 
Proteins eluted firom each slice were assayed for PSDase 
activity. Ninety percent of total activity occurred between 
60 and 70 kDa and the product was 90% PC.
This evidence is consistent with either a single enzyme of 
ca 65kDa that has both PSDase and phospholipid N- 
meth^transferase activities or two enzymes that co- 
electrophorese.
Preliminary experiments have shown that PSDase occurs 
in platelet plasma membranes [4].
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Despite the fact that thirty to forty percent o f all 
phosphatidylcholine (PC) is made by the S-adenosyl-methionine 
(SAM)-dependent transmethylation pathway in liver [1] and that 
the conversion of phosphatidylethanolamine (PE) to PC by this 
pathway (Equation 1) correlates with several signal transduction 
processes [2],

PE > PME > PDE > PC (Eq. 1)

uncertainty still exists concerning the purification, molecular 
weight, subunit composition. Isozymes and mechanisms of the 
responsible cnzyme(s) phospholipid N-mcthyltransferase 
(PLMTase). The latter has been reported to be a single 18.3kDa 
polypeptide chain that possesses all three methylating activities 
depicted in equation 1 [3], or an SOkDa enzyme possessing a 
25kDa catalytic subunit [4] Additional forms varying up to ca 
200-300kDa have also been detected [5].
Fig. 1 demonstrated that three molecitiar weight forms of 
phospholipid methylating activity can be detected from CHAPS- 
solubilised liver microsomes at ca >200kDa, 66kDa and <40kDa 
on a Superose 6 gel filtration column. At least 90% of PLMTase 
activity from botii the 200kDa and 66kDa gel filtration fractions 
was eluted with IM NaCl from MonoQ columns as showed in 
Figs. 2 and 3. Ion-exchange chromatography of CHAPS- 
solubilised microsomes using DEAE-cellulose followed by 
MonoQ chromatography using a shallower salt gradient (Fig. 4) 
revealed four peaks of SAM-dependent ethanolamine lipid 
methylating activity.
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Figure 1. Gel-filtration chromatography of solubilised liver 
microsomes on Superose 6.
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Figure 3. Ion-exchange chromatography of the low molecular 
weight PLMTase activity from gcl-ftitration.

Figure 4. Ion-exchange chromatography of solubilised 
microsomes eluted from MonoQ with modified salt gradient.

These data arc consistent with the hypothesis that several SAM- 
dependent isozymes exist that convert PE to PC but other 
explanations for the various activities exist including separate 
enzymes for the méthylation of ether and diacylglycero- 
phospholipids or separate enzymes for mono, di and 
trimethylation. The major lipid methylating enzymes, according to 
the above e^ rim en ts were ca 65±21cDa in size and acidic in 
nature. Preliminary isoelectic focusing results are consistent with 
several acidic isozymes plus at least one basic isozyme.
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Figure 2. Ion-exchange chromatography o f the high molecular 
weight activity from gel filtration.
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