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ABSTRACT 

In response to salinity and drought, some higher plants accumulate the secondary 

metabolite glycinebetaine which functions as a compatible osmolyte (Rhodes and 

Hanson, 1993). Choline, a precursor of glycinebetaine (Rhodes and Hanson, 1993), is 

also a component of a primary metabolite phosphatidylcholine, an ubiquitous membrane 

phospholipid (Moore, 1982). In leaves of the glycinebetaine accumulator spinach, 

choline is synthesized as phosphocholine (PCho) and PCho is synthesized by three 

sequential N-methylations of phosphoethanolamine (PEA) ~ phosphomethyl-EA 

(PMEA) ~ phosphodimethyl-EA (PDEA) ~ PCho. The methyl group donor is S

adenosyl-L-methionine, SAM (Summers and Weretilnyk, 1993). The enzyme SAM: 

PMEA N-methyltransferase (PMEAMeT) is suggested to N-methylate PMEA ~ PDEA 

~ PCho (Weretilnyk and Summers, 1992). 

A four-step strategy was developed for the partial purification of PMEAMeT on 

the basis of PMEA-dependent methylations (PMEAMeT activity) that involved the 

extraction of soluble leaf protein, ammonium sulfate precipitation, and column 

chromatography on DEAE Sepharose, Phenyl Sepharose and High Q Anion matrices. 

PDEA-dependent methylating activity co-purified with PMEAMeT activity which 

suggested PMEAMeT may N-methylate PMEA ~ PDEA ~ PCho. PMEAMeT was 

purified 43-fold and has specific activities of 14.7 and 18.0 nmol•min-1•mg-1 protein with 

PMEA and PDEA as substrates, respectively. Thin layer chromatography was used to 

identify the reaction products formed during the 30 minute assay incubation: with PMEA 

as the substrate, PDEA and PCho were detected in a ratio of 9: 1 as products; and with 

PDEA as the substrate, PCho was detected as the only product. 

PMEAMeT was estimated to have a native molecular mass of 76 kDa by HPLC 

gel filtration chromatography. Both PMEA and PDEA N-methylating activities have an 

alkaline pH optimum between 8.5 and 9.0 in 0.1 M Tris-HCl buffer. Neither activity was 
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affected by the omission of Na2-EDT A from the assay. The addition of 10 mM Mg2
+ to 

the assay inhibited PMEA and PDEA-dependent methylation by approximately 49% and 

32%, respectively; whereas, the addition of 1 and 10 mM Mn2
+ to the assay completely 

inhibited both activities. 

Both activities were inhibited by the reaction products S-adenosyl-L

homocysteine by over 90% at 0.2 mM and PCho by approximately 80% at 10 mM. Of 

the products ofPCho hydrolysis, choline inhibited PMEA-dependent methylation by 10% 

at 10 mM; whereas, Pi inhibited PMEA and PDEA-dependent methylation by 38 and 

19%, respectively at 10 mM. The compatible osmolyte glycinebetaine inhibited PMEA 

and PDEA-dependent methylation by between 20 and 30% at 140 mM; however, the 

inibition of PMEA-dependent methylation can be partly accounted for by the presence of 

cr ions in the assay. If present at these concentrations in the same subcellular 

compartment, these metabolites could serve as regulators ofPMEAMeT activities in vivo. 

Study of PMEAMeT contributed to identifying the number of enzymes that N

methylate PEA ~ PMEA ~ PDEA ~ PCho and possible regulatory metabolites for 

choline biosynthesis in vivo. These data are pertinent to basic research and also to 

genetic-engineering studies aimed at introducing the glycinebetaine-accumulating trait 

into crop plants as an approach to enhancing osmotic-stress resistance. 
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LITERATURE REVIEW 

Salinity and drought are interrelated, abiotic (osmotic) stresses that represent two of 

the major constraints to plant and crop distribution and productivity world wide (Boyer, 

1982; Le Rudulier et al., 1984). Understanding the mechanisms that confer adaptation to 

saline and dry environments holds much theoretical and practical value (Hanson and Hitz, 

1982; Boyer, 1982; Flowers et al., 1977; Greenway and Munns, 1980). Adaptive 

mechanisms to these osmotic stresses can be expressed at four levels: (1) developmental, (2) 

morphological, (3) physiological, and (4) metabolic (Deluaney and Verma, 1993). Complex 

adaptive mechanisms, such as those expressed at levels (1), (2) and (3), involve the interplay 

of numerous gene products, many of which remain largely uncharacterized (McCue and 

Hanson, 1990; Deluaney and Verma, 1993). However, present technology can be applied to 

understand and manipulate less complex mechanisms, namely cell-level metabolic 

adaptations which may involve only single or few gene products (McCue and Hanson, 

1990). 

Osmotic adjustment, or the accumulation of solutes by cells, is based upon a number 

of cellular metabolic responses that result in the lowering of the water potential ('P w) of a 

cell which then helps plants take up and retain water under conditions of osmotic stress 

(Hanson and Hitz, 1982; Rhodes, 1987; Taiz and Zeiger, 1994). One of the metabolic 

responses is the accumu~n of small, low molecular weight organic solutes called 

compatible osmolytes that are believed to contribute substantially in establishing a low 

cellular 'Pw (Yancey et al., 1982; Rhodes, 1987). Recently, there has been an interest in 

introducing compatible osmolyte biosynthesis in crop plants as an approach to improving 

osmotic stress resistance (Le Rudulier et al., 1984; McCue and Hanson, 1994). 

The relatively simple biosynthetic pathway of the compatible osmolyte 

glycinebetaine has been targeted for metabolic engineering in crops (Holmstrom et al., 
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1994; Rathinasabapathi et al., 1994; Lilius et al., 1996) since the enzymes and the 

corresponding genes responsible for the two step synthesis of glycinebetaine from its 

precursor choline are available (Rhodes and Hanson, 1993; Burnet et al., 1995; 

Rathinasabapathi et al., 1997). However, introducing the glycinebetaine biosynthetic 

pathway in crops likely requires the up-regulation of the choline biosynthetic pathway 

(Nuccio et al., 1998). Choline is also required ubiquitously for phosphatidylcholine 

(PtdCho) biosynthesis, a dominant membrane phospholipid (Moore, 1982). Therefore, 

understanding how choline biosynthesis is regulated for both glycinebetaine and PtdCho 

production in glycinebetaine accumulating plants is pertinent to genetic engineering studies. 

Interestingly for a primary metabolic pathway, little is known about the enzymes or the 

corresponding genes involved in choline biosynthesis. 

The first few sections of the literature review describe the process of osmotic 

adjustment and sections that follow focus on the compatible osmolyte glycinebetaine. Then, 

choline and glycinebetaine biosynthetic pathways and their regulation is discussed. In the 

section on choline biosynthetic pathways, the focus is on the N-methylation reaction 

sequence and, finally, the results of metabolically-engineering the glycinebetaine 

biosynthetic pathway are presented. For comparison, information on choline and 

glycinebetaine biosynthetic pathways in other organisms, namely microorganisms, yeast and 

mammals, is also presented. 

METABOLIC ADAPTATION: OSMOTIC ADJUSTMENT. 

Cells must maintain a lower 'I'w than the external media, so that a 'I'w gradient 

(~'Pw(cell-extemai)) is established with a net flux of water into cells. The accumulation of 

solutes within a cell creates an intracellular osmotic potential ('Ps), which usually exceeds 

the external 'Ps which causes the net flux of water into a cell (Wyn Jones and Gorham, 

1983 ). In the presence of a relatively rigid plant cell wall, the net influx of water generates 

an intracellular turgor potential,'¥ P (Wyn Jones and Gorham, 1983; Wyn Jones et al., 1977). 

Thus, at equilibrium the 'Pw balance can be expressed as 'Pw(extemal) = 'Pw(cell) = 'Pp + 'Ps 

(Wyn Jones et al., 1979). 
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Under conditions of drought and salinity, there is a decrease in the external 'I'w 

which can cause a decrease in the cellular 'I'p if water is lost from cells. However, 

maintaining sufficient '¥ P is critical in growth and expansion of plant cells and other aspects 

of plant structure and metabolism (Wyn Jones and Gorham, 1983). In plant cells, there is 

probably a threshold '¥ P ('¥ p, th) below which growth cannot occur and so growth ceases 

before 'Pp = 0 (Wyn Jones et al., 1979). Short-term responses to decreases in the external 

'¥ w, which maintain sufficient cellular '¥ P' are largely determined by physical parameters 

such as cell wall elasticity and hydraulic conductivity (Wyn Jones and Gorham, 1983~ 

Rhodes, 1987). However, longer-term responses to decreases in the external 'I'w require 

lowering the cellular 'I's through osmotic adjustment (Hanson and Ritz, 1982~ Wyn Jones 

and Gorham, 1983; Rhodes, 1987). Therefore, there is an active net accumulation of solutes 

by the cell which leads to a partial re-establishment of the '¥ s difference between cell and 

external media (t\'Ps(cell-extemai)) and that of cellular 'I'p (Wyn Jones and Gorham, 1983; 

Rhodes, 1987). The ability - or lack thereof - to maintain a sufficient cellular '¥ w gradient 

between plant and soil through osmotic adjustment is clearly capable of affecting metabolic 

function (Hanson and Ritz, 1982). Thus, osmotic adjustment is an important metabolic 

adaptation to drought (Morgan, 1984) and salinity (Wyn Jones et al., 1977) and a desirable 

trait of importance to agriculture (Le Rudulier et al., 1984 ). 

Osmotic adjustment must be based upon cellular metabolic responses associated 

with: (1) the accumulation of organic solutes and (2) with increases in, and maintenance of, 

cellular ion gradients as well as with (3) cellular solute compartmentation and (4) solute 

translocation within a plant (Hanson and Ritz, 1982). Solutes that are accumulated may 

either be synthesized within the cell, generally the case with organic solutes, or transported 

into the cell, the case with ions (Borowitzka, 1981 ). Both synthesis and transport processes 

require metabolic energy, complex controls and retention of solutes against considerable 

concentration gradients (Borowitzka, 1981 ). 
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Model for osmotic adjustment of the cytoplasm. 

A model, especially applicable to salinity, has been proposed for the types of 

solutes that are accumulated in the cytoplasm to lower the 'Ps (Wyn Jones et al., 1977). 

For clarity, the term cytoplasm does not include the vacuole but includes the cytosol and 

other cytoplasmic organelles (Wyn Jones et al., 1977). The model suggests the total ionic 

strength of the cytoplasm does not not exceed 200 to 250 mM with K+ as the dominant 

cation and where a lower 'Psis required, organic solutes are accumulated in preference to 

readily available inorganic ions, such as NaCl (Wyn Jones et al., 1977; Yancey et al., 

1982). It is noteworthy that NaCl is sequestered in the vacuole, contributing to the 

lowering of 'Ps of that compartment. The above model for the accumulation of organic 

solutes for cytoplasmic osmotic adjustment is also recognized in eubacteria, 

cyanobacteria, fungi, algae, fish and mammals (Somero, 1992). 

Why are inorganic ions not accumulated? 

In the cytoplasm of plants and other eukaryotes, the concentration of free K+ is 

maintained between 100 to 150 mM and those of other free major ions are: Na+, <20 mM; 

Cr, 20-30 mM; Mg2+, 1A mM; and Ca2+, <0.1 mM (Wyn Jones et al., 1979). It is found 

that concentrations of inorganic ions higher than in vivo perturb metabolic function by 

interfering at the level of macromolecular activity and/ or structure. For example, ( 1) 

enzyme activity is typically inhibited by 100 mM monovalent inorganic ions, such as NaCl; 

(2) ribosome activity is inhibited by greater than 110 mM K+ and 5 mM Mg2+; (3) ribosome 

structure dissociates into protein subunits in 500 mM Na+, cr, K+ and NH/; and (4) 

membrane structure, including binding of extrinsic proteins, dissociates in greater than 200 

mM monovalent inorganic ion concentrations (Wyn Jones et al., 1979; Pollard and Wyn 

Jones, 1979). Interestingly, ribosome activity seems to be the most sensitive metabolic 

function with specific requirements forK+ and Mg2+ and a sensitivity to free Na+, cr and 

Ca+ (Wyn Jones et al., 1979). Thus, ribosome activity may be a major determinant for the 

concentrations of free inorganic ions that can be tolerated in the cytoplasm (Wyn Jones et 

al., 1979). Thus, accumulating high concentrations of readily available salts, such as NaCl, 
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to lower the \f s during osmotic stress would seriously impair metabolic function (Yancey et 

al., 1982). 

Interestingly, a single group of organisms, halophillic archaebacteria actually have 

extremely high concentrations of Na + and K+ of up to 7 M in the cytoplasm to maintain a 

low lfs needed to survive in their highly saline environments (Somero, 1992). However, 

these obligate halophiles have evolved highly unusual proteins and membranes to retain 

metabolic function at the above inorganic ion concentrations (Yancey et al., 1982; Somero, 

1992). The proteins are highly enriched in acidic residues and depleted in basic ones, and 

thus carry a net negative charge. Therefore, a high concentration of a counterion, like K+, is 

required to allow proteins to fold and maintain their native structures. Similarly, membranes 

have very acidic compounds containing hydrocarbons ether-linked to glycerol. 

Organic solute accumulation, Compatible osmolytes. 

The organic solutes that are accumulated in the cytoplasm are often termed 

"compatible osmolytes" because, unlike inorganic ions, these solutes necessarily do not 

perturb metabolic function, ie they are compatible (Brown and Simpson, 1972). Compatible 

osmolytes have low molecular weights, are highly water-soluble, and are either uncharged 

molecules or zwitterions at physiological pH (Yancey et al., 1982). Interestingly, 

compatible osmolytes are found to fall within a few classes of organic compounds, namely, 

polyols, amino acids and their derivatives, tertiary sulphonium compounds (TSC) and 

quarternary ammonium compounds (QAC; Yancey et al., 1982; Somero, 1992; Samaras et 

al. 1995; Hanson et al., 1995; Popp and Smimoff, 1995). In addition to lowering the lfs, 

some compatible osmolytes may counteract the damaging effects on enzymes and other 

proteins and membranes of high salt concentrations and high temperatures (Somero, 1992; 

Smimoff, 1995; Papgeorgiou and Murata, 1995). 

What is the common property of the various compatible osmolytes that allows 

their accumulation in the cytoplasm? Compatibility with metabolic function is proposed 

to result from the preferential exclusion of these solutes from the surface and immediate 

hydration sphere of proteins, and presumably of other macromolecules (Somero, 1992; 
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Timasheff, 1992). This situation favours minimization of macromolecule surface area 

and thereby, retention of the native macromolecular structure in the presence of high 

concentrations of compatible osmolytes (Somero, 1992; Timasheff, 1992). In contrast, a 

reason for the perturbing effects of high concentrations of inorganic ions (for example) is 

that they readily enter the hydration sphere of proteins and bind to the macromolecule, 

thereby favouring denaturation since this maximizes the number of ion binding sites 

(Somero, 1992; Timasheff, 1992). 

Most compatible osmolytes are not products of primary metabolic pathways, but 

rather are synthesized at the ends of short, secondary pathways (Borowitzka, 1981 ). 

Biochemical proximity to a primary pathway is probably necessary for a rapid supply of 

primary metabolite precursor that may be required for compatible osmolyte synthesis 

during osmotic adjustment (Borowitzka, 1981). Although, it is proposed that a 

compatible osmolyte should be separated by several enzyme steps from its primary 

metabolite precusor to allow for fine control over the pool size of the former 

(Borowitzka, 1981 ). 

Organisms that accumulate compatible osmolytes have, thus, evolved a rather 

simple strategy at the metabolic level allowing them to adapt to a broad range of external 

'Pw (Yancey et al., 1982; Somero, 1992). These organisms need only alter the regulation 

of relatively few enzyme activities that are involved in increasing the pool size of the 

compatible osmolyte. Furthermore, additional alterations at the metabolic level do not 

have to be specifically invoked to accommodate increasing concentrations of these 

compatible osmolytes. 

Compatible osmolytes in higher plants. 

Compatible osmolytes identified in higher plants are: (1) the amino acid proline; 

(2) acyclic polyols mannitol and sorbitol; (3) the cyclic polyol pinitol; (4) the TSC 

dimethylsulphoniopropionate; and (5) QAC's glycinebetaine, (3-alanine betaine, choline-

0-sulfate, proline betaine and pipetocholate (Figure 1; reviewed in Rhodes and Hanson; 

1993; Samaras et al., 1995; Popp and Smimoff, 1995; Hanson et al., 1995). QAC's are 



FIGURE 1: Structural formulae of some quarternary ammonium compounds of higher 

plants (Figure modified from Rhodes and Hanson [1993]). 

The quarternary ammonium compounds (QACs) are: (a) glycinebetaine~ (b) J3-alanine 

betaine~ (c) choline-0-sulfate; (d) prolinebetaine; and (e) pipetocholate. These QAC are 

likely to act as compatible osmolytes in higher plants, facilitating adaptation to saline and/ or 

dry environments (Rhodes and Hanson, 1993). 



7 

-e r:::r e '-" 

n 
::t: ,.-._ ,.-._ n ...,"" n ::t: ~ w .._, 

'-" ..., 
~ 

w 

~ (")/ 
~ ::t: r ..., 

I 
I n n ::t: Jl= N 

0 

~ t I /"J-o 
~ 

L.-o 
/ (") -

~ I .._, 
,.-._ 
(") 
::t 
~ 
w 

I n 
~ ~ 

~ 
Jl= 
I n 

(")=.Q Jt 

I I 
0 

0 t/.:1 
I 0 ..... 



8 

suggested to be amongst the most effective compatible osmolytes (reviewed in Rhodes 

and Hanson, 1993). 

Early work that suggested the above QAC's could function as compatible 

osmolytes is: 1. the solutes are found at relatively high concentrations of greater than 5 

J..lmole•g-1 dry weight in plants from saline and dry habitats; 2. glycinebetaine, 13-alanine 

betaine and choline-0-sulfate are shown to accumulate in certain higher plants in 

response to osmotic stress; and 3. there is a near linear relationship between the 

accumulation of the three QACs above and the lowering of the leaf 'Ps in response to 

osmotic stress (reviewed in Rhodes and Hanson, 1993). Glycinebetaine is the best 

studied compatible osmolyte in terms of: taxonomic, tissue and sub cellular distribution; 

osmolyte compatibility; and its metabolism and that of its primary metabolic precursor 

choline (Rhodes and Hanson, 1993; Weretilnyk and Summers, 1992; Summers and 

Weretilnyk, 1993; Weretilnyk et al., 1995). 

GLYCINEBETAINE. 

Taxonomic, tissue and sub cellular distribution of glycinebetaine. 

Glycinebetaine accumulation is suggested to be associated with plants adapted to 

saline and dry conditions (Wyn Jones and Storey, 1981) and it accumulates in some 

genera of the following angiosperm (flower-producing) families: Amaranthaceae, 

A vicenniaceae, Chenopodiaceae, Compositiae, Convolvulceae, Gramineae, Leguminoseae, 

Plumbaginaceae and Solanceaea (reviewed in Rhodes and Hanson, 1993). There is 

between 5 to 10 J..lmole•g-1 dry weight of glycinebetaine under nonstress conditions and 

between 40 to 100 J..lmole•g-1 dry weight under osmotic stress conditions found in 

glycinebetaine accumulating genera. Interestingly, low levels of glycinebetaine (100 to 

1000-fold less) are detected in non-glycinebetaine accumulating genera found in the 

families listed above, such in Lactuca from Compositiae. Low levels of glycinebetaine 

are also detected in non-glycinebetaine accumulating genera from families in which no 

glycinebetaine accumulating genera have been found, such as Magnolia from 

Magnoliaceae. These observations suggest the ability to accumulate glycinebetaine is a 
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novel recruitment of the even more widespread ability to synthesize the QAC 

(Weretilnyk et al., 1989). Thus, glycinebetaine synthesis may be an archetypal 

characteristic that is strongly expressed in living plants (Rhodes and Hanson, 1993) and 

data points to a single evolutionary origin for glycinebetaine synthesis in dicotyledons 

(Weretilnyk et al., 1989). 

In mature plants, shoots normally contain more glycinebetaine than the roots 

(Storey and Wyn Jones, 1979) and it is presumably synthesized in both young and mature 

leaves and transported to young tissue (including young leaves) and roots (Hanson and 

Wyse, 1982; McDonnell and Wyn Jones, 1988). Seeds, which are exposed to severe 

dessication stress, also accumulate large amounts of glycinebetaine (Wyn Jones et al., 

1977; WynJones and Storey, 1981). 

Glycinebetaine is shown to be preferentially located in the cytoplasm as opposed 

to the vacuole in leaf cells of chenopods (see references in McCue and Hanson, 1990 and 

Rhodes and Hanson, 1993). Within the cytoplasm, glycinebetaine has been found in 

chloroplasts of salinized chenopod leaf cells (Robinson and Jones, 1986; Gerard et al., 

1991). In leaves of spinach plants salinized with up to 300 mM NaCl, up to 300 mM 

glycinebetaine would accumulate in the cytoplasm with 20 to 40% in chloroplasts and 

glycinebetaine accumulation would make a significant contribution of up to 60% of the 

cytoplasmic leaf 'Ps (Hanson, 1992). Glycinebetaine accumulation would contribute up 

to 50% of the cytoplasmic \fs of leaves of drought-stressed barley, if also located in the 

cytoplasm (Hitz et al., 1981). 

Compatibility of glycinebetaine with metabolic function. 

Several properties make glycinebetaine compatible with metabolic function at the 

high concentrations (up to 300 mM) it can accumulate to in the cytoplasm of plants under 

osmotic stress (Hanson, 1992). Glycinebetaine is highly water-soluble, has a low 

molecular weight, and is a zwitterion at physiological pH and therefore would not affect 

the charge balance of the cytoplasm nor bind directly to charged protein groups (Wyn 

Jones and Storey, 1981; Borowitzka, 1981). Numerous studies support the compatibility 
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of glycinebetaine with metabolic function and these include: ( 1) the activity of enzymes 

is not inhibited by up to 1 M~ (2) ribosome activity is not inhibited by 250 mM over a 

basal concentration of 120 mM K+~ and (3) ribosome structure does not dissociate in 500 

mM (Pollard and Wyn Jones, 1979~ Brady et al., 1984~ Gibson et al., 1984). 

Glycinebetaine may also stabilize macromolecules under stress conditions (Csonka, 

1989~ Papageorgiou and Murata, 1995). The QAC partially counteracts the NaCl- and 

KCl-inhibition of enzyme activity~ counteracts the metal chlorides-induced dissociation 

and inactivation of the oxygen-evolving photosystem II complex~ elevates the 

denaturation temperature of globular proteins and promotes subunit interactions~ and can 

be used as an osmoticum to isolate active, intact mitochondria (Pollard and Wyn Jones, 

1979; Papageorgiou and Murata, 1995~ Rhodes, 1987~ Wyn Jones et al., 1977). 

A number of eubacteria also use glycinebetaine as a compatible osmolyte during 

osmotic adjustment (Csonka and Hanson, 1991). In the mammalian kidney, glycinebetaine 

functions as a renal compatible osmolyte used to maintain the osmotic ('P s) balance of 

kidney cells (Chambers and Kunin, 1987; Garcia-Perez and Burg, 1990). 

Origin of glycinebetaine. 

Glycinebetaine is a product of secondary metabolism in higher plants and is 

synthesized from choline via a short, two-step pathway (Hanson and Hitz, 1982). In 

bacteria, glycinebetaine can be taken up directly from the environment and accumulated in 

response to a low external 'Pw (Csonka and Hanson, 1991). Alternatively, a number of 

gram-positive and -negative bacteria can take up choline from the environment and convert 

the choline to glycinebetaine via a two-step glycinebetaine pathway (Boch et al., 1994). The 

pro U operon system specifies a high affinity uptake system for glycinebetaine in 

Escherichia coli and Salmonella typhimurium (Csonka, 1989) and the OpuA operon 

specifies an uptake system for glycinebetaine in Bacillus subtilis (Kempf and Bremer, 

1995). While, the betT gene specifies a choline uptake system in E. coli (Csonka, 1989). In 

mammalian liver and kidney, glycinebetaine is synthesized from choline via a two-step 

glycinebetaine pathway (Zeisel and Blusztajn, 1994 ). 
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CHOLINE BIOSYNTHETIC PATHWAYS 

As stated earlier, choline has a role in osmotic stress adaptation in glycinebetaine 

accumulating plants and is also required in all higher plants as a component of PtdCho 

(Rhodes and Hanson, 1993; Moore, 1982). Interestingly, choline biosynthesis displays 

an unusual diversity in higher plants for a primary metabolic pathway (Mudd and Datko, 

1988a) and a composite representation of the different choline biosynthetic pathways 

from the precursor ethanolamine found in various plants examined is shown in Figure 2. 

The origin of ethanolamine and the three N-methylation reactions of ethanolamine 

( derivatized) that form choline ( derivatized) are discussed below. It will be interesting to 

determine if the same pathway is used for both PtdCho and glycinebetaine synthesis in 

glycinebetaine accumulating plants (Weretilnyk and Summers, 1992). Also, information 

on choline biosynthesis in other organisms is presented. 

Origin of ethanolamine 

Studies confirm that ethanolamine is derived from the amino acid serine in higher 

plants (reviewed in Rhodes and Hanson, 1993). The direct decarboxylation of serine~ 

ethanolamine is supported by radiotracer and enzyme data in the most recent complete 

study using fronds of duckweed (Lemna paucicostata; Mudd and Datko, 1989c ), 

although the serine decarboxylase catalyzing the reaction is yet to be purified. Whether 

this simple reaction or a more complex series of reactions involving derivatives of serine 

and ethanolamine occurs in other higher plants is not known. A more complex route of 

serine ~ phosphatidylserine ~ phosphatidylethanolamine ~ ethanolamine could not be 

precluded in fronds of duckweed (Mudd and Datko, 1989c) and a phosphatidylserine 

decarboxylase activity has been detected in spinach and tomato (reviewed in Rhodes and 

Hanson, 1993 ). 



FIGURE 2: Choline and glycinebetaine biosynthetic pathways of higher plants (Figure 

modified from Rhodes and Hanson [1993] and Smith [1995]). 

Schematic representation of the various choline biosynthetic pathways, from ethanolamine, 

in glycinebetaine and non-glycinebetaine accumulating plants. Also shown is the schematic 

for the glycinebetaine biosynthetic pathway, from choline, found in glycinebetaine 

accumulating plants. The heavy arrows denote steps for which there is evidence for in vivo 

radiotracer and the corresponding in vitro enzyme activity. Light arrows denote steps for 

which there is only in vivo radiotracer evidence. The unidirection of steps is for simplicity 

and does not imply that the reverse step does not occur. The star above the PEA to PMEA 

step denotes a proposed common (or conserved) and committing first step in choline 

biosynthesis in all higher plants examined (Mudd and Datko, 1989ab). The origin of choline 

for oxidation to glycinebetaine is PCho in members of the Chenopodiaceae and PtdCho 

(semi-circular arrow) in members of the Graminiaceae (Rhodes and Hanson, 1993). 

Abbreviations: MEA, methylethanolamine~ DEA, dimethylethanolamine~ 

PEA, phosphoethanolamine; PMEA, phosphomethylethanolamine; PDEA, 

phosphodimethylethanolamine; PCho, phosphocholine; CDP-EA, cytidine diphosphate 

ethanolamine; CDP-MEA, cytidine diphosphate methylethanolamine; CDP-DEA, cytidine 

diphosphate dimethylethanolamine~ CDP-Cho, cytidine diphosphate choline~ PtdEA, 

phosphatidylethanolamine; PtdMEA~ phosphatidylmethylethanolamine~ PtdDEA, 

phosphatidyldimethylethanolamine~ PtdCho, phosphatidylcholine. 
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N-methylation reaction sequences. 

The first N-methylation reaction is PEA ~ PMEA in all plants examined (see star 

in Figure 2), with the single exception of ethanolamine~ MEA for endosperm tissue of 

the plant castor bean. The subsequent two N-methylations are of PMEA ~ PDEA ~ 

PCho and/ or PtdMEA ~ PtdDEA ~ PtdCho, and the methyl group donor for all N

methylation reactions is SAM. Thus, N-methylations occur via the freebase, 

phosphobase and phosphatidylbase levels in choline biosynthesis in higher plants and the 

exact reaction sequence for each plant examined is detailed below (reviewed in Rhodes 

and Hanson, 1993). The differing N-methylation sequences may reflect developmental, 

physiological, genetic and/ or environmental differences between higher plants 

(Weretilnyk et al., 1995). 

GL YCINEBETAINE ACCUMULATING PLANTS. In drought-stressed barley leaves, 

the first reaction is of PEA ~ PMEA with the subsequent two N-methylations at the 

phosphobase and phosphatidylbase routes to form PCho and PtdCho, respectively (Hitz et 

al., 1981). In salt-stressed and non salt-stressed spinach leaves, the first reaction is of 

PEA ~ PMEA with the two subsequent N-methylations at the phosphobase level to form 

PCho (Summers and Weretilnyk, 1993). Consistent with the above in vivo work, in vitro 

phosphobase (PEA, PMEA, PDEA) N-methylating activities are detected in leaves of 

salt-stressed and non salt-stressed spinach (Weretilnyk and Summers, 1992; Summers 

and Weretilnyk, 1993). Furthermore, the enzyme ethanolamine kinase (E.C. 2.7.1.82) 

that phosphorylates ethanolamine ~ PEA has been partially purified from spinach leaves 

(Mercer, 1994). 

NON-GL YCINEBET AINE ACCUMULATING PLANTS. In duckweed fronds, the first 

reaction is of PEA ~ PMEA with the subsequent two N-methylations also at the 

phosphobase level to form PCho (Datko and Mudd, 1986). In soybean (Glycine max) 

suspension cultures and leaves, the first reaction is of PEA~ PMEA with the subsequent 

two N-methylations at the phosphatidylbase level to form PtdCho (Mudd and Datko, 
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1988a). In carrot (Daucus carrota) suspension cultures, the first reaction is of PEA~ 

PMEA with the two subsequent N-methylations at the phosphobase and phosphatidylbase 

levels to form PCho and PtdCho, respectively (Mudd and Datko, 1988a). Consistent with 

the in vivo work, the respective phosphobase (PEA, PMEA, PDEA) N-methylating 

activities and phosphatidylbase (PtdMEA, PtdDEA) N-methylating activities are detected 

in extracts from the above three plants. 

Work on seed material using castor bean endosperm provides the only exception 

of the first reaction being of ethanolamine ~ MEA and not of PEA ~ PMEA 

(Prud'homme and Moore, 1992a). The subsequent two N-methylations occur at both the 

phosphobase and phosphatidylbase levels to form PCho and PtdCho, respectively 

(Prud'homme and Moore, 1992). Consistent with the in vivo work, the ethanolamine N

methylating activity is detected in extracts from the seed endosperm supporting the 

existence of this novel reaction (Prud'homme and Moore, 1992b ). The N-methylation of 

ethanolamine in this plant as opposed to PEA in the other plants was proposed to reflect a 

tissue-difference and not a species-difference, since data from the other plants is from 

non-storage tissue (Rhodes and Hanson, 1993). 

N-methyltransferases in higher plants. 

N-methyltransferases catalyse the transfer of an intact methyl group from the donor 

molecule SAM to the nitrogen atom of an acceptor molecule (Poulton, 1981). In N

methylation reactions, the positive charge on the sulphur atom of SAM draws electrons 

away from the adjacent carbon of the methyl group, promoting attack by a nitrogen atom of 

the attacking nucleophile (Poulton, 1981). To date, no plant N-methyltransferase from 

choline biosynthetic pathways has been purified or the corresponding gene(s) isolated and 

neither is the number of N-methyltransferases responsible for the three N-methylation 

reactions (N-methylation sequence) known conclusively for any higher plant. Probably the 

most information available is on the phosphobase N-methyltransferases of the 

glycinebetaine accumulator spinach (Weretilnyk and Summers, 1992; Summers and 

Weretilnyk, 1993; Weretilnyk et al., 1995; Smith, 1995; Smith et al., submitted). 



15 

SPINACH: GLYCINEBETAINE ACCUMULATING PLANT. At least two cytosolic 

phosphobase N-methyltransferases are suggested to be responsible for the conversion of 

PEA ~ PMEA ~ PDEA ~ PCho in spinach leaves (Figure 3). A PEA N

methyltransferase (PEAMeT) is capable of catalysing all three N-methylations of PEA to 

form PCho in leaves (Smith, 1995). A second distinct enzyme PMEA N-methyltransferase 

(PMEAMeT) is suggested to be responsible for catalyzing two N-methylations ofPMEA ~ 

PDEA ~ PCho in leaves and roots (Weretilnyk and Summers, 1992; Weretilnyk et al., 

1995; Smith, 1995). PEAMeT is light-regulated (Weretilnyk et al., 1995) and PMEAMeT is 

apparently not light-regulated. Evidence for the existence of at least two enzymes comes 

from in vitro biochemical studies of the differential distribution of the activities in leaves 

and roots and the differential response of the activities in leaves to ambient light conditions 

(Weretilnyk and Summers, 1992; Weretilnyk et al., 1995). PEAMeT has been partially 

purified (5301-fold) from spinach leaves and preliminarily characterized (Smith, 1995; 

Smith et al., in press). The enzyme has a native molecular mass of 77 kDa as estimated by 

gel filtration, an estimated molecular mass of 54 kDa by SDS-PAGE and a 530 1-fold pure 

sample is capable of catalysing the synthesis of PCho from PEA with PEA as the sole 

substrate. In contrast, the second enzyme PMEAMeT has not been purified or 

characterized. The function of the partly overlapping activities of the two enzymes is not 

known and whether the existence of these two enzymes provides support for the same or 

distinct choline biosynthetic pathways for PtdCho and glycinebetaine synthesis in 

glycinebetaine accmnulating plants is yet to be determined (Smith, 1995). 

NON-GL YCINEBETAINE ACCUMULATING PLANTS. The ethanolamine N

methyltransferase activity of castor bean endosperm is cytosolic and the enzyme has been 

preliminary biochemically characterised in crude extracts (Prud'homme and Moore, 1992b ). 

The phosphobase N-methyltransferase activities of duckweed, carrot and soybean are 



FIGURE 3: Choline and glycinebetaine biosynthetic pathways in leaves of the 

glycinebetaine accumulating plant, Spinacia oleraceae (Figure modified from Hanson et al 

[1995]). 

Choline biosynthesis as PCho from the precusor ethanolamine occurs mainly in the cytosol 

and that of glycinebetaine from choline in chloroplasts (Weretilnyk et al., 1995~ Hanson et 

al., 1995). The enzymes involved are: step 1, ethanolamine kinase~ steps 2, 3 and 4, PEA N

methyltransferase (PEAMeT); steps 3 and 4, PMEA N-methyltransferase (PMEAMeT)~ step 

5, PCho phosphatase~ step 6, choline monoxygenase (CMO)~ and step 7, betaine aldehyde 

dehydrogenase (BADH). 

Abbreviations: PEA, phosphoethanolamine; PMEA, phosphomethylethanolamine~ 

PDEA, phosphodimethylethanolamine~ PCho, phosphocholine~ SAM, S-adenosyl-L

methionine~ SAH, S-adenosyl-L-homocysteine~ Pi, inorganic orthophosphate~ Fd, ferredoxin~ 

NAD+, nicotinamide adenine dinucleotide (oxidized form)~ NADH; nicotinamide adenine 

dinucleotide (reduced form). 
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soluble, but have not been localized, and the phosphatidylbase N-methyltransferase activities 

of carrot, soybean and castorbean endosperm are predominantly microsomal (Datko and 

Mudd, 1988b ). 

N-methyltransferases in yeast and mammalian liver and brain. 

YEAST. Two microsome-associated enzymes are responsible for the three N-methylations 

ofPtdEA to form PtdCho in Saccharomyces cerevisiae (Yamashita et al., 1982; Kodaki and 

Yamashita, 1987). A PtdEA N-methyltransferase (designated as PtdEAMeT), encoded by 

PEM2, catalyzes all three N-methylations of PtdEA ~ PtdMEA ~ PtdDEA ~ PtdCho. 

However, the enzyme N-methylates PtdEA at a much lower rate than Ptd.MEA and PtdDEA. 

The second PtdEA N-methyltransferase enzyme (designated as PtdEAMeT ll) encoded by 

PEMJ, catalyzes only the first step of PtdEA ~ PtdMEA. Evidence for the existence of 

two N-methyltransferases comes from screening for S.cerevisiae mutants that were 

auxotrophic for choline synthesis (Yamashita and Oshima, 1980): mutant pem 2 was 

deficient in synthesising PtdCho from PtdMEA and mutant pem 1 was deficient in 

synthesising Ptd.MEA from PtdEA (Kodaki and Yamashita, 1987). The structural genes 

PEM2 and PEMJ were cloned by genetic complementation of pem mutants and nucleotide 

analysis of gene coding frames provides a molecular mass of 23 kDa for PtdEAMeT and 

101 kDa for PtdEAMeT n (Kodaki and Yamashita, 1987). The N-methyltransferases may 

have evolved through a gene duplication event since the larger PtdEAMeT ll exhibits 

internal sequence homology and homology with the smaller PtdEAMeT (Kodaki and 

Yamashita, 1987). The introduction of the structural genes into choline mutants showed that 

both genes are required to maintain PtdCho at wild type levels, although P EM2 gene 

(PtdEAMeT) transformants do produce some PtdCho (Kodaki and Yamashita, 1987). 

MAMMALIAN. De novo choline synthesis is only quantitatively significant in liver 

(Vance, 1990) and is found at much lower levels in other tissues (Andriamampandty et al., 

1982, 1983). In liver, a single integral membrane-bound PtdEA N-methyltransferase 
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(designated as PtdEAMeT) catalyses the three N-methylations of PtdEA to form PtdCho 

(Vance, 1990). Like the yeast PtdEAMeT enzyme, liver PtdEAMeT also catalyzes PtdEA 

at a much lower rate than Ptd.MEA and PtdDEA (Ridgeway and Vance, 1987). However, 

there is no evidence for an enzyme that can only catalyze PtdEA to Ptd.MEA which would 

be comparable to the yeast PtdEAMeT IT enzyme (Vance, 1990). The enzyme is purified 

from rat liver microsome with the highest specific activity in the endoplasmic reticulum 

fraction, it has four transmembrane segments and a remarkably small molecular mass of 

18.3 kDa for an enzyme catalyzing such complex reactions (Ridgeway and Vance, 1987; 

Cui et al., 1993). 

In rat brain cells, distinct phosphobase N-methyltransferases are reported to be 

responsible for each of the three N-methylations of PEA that form PCho (Andriamampandry 

et al., 1992; Mukherjee et al., 1995). A PEA N-methyltransferase (designated as PEAMeT) 

catalyzing the PEA ~ PMEA step and a PDEA N-methyltransferase (designated as 

PDEAMeT) catalyzing the PDEA ~ PCho step have both been partially purified from rat 

brain Thus, different mammalian tissues (liver compared to bmin) may synthesise choline 

through different routes (Andriamampandty et al., 1990) as has been proposed for higher 

plants (Rhodes and Hanson, 1993). 

GLYCINEBETAINE BIOSYNTHETIC PATHWAY. 

Glycinebetaine biosynthesis from choline has mainly been studied in leaves of 

Chenopodiaceae and Gramineae (Figure 2; Figure 3; Hitz et al., 1981; Hanson and 

Rhodes, 1983; Weretilnyk et al., 1989; McDonnell and Wyn Jones, 1988; Lerma et al., 

1988; Lerma et al., 1991). The two-step oxidation of choline ~ betaine aldehyde ~ 

glycinebetaine occurs in the chloroplast stroma in leaf cells of chenopods (Figure 3; 

Hanson et al., 1985) and perhaps also in those of Gramineae, although this has yet to be 

demonstrated (McDonnell and Wyn Jones, 1988). There seems to be only one pathway 

for glycinebetaine biosynthesis, in contrast to those for choline (Hanson and Rhodes, 

1993) and since glycinebetaine catabolism is not detected (Hanson and Wyse, 1982), the 
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pool size is principally controlled by the flux through the biosynthetic pathway (Hanson 

et al., 1985). 

Origin of choline. 

The formation of choline may be considered a committing step in glycinebetaine 

biosynthesis since choline presumably has no intrinsic value, at least in leaves of chenopods 

(Hanson and Rhodes, 1983). The origin of choline differs between chenopods and 

Gramineae (Figure 2). Experimental data suggests in chenopods PCho is hydrolyzed by a 

presumably specific PCho phosphatase to release choline (Hanson and Rhodes, 1983). The 

formation of PCho from ethanolamine occurs mainly in the cytosol via the choline 

biosynthetic pathway in chenopods (Figure 3; Weretilnyk et al., 1995), but the subcellular 

location of PCho hydrolysis is not known ie is PCho or choline is transported into 

chloroplasts in chenopods? 

In Gramineae, the origin of choline is PtdCho (Figure 2; Hitz et al., 1981; 

McDonnell and Wyn Jones, 1988). As PtdCho synthesis takes place principally in the 

endoplasmic reticulum (Moore, 1982), PtdCho is suggested to be transported to chloroplasts 

(putative site) via membrane flow or specific phospholipid transfer proteins (McDonnell and 

Wyn Jones, 1988; Giddings and Hanson, 1982). Computer modelling data suggest a distinct 

pool comprising 200/o of total leaf PtdCho is the origin of choline in wilting barley leaves 

(Hitz et al., 1981) and the pool of PtdCho does not appear to be class-specific (Giddings and 

Hanson, 1982). PtdCho is presumably hydrolyzed by a phospholipase D-like activity to 

release the choline (Hitz et al., 1981), but the subcellular location (chloroplastic or 

otherwise) is not known. The transportation of PtdCho to chloroplasts is required for the 

synthesis of monogalactosyldiacylglycerol (MGDG), a major chloroplast membrane 

phospholipid (McDonnel and Wyn Jones, 1988). The conversion of PtdCho ~ MGDG 

results in the release of choline which would possibly be available for glycinebetaine 

synthesis. Thus, glycinebetaine synthesis in gramineae may be a consequence of another 

metabolic pathway rather an end unto itself. The greater tolerance of chenopods to osmotic

stress conditions relative to Graminae has suggested to be linked to their capacity to 
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synthesize glycinebetaine without any recourse to PtdCho, an ubiquitous membrane 

phospholipid. 

Enzymes and genes of the pathway. 

More information is available on the glycinebetaine biosynthetic enzymes than those 

of choline biosynthesis. The enzymes catalyzing the two steps are known for the chenopod 

spinach and are localized to the chloroplast stroma (Figure 3; Brousquisse et al., 1989; 

Weigel et al., 1986). The first step of choline~ betaine aldehyde is catalyzed by choline 

monoxygenase, CMO (Brousquisse et al., 1989). CMO is a soluble, ferrodoxin (Fd)

dependant enzyme, it is strongly promoted by light and requires reducing power from 

photosystem I, ie Fd (Weigel et al., 1986; Brousquisse et al., 1989). The enzyme has been 

purified from leaves of spinach plants, is a homodimer with a subunit molecular mass of 45 

kDa and has a native molecular mass of 98 kDa (Brousquisse et al., 1989; Burnet et al., 

1995). Also, a full-length CMO eDNA (1,662 bp) has been cloned from spinach leaves 

(Rathinasabapathi et al., 1997). CMO is found to be an unusual iron-sulfur protein with 

little similarity to other plant oxygenases, but it does appear to be distantly related to 

bacterial oxygenases which require Fd or have an Fd-like domain (Rathinasabapathi et al., 

1997). 

The second, essentially irreversible, step of betaine aldehyde ~ glycinebetaine is 

catalysed by a pyridine nucleotide-dependant betaine aldehyde dehydrogenase, BADH 

(Weigel et al., 1986). BADH has been purified from spinach leaves (Weretilnyk and 

Hanson, 1989; Arakawa et al., 1987) and from leaves of Amarathus hypochondriacus L. 

(V aluenzuela-Soto and Munoz-Clares, 1994 ). The enzyme is a homodimer with a subunit 

molecular mass of 63 kDa and a native molecular mass of 125 kDa (Weretilnyk and 

Hanson, 1989; Valuenzuela-Soto and Munoz-Clares, 1994). Although the majority (90%) 

of spinach BADH activity is localized to the chloroplast stroma, there is a minor cytosolic 

isozyme (Weigel et al., 1986) which could play a role in scavenging betaine aldehyde, 

which is toxic to plant cells, that may leak from the chloroplast (Weretilnyk and Summers, 

1992). The eDNA of stromal BADH cloned from spinach leaves has been used to isolate 
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other BADH eDNA clones from sugar beet, barley and sorghum and this revealed the 

eDNA clones exhibit high homology (Weretilnyk and Hanson, 1990; McCue and Hanson, 

1992; Ishitani et al., 1995; Wood et al., 1996). Interestingly, plant BADHs seem to lack or 

have an atypically short transit peptide sequence for targeting to chloroplasts and the 

mechanism by which the enzyme enters the chloroplast is not known (W eretilnyk and 

Hanson, 1990; McCue and Hanson, 1992; Ishitani et al., 1995; Wood et al., 1996). 

Recent evidence shows the role of BADH may not be limited to glycinebetaine 

synthesis. The enzyme is inferred to catalyze the last step in the synthesis of another 

compatible osmolyte 3-dimethylsulfoniopropionate, DMSP (Trossat et al., 1996), where 

DMSP-aldehyde is oxidized~ DMSP in chloroplast stroma (Trossat et al., 1997). Also, in 

vitro the enzyme catalyzes the oxidation of intermediates in the breakdown of putrescine 

and polyamine, 3-aminopropionaldehyde and 4-aminobutyraldehyde, respectively (Trossat 

et al., 1997). Thus, BADH is no longer considered highly substrate-specific for betaine 

aldehyde and it appears that plants have a family of aldehyde dehydrogenases with distinct 

but overlapping substrate specificities (Trossat et al., 1997). 

Glycinebetaine pathway in other organisms. 

Glycinebetaine is also synthesized by the two-step oxidation of choline, via the 

intermediate betaine aldehyde, in some bacteria and mammalian liver (Csonka and Hanson, 

1991; Zeisel and Blusztajn, 1994). In Arthobacter globiformis and A. pascens, both steps 

can be catalyzed by a single choline oxidase (Rozwadowski et al., 1991; Deshnium et al., 

1995). Alternatively, the reactions are catalyzed by two enzymes in other bacteria: a 

membrane-bound choline dehydrogenase (which can also catalyze the second step) and a 

soluble BADH (Boch et al., 1994). The genes involved in the pathway have been isolated 

from E. coli and consist of betA (choline dehydrogenase), betB (BADH), bet! (a putative 

regulatory protein) and betT (choline transport system; Csonka, 1989). 

In mammalian liver, the pathway is localised in an organelle as in higher plants: a 

flavoprotein choline dehydrogenase is bound to the inner mitochondrial membrane and an 

NAD+-linked BADH is found in the mitochondrial membrane (for references see Hanson 
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and Ritz, 1982 and Weigel et al., 1986). Like the cytosolic BADH in higher plants, a 

NAD+-linked BADH is also present in the cytosol of the hepatocytes (for references see 

Hanson and Hitz, 1982), and may serve to scavenge any betaine aldehyde that leaks from 

mitochondria. Glycinebetaine also serves as a source of methyl groups in mammalian liver 

(Zeisel and Blusztajn, 1994), unlike in higher plants where it is a metabolic end-product 

(Hanson and Wyse, 1982). 

REGULATION OF CHOLINE BIOSYNTHETIC PATHWAYS IN PLANTS. 

Substantially more choline is synthesized in leaves of glycinebetaine 

accumulating plants in comparison to non-glycinebetaine accumulating plants and, 

therefore, the regulation of choline biosynthesis may be specialized to accommodate the 

high flux rates through the pathway in glycinebetaine accumulating plants (Rhodes and 

Hanson, 1993). Although, how the pathway would be regulated in order to meet the 

requirements of both PtdCho and glycinebetaine synthesis has not yet been examined 

(Weretilnyk et al., 1995). Choline biosynthesis is under feedback regulation in higher 

plants that have been examined (Figure 2~ Hanson and Rhodes, 1983~ Mudd and Datko, 

1989ab ). The synthesis and addition of the three methyl groups require the input of 

metabolic energy and were proposed to likely regulate the flux through the pathway (Hitz 

et al; 1981 ). Then, the common or conserved first N-methyltransfer of PEA ~ PMEA 

was identified as a likely committing and key regulatory step (see star in Figure 2; Mudd 

and Datko, 1988ab). Indeed, regulation of the first N-methyltransfer would most 

efficiently limit the use of metabolically expensive methyl groups in choline biosynthesis 

(Weretilnyk et al., 1995). Presented below is the evidence that theN-methylation sequence 

in choline pathways is regulated in higher plants and that the first N-methyltransfer of PEA 

~ P:MEA seems a key regulatory step. Information on the regulation of serine, 

ethanolamine and SAM metabolism in relation to changes in the flux through the choline 

pathway is also discussed (also see Figure 3 for SAM metabolism). 
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Regulation of N-methylation sequence in non-glycinebetaine accumulating plants. 

The PEA ~ PMEA step has been proposed to be a committing and key regulatory 

step in choline biosynthesis pathways in duckweed, soybean and carrot (Mudd and Datko, 

1989ab ). In vivo data showed that the flux through the N-methylation sequence is down

regulated in response to an exogenous supply of choline in plant culture media (Mudd and 

Datko, 1989ab) and the in vivo block is found at the PEA ~ PMEA step (Mudd and Datko, 

1989a). There is indirect evidence that PCho, and maybe choline, effect this down

regulation process since both PCho and choline pool sizes increase in choline-grown plants 

(Mudd and Datko, 1989ab ). Consistent with the in vivo data, in vitro PEA, PMEA and 

PDEA N-methylating activities are also reduced in these choline-grown plants (Mudd and 

Datko, 1989ab ). The reason for the decrease in the phosphobase N-methylating activities is 

not known since the enzymes have not been purified nor their gene(s) cloned. However, in 

vitro PCho inhibits the PEA N-methylating activity in duckweed (Mudd and Datko, 1989a), 

with the in vitro effect of PCho on the PMEA and PDEA N-methylating activities not yet 

determined (Mudd and Datko, 1989ab ). 

Regulation of N-methylation sequence in glycinebetaine accumulating plants. 

Studies to define a key regulatory locus in choline biosynthesis have not been as 

extensive in glycinebetaine accumulating plants. However, they clearly show the N

methylation reaction sequence participates in regulating the flux as in non-glycinebetaine 

accumulators. The proposal that the common or conserved N-methyltransfer of PEA ~ 

PMEA is a committing and key regulatory step in higher plants (see star in Figure 2; Mudd 

and Datko, 1989ab) is consistent with the data collected from glycinebetaine accumulating 

plants. 

(1) The PEA ~ PMEA step could be a key regulatory step in the choline pathway in leaves 

of salinized sugar beet (Hanson and Rhodes, 1983). There is a reduction in the flux through 

the phosphobase N-methylation sequence when a PCho trap is introduced into salinized 

sugar beet leaves, the flux is measured using [14C]-formate as a radiotracer. Experimental 

and computer modelling data suggest that PCho effects the down-regulation of its own 
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synthesis by feedback inhibiting the flux-generating step. In vitro, PCho has been shown to 

inhibit PEA N-methylating activity catalyzed by PEAMeT from leaves of another 

glycinebetaine accumulating chenopod. spinach (Figure 3; Smith, 1995). PCho is also 

suggested to be an in vivo regulatory effector of choline pathways in non-glycinebetaine 

accumulating plants and shown to be an in vitro inhibitor of PEA N-methylating activity in 

the non-glycinebetaine accumulator duckweed (Mudd and Datko, 1989ab ). 

(2) There is indirect evidence that the PEA ~ PMEA step ( catalysed by PEAMeT) is a key 

regulatory step which down-regulates the flux through the choline pathway in the dark in 

leaves of spinach plants (Figure 3; Weretilnyk et al., 1995). PEA N-methylating activity 

decreases in darkness and increases in response to light. It is proposed that the 

glycinebetaine pathway may not operate in the dark, since the first step is light-promoted, 

and therefore less choline would be required resulting in the down-regulation of the choline 

pathway. Interestingly, in leaves PMEA ~ PDEA and PDEA ~ PCho steps are not as 

inhibited in the dark. An effector for the specific down-regulation of the PEA ~ PMEA 

step has not been proposed 

(3) The flux through the N-methylation sequence is presumably also· down-regulated in 

leaves of glycinebetaine-deficient maize (Zea mays L.) plants in comparison to near

isogenic lines containing glycinebetaine (Yang et al., 1995). Glycinebetaine deficiency is 

attributed to a lesion in the first step of the glycinebetaine pathway and hence presumably 

less choline is required in these maize plants (Lerma et al., 1991). The choline pool size 

does not expand in glycinebetaine-deficient lines commensurate with the difference in the 

glycinebetaine pool size between the two lines and choline (or some other product of 

choline metabolism other than glycinebetaine) is suggested to down-regulate choline 

biosynthesis in the glycinebetaine-deficient lines (Yang et al., 1995). 

Serine and ethanolamine metabolism. 

Serine synthesis may not be coordinately regulated with changes in flux through 

choline biosynthetic pathways, at least in glycinebetaine accumulating plants. In 

glycinebetaine-deficient maize, serine pool size was expanded when choline synthesis from 
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ethanolamine was down-regulated (Yang et al., 1995). In contrast, ethanolamine synthesis 

seems to be coordinately regulated with flux changes in choline pathways, at least in non

glycinebetaine accumulating plants. When the flux through the choline pathway is down

regulated by the PEA ~ PMEA step, in vivo data suggests ethanolamine synthesis is also 

down-regulated to compensate for the decreased use of PEA in duckweed fronds (Mudd and 

Datko, 1989c). Thus, 'excess' PEA is not accumulated when the nwnber of N-methylations 

is reduced (Mudd and Datko, 1989a). Further evidence that ethanolamine synthesis is 

regulated is shown by the down-regulation of ethanolamine synthesis when duckweed are 

grown in the culture media containing ethanolamine (Mudd and Datko, 1989c). The site of 

ethanolamine synthesis regulation is preswnably the decarboxylation of serine ~ 

ethanolamine, but there is no evidence to date (Figure 2; Kinney, 1993). The mechanism for 

such a co-ordinated regulation between ethanolamine synthesis and the flux through the 

choline pathways from ethanolamine is not known. 

S-adenosyi-L-methionine metabolism. 

SAM is the methyl group donor for the N-methylation reactions in the choline 

pathway in higher plants (Figure 3) and its synthesis may also be coordinately regulated 

with changes in the flux through the choline pathway, at least in non-glycinebetaine 

accwnulating plants (Mudd and Datko, 1989a). When the flux through the choline pathway 

is down-regulated by the PEA ~ PMEA step, the nwnber of N-methylations in the pathway 

is reduced by 95% in duckweed fronds. However, SAM synthesis is also down-regulated 

preventing an accumulation of 'excess' SAM in duckweed and to fine-tune the concentration 

of SAM, the presence of a S-methylmethionine (SMM) cycle is suggested In this cycle, the 

'excess' SAM can be converted back to methionine and adenosine without any net 

consumption of methyl groups (Mudd and Datko, 1989a; Mudd and Datko, 1990): 

(1) SAM+ methionine ~ SMM + S-adenosyl-L-homocysteine (SAH) by SAM: methionine 

S-methyltransferase; (2) SAH + H20 ~ adenosine + L-homocysteine by SAH hydrolase; 

and (3) SMM + L-homocysteine ~ 2 methionine + W by SMM: homocysteine S

methyltransferase. 
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The reaction product fonned by the demethylation of SAM is SAH and the majority 

of SAM-dependent methyltransferases are strongly inhibited by SAH, with the inhibition 

being generally competitive (Poulton, 1981). Thus, the tissue ratio of SAM: SAH may 

regulate the rate of SAM-dependent methylation reactions (Poulton, 1981 ). In vitro, SAH 

inhibits PEA N-methylating activity of PEAMeT in partially purified extracts from spinach 

leaves (Figure 3; Smith, 1995). SAH also inhibits, in vitro, the PEA and PDEA N

methyltransferase activities from mammalian brain (Andriamampandry et al., 1992; 

Mukherjee et al., 1995) and competitively inhibits the phosphatidylbase N-methyltransferase 

activities from yeast and mammalian liver (Gaynor and Cannen, 1990; Vance, 1990 ). 

ENVIRONMENTAL REGULATION OF CHOLINE AND GLYCINEBETAINE 

BIOSYNTHETIC PATHWAYS. 

Under conditions of drought and/ or salt-stress, in vivo radio tracer studies show that 

the accumulation of glycinebetaine is a result of increased flux through the choline and 

glycinebetaine pathways (Hitz et al., 1981; Hanson and Nelsen, 1978; Hanson and Scott, 

1980; Hanson and Rhodes, 1983). Thus, there is an increase in de novo synthesis of choline 

to accommodate the increased need for choline required in glycinebetaine production during 

cellular osmotic adjustment. In chenopods, where PCho is the origin of choline, the 

metabolically available pools of PCho and choline are too small to accommodate the 

increased requirement for choline under salt-stress (Figure 3; Hanson and Rhodes, 1983). 

Likewise in Gramineae, where PtdCho is the origin of choline, relying on the metabolically 

available pool of PtdCho to supply the increased requirement of choline under drought 

would be detrimental to the leaf (Figure 2; Hanson and Nelsen, 1978). 

Consistent with the in vivo work, in vitro activities of enzymes in choline and 

glycinebetaine pathways also increase in response to salt-stress in the chenopod spinach 

(Figure 3; Weigel et al., 1986; Summers and Weretilnyk, 1993; Rathinasabapathi et al., 

1997). In vitro ethanolamine kinase, PEA, PMEA and PDEA N-methylating activities 

increase 2 to 3-fold (Summers and Weretilnyk, 1993) as do the activities of CMO 

(Rathinasabapathi et al., 1997) and both isozymes of BADH (Weigel et al., 1986) in leaf 
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extracts from salt-stressed spinach plants (Figure 3). Although in vitro PCho phosphatase 

activity does not increase under salt-stress, the capacity of this step is high enough to 

accommodate the flux through the pathway under both osmotic stress and non-stress 

conditions (Summers and Weretilnyk, 1993). The reason for the increase in activities of the 

choline biosynthetic enzymes awaits antibody production and! or cloning of eDNA 

encoding these enzymes. However, antibody and eDNA probes are available for the 

glycinebetaine biosynthetic enzymes. For both CMO and BADH, the increase in activities 

is a result of increases in protein levels and an accumulation of mRNA (Weretilnyk and 

Hanson, 1990; Rathinasabapathi et al., 1997). The accumulation of mRNA could reflect 

increased stability of transcripts and! or increased mte of gene transcription (W eretilnyk and 

Hanson, 1990). 

The effect of drought has only been examined in vitro for BADH activity, the last 

step of the glycinebetaine pathway. Drought results in an increase in BADH activity in 

leaves of A. hypochondriacus L. (V alenzuela-Soto and Clares-Munoz, 1994) and results in 

an accumulation ofBADH protein from leaves of barley and sorghum (Ishitani et al., 1995; 

Wood et al., 1996). 

Co-ordinate regulation of the pathways. 

Weretilnyk and Summers (1992) postulated that a mechanism exists to co-ordinate 

the flux through the choline and glycinebetaine pathways and such a mechanism may 

prevent the accumulation of 'excess' metabolically expensive choline (free or derivatized). 

The authors noted that ethanolamine kinase and phosphobase N-methylating activities 

(choline pathway) increase by a similar amount to CMO and BADH activities 

(glycinebetaine pathway) in leaves of salt-stressed spinach plants (Figure 3). Thus, when 

more choline is required, the flux through the choline pathway is up-regulated. Likewise, 

the flux through the choline pathway is down-regulated under conditions where less choline 

is required (Yang et al., 1995; Weretilnyk et al., 1995). Glycinebetaine-deficient lines of 

maize have a lesion in the first step of the glycinebetaine pathway of choline ~ betaine 

aldehyde and these lines have a smaller choline pool size in comparison to glycinebetaine-
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containing maize lines (Yang et al., 1995). Darkness may also result in an in vivo block in 

the first step of the glycinebetaine pathway, which is light-promoted, so less choline is 

probably required and there is in vitro evidence that choline synthesis is down-regulated 

(Figure 3; Weigel et al., 1986; Weretilnyk et al., 1995). However, a co-ordinating 

mechanism between choline and glycinebetaine biosynthesis in glycinebetaine accumulating 

plants is not yet known (Weretilnyk et al., 1995). 

GENETIC ENGINEERING OF GLYCINEBETAINE BIOSYNTHETIC PATBW AY 

Conventional practice of breeding for more drought and/ or salt-tolerant crop 

varieties has bad some success, although overall progress has been slow (Boyer, 1982). 

McCue and Hanson (1990) state that an approach of genetically engineering metabolically

adaptive traits to enhance osmotic stress-resistance is justified since many gene products 

have been identified and some genes have been cloned Many higher plant-genera, 

including commercially important crops, do not accumulate any compatible osmolytes and 

this has led to an interest in metabolically-engineering compatible osmolyte pathways into 

plants as an approach to osmotic stress-resistance (Le Rudulier et al., 1984; McCue and 

Hanson, 1990). 

QACs are very effective compatible osmolytes and occur in several diverse taxa of 

flowering plants (reviewed in Rhodes and Hanson, 1993). From an analysis of QACs in the 

family Plumbaginaceae, it may be reasonable to consider crop environment-specific 

engineering of compatible solutes (Hanson et al., 1994). In Plumbaginaceae, accumulation 

of glycinebetaine is the basal condition (as in other flowering plants) with the additional 

acquisition of different QACs in members growing in different types of habitats. So, crops 

may be engineered with: (I) choline 0-sulfate for growth in saline soils; (2) J3-alanine 

betaine for growth in soil that is dry and saline; and (3) the conversion of proline to proline

derived betaines to enhance proline effectiveness for growth under severe stress. To date, 

the two-step glycinebetaine pathway is the only QAC pathway targeted for metabolic 

engineering since the genes encoding the enzymes have been isolated from both 

microorganisms and higher plants (Hanson et al., 1994 ). 
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Microorganisms. 

The two-step glycinebetaine pathway has been introduced into the cyanobacterium 

Synechococcus sp PCC7942 (which completely lacks the pathway) using microbial genes 

from E.coli (Nomura et al., 1995) and A. globiformis (Deshium et al., 1995). From E.coli, 

the bet gene cluster consisting of betA, betB, betT and bet! was used for transformations and 

from A. globiformis, a single codA gene encoding choline oxidase which catalyzes both 

steps of the pathway was used Synechococcus transformants could convert exogenously 

supplied choline (microorganisms do not synthesize choline) ~ betaine aldehyde ~ 

glycinebetaine and had acquired salt-tolerance. That is, transformants accumulate 

glycinebetaine, have higher chlorophyll and phycobilisome contents, more stable 

photosystems and are able to grow better than control under salt-stress. 

Higher plants. 

The pathway has been introduced into plants using single microbial genes that 

convert choline ~ betaine aldehyde ~ glycinebetaine. Tobacco was transformed with the 

E.coli choline dehydrogenase gene and leaf extracts from transformants could convert 

choline ~ betaine aldehyde ~ glycinebetaine (Lilius et al., 1996). Also, leaves from 

transformants have a higher dry weight in comparison to controls when the plants are salt

stressed Transgenic A. thaliana, transformed with the A. globiformis choline oxidase gene, 

accumulate up to 1 J.llllOl•g-1 fresh weight of glycinebetaine, have higher photosynthetic 

activity and grow better in response to salt stress (Hayashi et al., 1997). 

The pathway has also been introduced into tobacco using only the gene encoding for 

the enzyme CMO from spinach leaves that catalyses the first step of choline ~ betaine 

aldehyde (Figure 3; Nuccio et al., 1998). BADH, which catalyzes the second step of betaine 

aldehyde ~ glycinebetaine is not required because it appears to be identical to a house

keeping enzyme of polyamine metabolism (Trossat et al., 1997). The CMO protein is 

correctly targeted to chloroplasts, leaf discs from transgenic plants convert choline ~ 

betaine aldehyde ~ glycinebetaine and the transgenics have 3-fold more glycinebetaine 
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than control plants. Salinization of transgenic plants show that CMO protein level increases 

3 to 5-fold suggesting it would be possible to engineer a stress-modulated glycinebetaine 

pathway without using stress-induced promoters. Interestingly, glycinebetaine levels do not 

increase in salinized transgenic plants and the reason is shown to be a limited supply of 

endogenous choline. One point of metabolic control is the limited capacity at the first N

methylation step of PEA --+ PMEA, a common step in leaves of glycinebetaine 

accumulating and non-accumulating plants (Figure 2~ Figure 3 ). That is, the addition of 

ethanolamine to the media did not increase glycinebetaine levels; whereas, the addition of 

MEA and DEA causes a 5-fold increase and the addition ofPCho and choline causes a 30-

fold increase. The lesser fold increase caused by MEA and DEA is believed to be a result of 

DEA inhibition of CMO activity. Also, theN-methylation of PEA --+ PMEA in transgenic 

and control plants is less than 3% that found in the glycinebetaine accumulating plant 

spinach. So, as a next step, the supply of choline needs to be increased, possibly through 

over-expressing the spinach enzyme PEAMeT that converts PEA --+ PMEA in plants 

(Figure 3) engineered with glycinebetaine pathway genes (Smith, 1995; Nuccio et al., 1998). 

Therefore, an understanding of the enzymes and genes involved in choline synthesis in 

glycinebetaine accumulating plants, such as spinach, is extremely relevant both for 

agricultural and basic research 
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INTRODUCTION 

Most of the work on choline and glycinebetaine biosynthesis and regulation of their 

synthesis in response to salt-stress has centred on the chenopod Spinacia oleracea, 

commonly known as spinach. In leaves, glycinebetaine biosynthesis from choline is 

chloroplastic (Weigel et al., 1986) and the choline is synthesized as PCho from 

ethanolamine in the cytosol (Figure 3; Summers and Weretilnyk, 1993; Weretilnyk et al., 

1995). Glycinebetaine accumulation in response to salinity is a result of an increase in flux 

from ethanolamine (step 1 in Figure 3) through to glycinebetaine (Summers and Weretilnyk, 

1993). Corresponding with the in vivo work, in vitro enzyme activities associated with the 

steps from ethanolamine to phosphocholine and from choline to glycinebetaine are higher in 

leaf extracts from salinized that non-salinized plants (Brousquisse et al., 1989; Weigel et al., 

1986; Summers and Weretilnyk, 1993). Although the step involving the hydrolysis of 

phosphocholine is not higher in leaf extracts from salinized plants, the specific activity is 

high enough in leaf extracts from non-salinized plants to support the increased flux through 

the pathway under saline conditions (Summers and Weretilnyk, 1993). 

Of the enzymes, ethanolamine kinase (step 1) has been purified to apparent 

homogeneity (Mercer, 1994) as have CMO (step 6; Burnet et al., 1995) and BADH (step 7; 

Weretilnyk and Hanson, 1989). Furthermore, the genes encoding CMO and BADH have 

been cloned from spinach leaves (Rathinasabapathi et al. 1997; Weretilnyk and Hanson, 

1989). In response to salinity, the increase in CMO and BADH activities is associated with 

an increase in amount of enzyme protein and an accumulation of mRNA (Rathinasabapathi 

et al., 1997; Weretilnyk and Hanson, 1989). 

The number of enzymes involved with the three N-methylations of PEA that form 

PCho (steps 2 to 4), with SAM as the methyl group donor, is uncertain which complicates 

the purification of these phosphobase N-methyltransferases. There are at least two 

phosphobase N-methyltransferases with different tissue distribution, different regulatory 
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properties and two overlapping activities: (1) a PEA N-methyltransferase (PEAMeT) that is 

light-regulated, can convert PEA-+ PMEA-+ PDEA-+ PCho in leaves (steps 2 to 4) and 

has been substantially purified (Smith, 1995); and (2) a PMEA N-methyltransferase 

(PMEAMeT) that is not light-regulated, can convert possibly PMEA -+ PDEA -+ PCho in 

leaves (steps 3 and 4) and roots and has not been purified (W eretilnyk and Summers, 1992; 

W eretilnyk et al., 1995). 

Evidence for the existence of at least two enzymes comes from in vitro biochemical 

studies of PEA, PMEA and PDEA N-methylations in relation to their differential tissue 

distribution and differential response to light/ dark conditions: 

(1) Work by Weretilnyk and Summers (1992) with different tissues shows PEA, PMEA and 

PDEA N-methylations are found in leaves; whereas only PMEA and PDEA N-methylations 

are found in roots. Furthermore, the ratio of PMEA: PDEA N-methylations in leaves and 

roots is similar, both activities being 2 to 3-fold higher in leaves. These observations 

suggest the enzyme that N-methylates PEA (PEAMeT) is distinct from the presumably 

single enzyme (PMEAMeT) that N-methylates both PMEA and PDEA (Weretilnyk and 

Summers, 1992). 

(2) Later work reported by Weretilnyk et al (1995) with leaves shows PEA N-methylations 

are light-regulated, increasing in light and decreasing in dark; whereas PMEA and PDEA N

methylations are not similarly light-regulated (Figures 4A and C). Furthermore, the pattern 

of only PMEA and PDEA N-methylations in roots can be mimicked in leaves by exposing 

plants to prolonged periods of darkness (over 48 h) which substantially reduces PEA N

methylations by over 900/o (Figure 4B). In contrast, PMEA and PDEA N-methylations are 

not affected by exposing plants to prolonged periods of darkness (Figure 4D). These 

observations suggest the enzyme that N-methylates PEA (PEAMeT) is light-regulated and 

distinct from the presumably single enzyme that N-methylates both PMEA and PDEA 

(PMEAMeT) which is not light-regulated (Weretilnyk et al., 1995). 

Evidence for two overlapping enzyme activities comes from the characterization of a 

substantially purified PEAMeT by Smith (1995): 



FIGURE 4: Phosphobase N-methylations in leaves of plants growing under varying light/ 

dark conditions (Figure modified from Weretilnyk et al [1995]). 

Panels A and B, PEA N-methylations (open and closed circles). Panels C and D, PMEA N

methylations (open and closed upward triangles) and PDEA N-methylations (open and 

closed downward triangles). Open symbols, leaves from plants in light. Closed symbols, 

leaves from plants in dark. Panels A and C show PEA N-methylations in leaves increase in 

light and decrease in dark; whereas, PMEA and PDEA N-methylations are not similarly 

affected (Weretilnyk et al., 1995). Panel B shows PEA N-methylations can be substantially 

reduced in leaves of plants exposed to prolonged periods of darkness of 48 h (Weretilnyk et 

al., 1995). Panel D shows PMEA and PDEA N-methylations are not similarly affected in 

leaves of plants exposed to prolonged periods of darkness (Weretilnyk et al., 1995). 
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(3) With PEA as a sole substrate, substantially pure PEAMeT (over 5,000-fold) can 

synthesize PCho and, therefore, has three associated activities of PEA, PMEA and PDEA N

methylations in vitro (Smith, 1995). This observation suggests PEAMeT can synthesise 

PCho from PEA in leaves and, therefore, has two overlapping activities of PMEA and 

PDEAN-methylations (steps 3 and4 in Figure 3) withPMEAMeT (Smith, 1995). 

The aim of this thesis was the purification and characterization of PMEAMeT, the 

enzyme that is not light-regulated and possibly converts PMEA ~ PDEA ~ PCho in leaves 

(Weretilnyk et al., 1995) and roots (Weretilnyk and Summers, 1992) of spinach plants. A 

biochemical approach was required because enzymes with the same substrate specificity or 

genes encoding such enzymes from other plants or other organisms are not available. 

PMEAMeT was partially purified from leaves on the basis ofPMEA N-methylations 

(referred to as PMEAMeT activity) and the possibility that PMEAMeT has a second 

associated activity that N-methylates PDEA ~ PCho was also investigated. For this study, 

plants were exposed to prolonged periods (over 48 h) of darkness to substantially deplete 

leaves of PEA N-methylations (by over 900/o) catalyzed by the light-regulated enzyme 

PEAMeT (Figure 4B~ Weretilnyk et al., 1995) and presumably also any PMEA and PDEA 

N-methylations associated with this enzyme (Smith, 1995). Alternatively, leaves of plants 

purchased in markets with already low levels of PEA N-methylations (Weretilnyk, 

zmpublished) were used as a suitable source of the enzyme. PMEAMeT was also 

characterized in terms of pH optimum for enzyme activities, molecular weight, verification 

of reaction products, inhibitory effects of divalent cations, and possible inhibitory effects of 

reaction products and other metabolites of the choline and glycinebetaine biosynthetic 

pathways. Purification of PMEAMeT provided insight into the number of enzymes, and 

their associated activities, that convert PEA ~ PMEA ~ PDEA ~ PCho in leaves (steps 2 

to 4 in Figure 3); while, identification of metabolites that regulated the enzyme activities in 

vitro provided insight into in vivo regulation of the enzyme. 

In the future, the availability of antibody and eDNA probes for PMEAMeT can be 

used to determine if PMEAMeT activities contribute to the salinity-induced increase 

observed in PMEA and PDEA N-methylations (steps 3 and 4; Summers and Weretilnyk, 
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1993). Alternatively, PMEAMeT may not play a role in osmotic stress adaptation 

(Weretilnyk et al., 1995) and may play a role only in PCho production for PtdCho 

biosynthesis. In either case, understanding choline biosynthesis and its regulation for 

glycinebetaine and PtdCho production is very pertinent to introducing or enhancing 

glycinebetaine biosynthesis in crop plants as an approach to improving osmotic stress 

resistance (Weretilnyk and Summers, 1992; McCue and Hanson, 1990). 



36 

MATERIALS AND METHODS 

Radioisotopes and Chemicals 

S-[methyPH]adenosyl-L-methionine ([methyPH]SAM) was purchased from New 

England Nuclear. The specific activity of [methyl-~SAM ranged from 55.1 to 85.0 

Ci•mmor1 (0.55 mCi•mL-1
) and the concentration of SAM ranged from 6.5 to 9.9 

nmol•mL"1
. Upon receipt, the [methyf)H]SAM was divided into 10 J!L (0.55 J!Ci•J!L-1

) 

aliquots and stored at -20°C. 

SAM was purchased from Boehringer Mannheim, Canada. SAM was dissolved in 

0.01 N H2S04: ethanol (9: 1, by vol) and then quantified using the molar extinction 

coefficient of 15 M 1•cm·1 at 257 nm (Eloranta et al., 1976). SAM was diluted to 12 mM, 

divided into 25 J!L aliquots and then stored at -20°C. 

Dowex-50W (It) X8-200 resin (Sigma) was regenerated prior to use. The resin was 

suspended in distilled H20. It was then protonated with 1.0 N HCI (20 washes) and then 

rinsed (20 rinses) with distilled H20 until the pH of the resin was between 5 and 7. Unless 

otherwise stated, all reference to distilled H20 refer to water purified by a Barnsted 

NanoPure Water Filtration System. 

Preparation of phospho bases 

PEA (Sigma, P-0503) was dissolved in 0.1 N HCl to a concentration of 7.5 mM and 

the solution was stored at -20°C. 

PMEA and PDEA were synthesized by hydrolysis of phosphatidyl-PMEA (Sigma 

P-3274) and phosphatidyl-PDEA (Sigma P-0339) with phospholipase C using the method of 

Datko and Mudd (1988b). The phosphatidylbases were suspended, at 5 to 17 mg•mL·t, in 

5% (v/v) Triton X-100 by end-over-end rotation overnight. Phospholipase C (Sigma P-

7147; Type XI B. cereus 1,860 units•mL"1 or BMH; Gmde I B. cereus 4,000 units•mL"1
) 

was first diluted to 745 units•mL"1 (Sigma) or 1,580 units•mL"1 (BMC) with 0.042 M 
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dimethylglutarate-NaOH (pH 7.5, 22°C). Next, diluted phospholipase C was desalted by 

centrifugation through 1.2 mL Sephadex G-25 (Medium) microfuge columns, pre

equilibrated with 0.042 M dimethylglutarate-NaOH buffer (a maximum of 200 ~L of 

enzyme suspension was desalted per column). 149 units (Sigma) or 128 units (BMC) of 

desalted phospholipase C was added to a suspension of phosphatidylbase and the mixture 

was incubated at 3 7°C for 90 min or until it was turbid (up to 7 h). The mixture was then 

phase partitioned by the addition of 3.2 mL methanol: chloroform (2:1, by vol); followed 

after 2 min by the addition of2.06 mL H20: chloroform (0.43:1, by vol). The mixture was 

centrifuged for 1 min at maximum speed in an IEC Clinical Centrifuge (IEC, rotor 809 12-

No 302). If the phase partition was incomplete, 4 to 5 drops of MeOH were added and the 

centrifugation step was repeated The upper methanol-water phase containing the 

phosphobase was removed and evaporated to dryness under N2 gas in a Meyer N-Evap 

Analytical Evaporator (Organomation). The resultant white pellet was dissolved in 150 ~L 

0.1 N HCl and the phosphobase stock solution was stored at -20°C. 

Qwmtifi~tionofPMEAandPDEA 

Concentrations of PMEA and PDEA stock solutions were determined by hydrolysis 

of the phosphobases with alkaline phosphatase (BMC, EC 3.1.3.1, 20,000 units•mL-1
) and 

then quantification of the released inorganic phosphate (Pi) using the method of Martin and 

Tolbert (1983). 

A sample of the phosphobase was first diluted 10 to 15-fold with 0.1 N HCI. The 

phosphatase-digestion assay contained: 5 ~ of diluted phosphobase, 20 units (1 ~L) of 

alkaline phosphatase and 0.225 mL of buffer containing 50 mM NaHC03 (pH 10.4, 22°C), 

1 mM MgCh and 0.1 mM ZnS04. For controls, 5 J.1L of 0.1 N HCl replaced the 5 J.1L of 

phosphobase. The assays were then incubated at 30°C for 20 to 24 h and reactions were 

stopped by the addition of250 ~L 10% (w/v) trichloroacetic acid To determine the amount 

of Pi contamination in phosphobase samples, 5 J.1L of diluted phosphobase was added to 226 

J.1L of H20. The Pi-contamination assays were placed at -20°C for 20 to 24 h while the 

phosphatase-digestion assays were being ~ed out and then thawed and diluted 2-fold 
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with the addition of 250 fJ.L of H20. Phosphatase-digestion and Pi-contamination assays 

were centrifuged at I4,000 rpm for 2 min at room temperature in an Eppendorf 54I5C 

microcentrifuge. Next, 250 J.1L of the supernatant was removed and diluted with 250 J.1L of 

H20. To determine the amount of Pi released from phosphatase-digestion assays and 

present in Pi-contamination assays, a range of Pi standards from 0 to 25 nmol Pi was 

prepared in 500 J.1L volumes from a I mM KH2P04 stock solution. 500 IlL of freshly made 

ammonium molybdate solution was added to the assays and Pi standards. The ammonium 

molybdate solution contained 42 mM (NH..)6M~024, 0.06% (v/v) sulphuric acid and 114 

mM L-ascorbic acid. The colour was developed at 37°C for 90 min and then the absorbance 

was read at 820 nm using a UVlKON 930 spectrophotometer. A Pi standard curve of ODs2o 

versus nmoles of Pi was generated On average, the extent of Pi contamination in PMEA 

and PDEA samples was 2.58% and 3.32%, respectively, of the total amount of Pi released 

during the corresponding phosphatase-digestion assay. The concentration of PMEA and 

PDEA in stock solutions was determined (taking into account the concentration of Pi in 

stocks), solutions were then diluted with 0.1 N HCl to 7.5 mM with respect to each 

phosphobase and then stored at -20°C until required. 

The concentrations ofPMEA synthesized ranged from 24 to I I8 mM, with a mean± 

SEM of71.3 ± 7.8 mM (n=11). The concentrations ofPDEA synthesized ranged from 47.7 

to 106.6 mM, with a mean± SEM of 67.8 ± 5. I mM (n= 13). The percent efficiency (o/OetT) 
I 

for the synthesis of the phosphobases was determined. The o/0etr for PMEA synthesis ranged 

from 2.69 to 11.2 %, with a mean± SEM of 6.6 ± 0.6 % (n=I 1). The o/0etr for PDEA 

synthesis ranged from 4.23 to 9.43 %, with a mean± SEM of6.3 ± 0.5% (n=13). 

Analysis ofPMEA and PDEA 

Each new preparation of PMEA and PDEA was compared to previously prepared 

phosphobases. First, the purity of new phosphobases was ensured by their co-migration 

with standard phosphobases on silica G plates during TLC (described later). Next, the 

suitability of new phosphobases as enzyme substrates was ensured by equal rates of activity 
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with new and previously prepared phosphobases in phosphobase N-methyltransferase 

assays. 

SAM: phospho base N-methyltransferase assays 

SAM: phosphobase N-methylating activities with PEA, PMEA and PDEA as 

substrates were quantified using a stopped assay method modified from Datko and Mudd 

( 1988b). In this thesis, the substrate PMEA was used to assay for PMEAMeT activity. The 

assay contained the following components: 0.1 M HEPES-KOH (pH 7.8, 22°C) or 0.1 M 

Tris-HCl (pH 8.5, 22°C) buffer containing 1 mM Na2-EDT A, 200 ~ SAM, 40 nM 

[methy/}H]SAM, 250 p.M phosphobase, 16.5 J.1L distilled H20, and 25 J.1L of enzyme 

sample (diluted with assay buffer, if necessary) in a final volume of 150 J.1L. For controls, 

distilled H20 replaced the 250 J.1M phosphobases. The reaction was initiated by the addition 

of the enzyme sample, at which point the mixture was vortexed briefly and then incubated at 

30°C for 30 min. The reaction was stopped by the addition of 1 mL of cold distilled H20 

and vortexed One mL of the diluted mixture was quickly applied to a 1 mL column of 

Dowex-50W (It) X8-200 resin in an Evergreen disposable column (Diamed, catalogue 

#208-3384-060). The column was washed with 2 x 0.5 mL of distilled H20 and the flow

through and washes were discarded. [methyl-~-labelled and unlabelled phosphobases 

were eluted with 10 mL 0.1 N HCl and the eluate was mixed by vortexing the tube. One 

mL of the eluate was added to 10 mL of Formula 989 (Dupont, 40% counting efficiency for 

eHJ) or 5 mL of Ready Safe (Beckman, 41.3% counting efficiency for [~) scintillation 

cocktail in a vial. The mixture was vortexed and J3-radiation emission was quantified using 

a Beckman LS 1801. The counts per minute (cpm) were measured and 24 h later, a second 

count was taken. Discrepancies between these counts would reveal problems with 

quenching and chemiluminescence. However, such differences (ie greater than 200/o) were 

not found The second value was used to determine enzyme activity. Ideally, enzyme 

samples were diluted to give approximately 1.36 nmol•min-1•mL"1 diluted sample of 

PMEAMeT activity. The detection limit of the assay is 0.036 nmol•min-1•mL-1 sample for 

phosphobase N-methylating activity (Lorenzin, 1998). 
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Protein and chlorophyU determination 

Protein in samples was quantified colorimetrically by the method of Bradford (1976) 

with BSA as the standard The Bio-Rad Protein Assay (Bio-Rad), Microassay Procedure, 

was used and the absorbance was read at 595 nm in disposable semi-micro polystyrene 

cuvettes (Bio-Rad, catalogue #223-9955). The range of BSA standards used was from 0 to 

12.5 Jlg•mL-1
. A standard curve of 0Ds9s versus concentration of standards was generated. 

However, the 0Ds9s value at 12.5 J.Lg•mL-1 was not included in regression curve calculations 

as it was frequently beyond the linear range. 

Chlorophyll concentration was estimated by the method of Amon (1949). Twenty

five JlL of crude leaf extract were added to 3 mL of 80% (v/v) acetone in aluminium foil

covered test tube. The mixture was vortexed, centrifuged for 5 min at 1 ,640g in an IEC 

Clinical Centrifuge (IEC, rotor 809 12-No 302). The absorbance of the supernatant was 

measured at 700, 663 and 645 nm. Chlorophyll concentration in J.Lg•mL-1 was estimated 

using the formula: 20.2 ((OD64s-OD?oo) + 8.02 (OD663-0D7oo)) x 3.025 mLI 0.025 mL. The 

OD?oo corrects for turbidity. Chlorophyll determinations were done in duplicate. 

Plant Material 

Spinacia o/eracea L. (cv Savoy Hybrid 612, Harris Moran Seeds, Rochester, New 

York) plants were grown in chambc~rs (Conviron E15) under the following conditions: 8 h, 

24°C day, 325 Jlmol•m-2•s-1 PAR/16 h, 19°C night. The seeds were planted 1 em deep in 

moist, medium vermiculite and were not watered for 3 days. The seeds were then watered 

for 4 days. Each one week-old seedling was transplanted to an individual 350 mL plastic 

pot filled with vermiculite and watered daily with half-strength Hoagland's solution 

(Hoaglands and Amon, 1939). Spinach plants used for PMEAMeT extraction from leaves 

were between 4 to 7 weeks old Prior to crude extraction, plants were exposed to 48 h of 

continuous darkness at 19°C to deplete leaves of light-regulated PEAMeT activities 

(Weretilnyk et al., 1995; Smith, 1995). Alternatively, leaves of spinach plants purchased 

from markets were used as a source of PMEAMeT (Weretilnyk. unpublished). Plants 
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purchased from markets were not c~xposed to prolonged periods of darkness prior to crude 

extraction since the leaves were already depleted of light-regulated PEAMeT activities 

(Weretilnyk, unpublished). 

PMEAMeT Purification 

A four-step partial purification strategy for PMEAMeT was developed The strategy 

involved bulk crude extraction from leaves, precipitation with ammonium sulfate, and 

subsequent purification by column chromatography on DEAE Sepharose (anion exchange), 

phenyl Sepharose (hydrophobic interaction) and High Q Anion Exchanger Support matrices. 

All procedures were performed at 4°C or on ice. Protein samples of approximately 1 mL 

were removed after each step. The samples were assayed for phosphobase N-methylating 

activities with PEA, PMEA (PMEAMeT activity) and PDEA as substrates and protein 

concentration was measured using the method of Bradford (1976). Prior to being used in 

enzyme assays or for measurement of protein concentration, samples from crude extraction 

and ammonium sulfate precipitation steps had to be desalted and the buffer was exchanged 

by centrifugation through 1.2 mL Sephadex G-25 (Phannacia) columns, pre-equilibrated 

with 100 mM HEPES-KOH (pH 7.8, 4°C) buffer containing 1 mM Na2-EDTA and 5 mM 

DTT (Weigel et al., 1986). Samples were frequently used immediately in enzyme assays or 

were flash frozen in liquid N2 and stored at -80°C until required These freezing and storage 

conditions did not lead to detectable losses in phosphobase N-methylating activities. 

Crude leaf extraction and ammonium sulphate precipitation 

Spinach leaves were deveined, coarsely chopped with a razor blade (typically 2.0 kg 

of chopped leaves per bulk extraction) and homogenised (in 100-g batches) in a chilled 

Waring Blender with 100 mM Tris-HCl (pH 7.8, 4°C) buffer containing 2 mM Na2-EDTA 

and 1 mM DTT (buffer A). For homogenisation, the ratio of grams fresh weight of leaf 

tissue to volume of buffer A used was 1: 2. The homogenate was then squeezed through a 

filter of four layers of cheesecloth and one of Miracloth (Calbiochem) and the chlorophyll 

concentration of the filtrate was determined (Arnon, 1949). The remainder of the filtrate 
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was centrifuged for 10 min at 10,000g using a Sorvall GSA rotor. The supernatant was 

raised to 1.8 M (w/v) ammonium sulfate by additions of solid ammonium sulfate using 

tables from Wood (1976), stirred for 30 min and then centrifuged for 10 min at 10,000g. 

The supernatant was made to contain 2.6 M (w/v) ammonium sulfate, stirred for 30 min and 

then centrifuged for 10 min at 1 O,OOOg. The pellet was dissolved in 1 to 2 volumes of buffer 

A, transferred to dialysis tubing (Spectral Por, VWR Scientific, molecular weight cutoff 12 

to 14 kDa, 3.3 mL•cm-1
) and dialysed against 20 volumes of20 mM Tris-HCl (pH 7.8, 4°C) 

buffer containing 1 mM Na2-EDTA, 1 mM DTT and 10% ( v/v) glycerol (buffer B). Buffer 

B was changed every 5 to 12 h for a total of 4 changes. This fraction, designated the 1.8 to 

2.6 M ammonium sulphate fraction, was then transferred to 50 mL plastic tubes, flash frozen 

in liquid N2 and stored at -80°C. 

Column Chromatography 

All procedures were open-bed, low pressure liquid chromatography. The Gilson 

Model 740 Protech system controller software was used with a Gilson 506B system 

interface, two Gilson Miniplus 3 pumps, a Gilson 112 UV/ VIS detector and a Gilson FC 

204 fraction collector. Protein t~lution from chromatography columns was continuously 

monitored at 280 nm and the trace was recorded with a flatbed recorder (Kipp and Zonen). 

Selected fractions eluting from columns and all column washes were assayed for 

phosphobase N-methylating activities with PMEA (PMEAMeT activity) and PDEA as 

substrates. The protein concentration in fractions and column washes was measured using 

the method of Bradford (1976). F~ractions exhibiting high PMEAMeT activity were pooled 

Pooled fractions were then divided into 15 and/ or 50 mL plastic tubes, flash frozen in liquid 

N2 and stored at -80°C. 

Following chromatography on some columns, pooled fractions were concentrated 

and dialysed using ultrafiltration prior to flash freezing in liquid N2 and storage at -80°C. 

For ultrafiltration, a YM30 membrane (Amicon, Publication I-101S) was wetted with 

distilled H20 and placed in a 50 mL Amicon 8050 stirred cell (Amicon, Pmax 75 psi, 5.3 

kg•cm-2). The cell was passivated with 6% (w/v) polyethylene glycol (PEG; molecular 
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weight 15 to 20 kDa) at 22°C overnight (Amicon, Publication 334) and then the solution 

was thoroughly rinsed out with distilled H20. Under N2 gas at 60 psi (4°C), buffer B was 

passed two times through the membrane without allowing the membrane to dry. The cell 

was then refilled with buffer B and stored at 4 oc until required Using the passivated 

Amicon cell, pooled fractions were concentrated to a maximum volume of 15 mL and then 

dialysed extensively with buffer B under N2 gas at 60 psi (4°C). Concentrated and dialysed 

protein samples were divided into 1l5 mL plastic tubes, flash frozen in liquid N2 and stored 

at-80°C. 

Anion exchange chromatography on DEAE Sepharose CL-6B matrix 

DEAE Sepharose CL-6B (Sigma) beads were poured into a column (Bio-Rad, 2.5 

em i.d x 20 em, 60 mL bed volume or 5.0 em i.d. x 20 em, 300 mL bed volume) and 

equilibrated with 10 bed volumes of buffer Bat a flow rate of 1.0 mL•min-1
• 1.8 to 2.6 M 

ammonium sulphate fractions were thawed (a maximum of 50 mg protein•mL-1 matrix) and 

then centrifuged for 10 min at lO,OOOg using a Sorvall GSA rotor to remove insoluble 

debris. The supernatant was loaded onto the column at a flow rate of 0.5 mL•min-1
. Non

adsorbed proteins were washed from the column with buffer Bat a flow rate of 1.0 mL•min-

1 until the absorbance of the effluent at 280 nm had decreased to a constant value. The flow 

rate was then maintained at 1.0 mL•min-1
. Adsorbed proteins were eluted with a linear, 10 

bed volume gradient of 0 to 0.3 Nl or 0 to 0.5 M NaCI in buffer B followed by a 2 bed 

volume wash with 0.3 M or 0.5 M NaCl, respectively, also in buffer B. The eluate from the 

column was collected in 6 mL fractions and fractions exhibiting high PMEAMeT activity 

were pooled The pooled fractions were flash frozen in liquid N2 and stored at -80°C. 

Hydrophobic interaction chromatography on phenyl Sepharose CL-4B matrix 

Phenyl Sepharose (Sigma, P-7892) beads were poured into a column (Bio-Rad; 2.5 

em i.d x 20 em, 100 mL bed volwne) and equilibrated with 1 L of buffer B containing 1.0 

M (w/v) ammonium sulfate at a flow rate of 1.0 mL•min-1
• Pooled fractions from DEAE 
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Sepharose chromatography step were thawed (a maximum of 1500 mg of protein), the 

concentration of ammonium sulfate made to 1.0 M (w/v) and then stirred for a minimum of 

30 min. This solution was then loaded onto the column at a flow rate of 0.5 mL•min-1
. 

Non-adsorbed proteins were washed from the column with buffer B containing 1.0 M (w/v) 

ammonium sulfate at a flow rate of 1.0 mL•min-1 until the absorbance of the effluent at 280 

nm approached zero. The flow rate was then maintained at 1.0 mL•min-1
• Adsorbed 

proteins were eluted with a linear, 1 L gradient of25- 00/o (w/v) ammonium sulfate/ 0- 500/o 

(v/v) ethylene glycol in buffer B followed by a 0.2 L wash with 50% (v/v) ethylene glycol in 

buffer B. The eluate from the column was collected in 6 mL fractions and fractions 

exhibiting high PMEAMeT activity were pooled. Pooled fractions were concentrated to less 

than 15 mL and then dialysed 100-fold against buffer B to remove ammonium sulphate and 

ethylene glycol using a passivated Amicon ultrafiltration cell. Concentrated and dialysed 

protein samples were then flash frozen in liquid N2 and stored at -80°C. 

Chromatography on High 0 Anion Exchanger Support matrix 

High Q Anion beads were poured into a column (Bio-Rad; 2.5 em i.d. x 20 em, 50 

mL bed volume) and equilibrated using 0.5 L of buffer Bat a flow rate of 1.0 mL•min-1
. 

Concentrated and dialysed protein samples from phenyl Sepharose chromatography step 

were thawed (a maximum of 600 mg of protein), diluted to less than 10 mg protein•mL-1 

with buffer B and then loaded onto the column at a flow rate of 0.5 mL•min-1
• Non

adsorbed proteins were washed from the column with buffer B at a flow rate of 1.0 mL•min-

1 until the rate of absorbance at 280 nm approached zero. The flow rate was then 

maintained at 1.0 mL•min-1
. Adsorbed proteins were eluted with a linear, 0.5 L gradient of 

0 to 0.3 M NaCl in buffer B followed by a 0.1 L wash with 0.3 M NaCl in buffer B. The 

eluate from the column was collected in 6 mL fractions and fractions exhibiting high 

PMEAMeT activity were pooled Pooled fractions were concentrated to less than 15 mL 

and then dialysed 100-fold against buffer B to remove NaCl using a passivated Amicon 

ultrafiltration cell. Concentrated and dialysed protein samples were flash frozen in liquid N2 

and stored at -80°C. 
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Native molecular weight determination 

Native molecular weights of phosphobase N-methyltransferases were determined by 

comparison to protein molecular weight standards (Sigma, molecular weight GF-200 Kit). 

An HPLC Protein Pak 300SW gel filtration column (Waters, 7.5 x 300 mm, 13.3 mL bed 

volume) was used with Baseline 810 software, a Waters 625 LC System, a Waters 486 

absorbance detector and a Waters fraction collector. All procedures were carried out at 4°C 

and at a flow rate of0.1 mL•min-1
• The column was equilibrated with a minimum of 50 mL 

of 50 mM Tris-HCl (pH 7.4, 4°C) buffer containing 100 mM KCl, 1 mM DTT and 5% (v/v) 

glycerol (buffer C), prefiltered through a Nucleopore membrane (0.22 J!M pore size). 

Proteins eluting from the column were continuously monitored by the rate of absorbance at 

280 run and the trace recorded with a flat bed recorder (Zipp and Konen). 

Sample purified 30-fold after High Q Anion chromatography was centrifuged at 

14,000 rpm for 1-2 min in an Eppendorf 5415C microcentrifuge. The supernatant was 

diluted in buffer C and a 50 J!L aliquot was injected onto the column. 100 J!L fractions were 

collected and aliquots from select fractions were assayed for phosphobase N-methylating 

activities with PMEA (PMEAMeT activity) and PDEA as substrates. The elution volume 

(Ve) for phosphobase N-methyltransferases was determined using the fraction containing the 

maximal activity. As a control, a sample of the supernatant combined with 2 internal 

protein molecular weight standard-s was also injected onto the column. 

Protein molecular weight standards were used to generate calibration curves. The 

standards were dissolved in buffer C (as per Technical Bulletin No GF-3, Sigma) and the 

solutions were mixed together. The mixture was filtered through disposable Acrodisc filters 

(0.2 J.1M pore size, Gelman) and then a 50 J.lL aliquot was injected onto the column. The Ve 

for standards was determined using the fraction containing maximal protein as shown by the 

trace. Dextran blue was dissolved in buffer C (as per Technical Bulletin No GF-3, Sigma) 

and filtered (as per standards). Next, a 50 J.lL aliquot was injected onto the column and the 

fraction containing the most dextran blue was used to determine the void volume (V 0 ) of the 

column. Ve and Vo estimates were calculated with the following formula: (fraction number 
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x 100 J.1L per fraction) + volume of eluate collected between loading the sample and 

collecting the first fraction - 285 f..lL for the volume of the tubing leading from the column 

end to fraction collecting tubes. 

Pbotolabeling witb [methyl-~SAM 

Photolabeling of [methyl-3H]SAM to protein sample was carried out on ice in pre

cooled Falcon 3911 Microtest liT flexible assay plates (approximately 300 f..ll well 

volumes, Becton Dickenson) using a Mineralight UV GL-58 lamp (short wave, 115 V, 60 

Hz, 0.16 Amps, Ultraviolet Products Inc.). For the photolabeling assay, 0.43 J.1M 

[methyPH]SAM (70.1 Ci•mmolc-1
; 0.55 f..lC•f.lL-1

) and 60 J.lg of protein were mixed in 

0.15 M Tris-HCl (pH 8.5, 22°C) buffer containing 1.5 mM Na2-EDTA in a final volume 

of 53 f..lL. The mixture was irradiated with 254 nm UV light for 1 h at a height of 1.0 em. 

After UV irradiation, a 40 J.1L aliquot of the mixture was added to 40 f.1L of SDS sample 

buffer (see below Merrick, 1983) to stop the reaction. Then, a 40 f.lL aliquot was 

removed and denatured by heating at 90°C for 3 min. The samples were then separated 

by SDS-PAGE and [methyPH]SAM-labeled peptides were detected by fluorography (as 

described below). 

Polyacrylamide Gel Electrophoresis, Fluorograpby 

Discontinuous gel electrophoretic analysis of protein samples was performed using 

7.5 to 15% SDS-polyacrylamide gradient gels (Chua, 1980) with the buffer system of 

Neville (1971). Protein samples were diluted with SDS sample buffer containing 60 mM 

Tris-HCl (pH 6.8, 22°C), 10% (v/v) glycerol, 1% (w/v) SDS, 1% (w/v) DTT and 0.002% 

(w/v) bromophenol blue (Merrick, 1983). SDS-PAGE molecular weight standards, low 

range (Bio-Rad, catalogue # 161-1034) were diluted with SDS sample buffer 1:100, by 

volume, for silver-stained gels and 1:20, by volume, for Coomassie R-250-stained gels. 

Protein samples and molecular weight standards were then denatured by heating at 90°C for 

3 min and loaded onto gels. El,ectrophoresis was conducted at a constant current of 15 

mAmps per gel at 15°C (temperature maintained by RM 6 LAUD A) until the bromophenol 
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blue dye ran off the gel (approximately 7 to 8 h). Gels were silver-stained by the method of 

Wray et al., (1982) and then placed for at least 3 h in gel drying solution containing 40% 

(v/v) methanol, 7% (v/v) glacial acetic acid and 3% (v/v) glycerol. Gels were then dried 

between 2 sheets of cellophane (BioRad, Model 583 No. 165-0963) using the method of 

Wallevick and Jensenius (1982). 

SDS-polyacrylamide gels used to separate proteins exposed to UV light and [methyl-

3H]SAM (as described above) were stained with 0.1% (w/v) Coomassie Brilliant BlueR-

250 dye, 25% (v/v) isopropanol, 10% (v/v) glacial acetic acid and 0.1% (w/v) cupric acetate. 

The gels were then destained with 400/o methanol and 7% (v/v) glacial acetic acid 

Destained gels were exposed to the fluorographic reagent Amplify (Amersham) for 15 min 

with agitation and then dried as albove. The positions of molecular weight standards were 

marked with [ 14C]choline-spiked ink. Peptides linked to [methyl-~ SAM were detected by 

exposure of dried gels to Kodak X-OMA T-AR films at -80°C for varying lengths of time. 

The X-rays were developed using a Kodak M35A X-OMAT Diagnostic Imaging Processor. 

Identification and quantification of phospho base N-methyltransferase assay products 

To produce assay products for characterization, phosphobase N-methyltransferase 

assays were performed with PEA, PMEA and PDEA as substrates using sample purified 30-

fold after High Q Anion chromatography. Next, the 0.1 N HCl eluates from PMEA and 

PDEA N-methyltransferase assays that had a minimum of 1.36 nmol•min-1•mL-1 diluted 

sample ofPMEAMeT activity were evaporated (separately) to dryness at 40°C under N2 gas 

using a Meyer N-Evap Analytical Evaporator (Organomation). The 0.1 N HCl eluates from 

PEA N-methyltransferase assays contained no radioactivity but were still evaporated to 

dryness at 40°C underN2 gas. The dried samples were then resuspended in 10 ~ of0.1 N 

HCl and carriers of PEA (30 mM), PMEA (59 mM), PDEA (70 mM) and PCho (30 mM) 

were added in 1 ~ aliquots to 7 ~ of each sample. The samples combined with carrier 

phosphobases were then evaporated to dryness at 40°C under N2 gas and the mixture 

resuspended in 4 ~ 0.1 N HCI. 
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To identify the assay products, the above mixtures were separated by TLC (as 

described below). More specifically, 2.0 J.!L of each mixture was applied to a silica G plate 

and, as migration patterns of compounds can differ when a mixture is chromatographed, 

carrier phosphobases were also applied both individually and in the following combinations: 

a) PDEA and PCho, b) PMEA, PDEA and PCho and c) all four phosphobases. Following 

chromatography, which also involved staining for carrier phosphobases, the plate was cut 

into lanes. The lanes separating mixtures of sample combined with carrier phosphobases 

were cut into zones according to the positions of the carrier phosphobases (Figure 5). 

Radioactivity associated with each zone was determined by scrapping off the silica which 

was then added to a vial containing 5 mL Ready Safe scintillation cocktail (Beckman). The 

vial was vortexed to mix the contents and radioactivity ( cpm) was measured using a 

Beckman LS 1801 liquid scintillation counter. To account for any radioactivity slowly 

released from the silica, radioactivity in vials was measured one or two times a day over 

approximately three days by which point counts remained relatively stable 

Counts associated with each zone were expressed as a percentage of total counts 

recovered from the lane, which indicated the type and amount of N-methylated phosphobase 

product produced in phosphobase N-methyltransferase assays. To provide an estimate of 

the amount of radioactivity in each mixture applied to the plate, 1.0 J.lL of the remaining 

mixture was added to a vial containing 5 mL of Ready Safe scintillation cocktail (Beckman). 

The vial was then vortexed and radioactivity measured (cpm) using a Beckman LS 1801 

counter. Thus, the total amount of radioactivity recovered from the plate for each mixture 

could be expressed as a percentage of radioactivity in the mixture applied to the plate. 

Thin Layer Chromatography 

Thin layer chromatography (TLC) was carried out in a single dimension with a polar 

solvent system using a method modified from Andriamampandry et al. (1989). Silica G 

plates (Machenreg-Nachel, 20 x 20 ,em) were "activated" for a minimum of 40 h at 40°C in 

an oven. The developing tank was lined with two pieces of 3MM chromatography paper 

(Whatman). "Activated" plate( s) were equilibrated overnight in the tank with 110 mL of 1-



FIGURE 5: Cartoon highlighting the zones on silica G plates 

Mixtures of phosphobase N-methyltransferase assay products and carrier phosphobases 

were applied to silica G plates at the origin, separated by TLC and then plates were sprayed 

with a Pi-specific spray. The lanes were cut into zones (indicated by dashed lines) according 

to the position of the carrier phosphobases (shaded ovals). The average Rr values for 

phosphobases were: 0.60 for PEA, 0.52 for PMEA, 0.37 for PDEA and 0.22 for PCho. 
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butanol/ MeOH/ concentrated HCll H20 (5: 5: 1: 1, by vol). Plates, chromatography papers 

and the tank were then air-dried. The tank and chromatography papers were equilibrated for 

a minimum of 1 h with 120 mL of 1 ~butanoJJ MeOH/ concentrated HCJJ H20 (10: 10: 1: 1, 

byvol). 

A pencil line was drawn 1.5 em from the bottom edge of the dried plate and points 

were marked at 1.0 em intervals along the line. 0.5 J.1L of samples dissolved in 0.1 N HCl 

were applied to plate on designated points and the sample solvent was allowed to evaporate. 

For samples requiring multiple 0.5 J..lL applications, the sample solvent was allowed to 

evaporate between applications. Plates were developed in the equilibrated tank by 

ascending solvent for 6 h and then air-dried. Dried plates were reversibly stained with 

iodine vapour in a closed chamber overnight. Plates were photocopied and the bound iodine 

was allowed to sublime. Plates were then evenly sprayed with a Pi-specific acid 

molybdenum blue reagent that consisted of 85.6 mM CNH4)6M0?024·4H20, 0.0076% (v/v) 

concentrated HCl, 0.05% (v/v) perchloric acid made up to 50 mL with acetone. After air

drying, plates were exposed to UV light from a Mineralight UV GL-58 lamp (short wave, 

115V, 60Hz, 0.16 A, Ultraviolet Products Inc.) for approximately 30 min at a distance of5.7 

em. All phosphorous-containing compounds were stained blue and their relative mobility 

(Rr) detennined by measuring the distance from the origin to the midpoint of the respective 

blue spot The plates were then photocopied and stored. 

Kinetic, metabolite and metal ion requirement studies 

Typically, studies of ph~'Phobase N-methyltransferase activities with PMEA 

(PMEAMeT activity) and PDEA a-s substrates were perfonned using sample purified 30-

fold after High Q Anion chromatography and if other samples were used, the samples are 

described. The assays were performed in 0.1 M Tris-HCl buffer at pH 8.5 (22°C), except 

for studies on the effect of pH since~ the assay buffer varied according to the pH required 

For studies requiring additions to assays or omissions of standard assay components, the 

standard assay volume of 150 J..1L was maintained by adjusting the volume of distilled H20 

(16.5 J..I.L) nonnally included in assays. 
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The effect of pH in the range from 6 to 10 on enzyme activities was examined using 

a series of buffers that overlapped in pH. The following buffers were used at a final assay 

concentration of0.1 M adjusted to the indicated pHs at 22°C: Biscine-Tris-HCI (pH 6, 6.5 

and 7), HEPES-KOH (pH 7, 7.5, 7.8 and 8), Tris-HCl (pH 7, 7.5, 8, 8.5, 8.8 and 9.0), 

Biscine-Tris-Propane-HCI (pH 7.8, 8.3. 8.5, 8.8 and 9) and CHES-NaOH (pH 9, 9.5 and 

10). The incubation time over which enzyme activities remained linear was also examined 

over the range from 0 to 60 min, with 30 min being the standard incubation time of 

phosphobase N-methyltransferase assays (Datko and Mudd, 1988b ). 

The concentration-dependant effect of SAH and various end products of choline and 

glycinebetaine biosynthesis on enzyme activities was determined. All metabolites were 

dissolved in distilled H20, except for SAH which was dissolved in 0.01 N H2S04: ethanol 

(9:1, by vol). Stock solutions of PCho (Na-salt), choline (Cl-salt) and glycinebetaine (Cl

salt) were buffered to the assay pH (8.5 at 22°C) with either NaOH or HCl. Pi (Na-salt) 

stock solution was buffered to the assay pH (8.5 at 22°C) by mixing equimolar solutions of 

NaH2P04 (acidic) and Na2HP04 (basic). Metal ion requirements for enzyme activities were 

examined by (1) omission from assays of Na2-EDTA, a metal ion chelator normally 

included at a final assay concentration of 1 mM (Datko and Mudd, 1988b ), and (2) by 

addition to assays ofMgCh and MnCh at final assay concentrations of 1 and 10 mM, in the 

absence ofNa2-EDTA. 
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RESULTS 

PARTIAL PURIFICATION OF PMEAMeT 

Purification of PMEAMc::T from spinach leaves was followed by assaying for 

PMEA N-methylating activity (PMEAMeT activity) and the possibility (proposed by 

Weretilnyk and Summers, 1992) that PMEAMeT has a second associated activity that N

methylates PDEA was investigated However, spinach leaves also have a light-regulated 

enzyme PEAMeT that has three associated activities of PEA, PMEA and PDEA N

methylations (Smith, 1995). The fact that PEA N-methylations should be a distinguishing 

activity between the two enzymes was used as a basis for the purification. It was previously 

noted that exposure of plants to prolonged periods of darkness ( 48 h) results in a substantial 

decrease (over 90%) in PEA N-methylations (Figure 4C~ Weretilnyk et. a1, 1995). In 

principle, leaf material depleted of PEA N-methylations suggests PMEA and PDEA N

methylations associated with PEAMeT are also depleted in such tissue (Smith, 1995). It 

was also noted that leaves purchased from markets already have low levels of PEA N

methylating activity (Weretilnyk, unpublished). Therefore, leaves from plants exposed to 

prolonged periods of darkness and those plants purchased from the market were used for 

enzyme purification. 

PMEAMeT was partially purified 21 to 43-fold using a four-step strategy which 

involved, in sequence: bulk crude extractions from leaves with low PEA N-methylating 

activity, ammonium sulphate fractionation, and column chromatography on DEAE 

Sepharose (anion exchange), Phenyl Sepharose (hydrophobic interaction) and High Q 

Anion Exchanger Support matrices. The summaries of purification trials are reported in 

Tables I to N, with the best fold improvement of specific activity of 43-fold for 

PMEAMeT reported in Table Ill. The results of each step are described in detail using data 

from all four purification trialls in the following sections. Although a typical or best 

purification trial could have been reported, all four are included because partially purified 

enzyme from the various trials were used in experiments reported elsewhere in this thesis. 
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Table 1: Partial purification ofPMEAMeT-Trial I using leaves from market spinach plants 

Purification Step Total Total TotalPMEA Specific Activity Fold 
(column elution conditions) Volume Protein a N-methylating Activitya Purification 

mL mg nmol•min-1 nmol•min-1•mg-1 protein 

Crude 10430 42017 2607 0.062 1 
(100) (100) 

1.8 to 2.6 M ammonium 372 12970 3494 0.269 4.3 
sulfate fraction (31) (134) 

DEAE Sepharose 440 2664 2070 0.777 12.5 
(0 to 0.3 M NaCl) (6) (79) 

Phenyl Sepharose 76 919 4401 4.789 77'> 
I lo4.t 

(25-0% AS/ 0-50% EG)b (2) (169) 

High Q Anion 10 210 420 2.000 32.3 
(0 to 0.3 M NaCI) (0.5) (16) 

a values in parentheses are% recoveries relative to the Crude step. 
b AS and EG refer to ammonium sulfate and ethylene glycol, respectively. 
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Table ll: Partial purification ofPMEAMeT-Trialii using leaves from dark-exposed spinach plants 

Purification Step Total Total TotalPMEA Specific Activity Fold 
(column elution conditions) Volume Protein a N-methylating Activitya Purification 

mL mg nmol•min-I nmol•min-1•mg -l protein 

Crude 13105 26078 11766 0.451 1 
(100) (100) 

1.8 to 2.6 M ammonium 420 10538 10201 0.968 2.1 
sulphate fraction (40) (87) 

DEAE Sepharose 680 2712 9577 3.531 7.8 
(0 to 0.3/ 0.5 M NaCl)b (10) (81) 

Phenyl Sepharose 49 1110 7420 6.685 14.8 
(25-0% AS/ 0-50% EGt (4) (63) 

HighQAnion 10 152 1456 9.579 21.2 
(0 to 0.3 M NaCl) (0.6) (12) 

a Values in parentheses are% recoveries relative to Crude step. 
b A 0 to 0.3 M NaCl gradient was used for one column and a 0 to 0.5 M NaCl gradient was used for other columns. 
cAS and EG refer to ammonium sulfate and ethylene glycol, respectively. 
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Table lll: Partial purification ofPMEAMeT-Trial III using leaves from dark-exposed spinach plants 

Purification Step Total Total TotalPMEA Specific Activity Fold 
(column elution conditions) Volume Protein a N-methylating Activitya Purification 

mL mg nmol•min-1 nmol•min-1•mg -I protein 

Crude 6889 17904 6179 0.345 1 
(100) (100) 

1.8 to 2.6 M ammonium 332 5560 5899 1.061 3.1 
sulphate fraction (31) (95) 

DEAE Sepharose 284 2380 3023 1.270 3.7 
(0 to 0.3 M NaCl) (13) (49) 

Phenyl Sepharose 56 709 3316 4.677 13.6 
(25-0% AS/ 0-50% EG)b (4) (54) 

HighQAnion 10 74 1093 14.770 42.8 
(0 to 0.3 M NaCl) (0.4) (18) 

a Values in parentheses are% recoveries relative to Crude step. 
bAS and EG refer to ammonium sulfate and ethylene glycol, respectively. 
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Table IV: Partial purification ofPMEAMeT-Trial IV using leaves from dark-exposed spinach plants 

Purification Step Total Total TotalPMEA Specific Activity Fold 
(column elution conditions) Volume Protein a N-methylating Activitya Purification 

mL mg nmol•min-1 nmol•min-1•mg -I protein 

Crude 3493 9078 3133 0.345 1 
(100) (100) 

1.8 to 2.6 M ammonium 168 2819 2991 1.061 3.1 
sulphate fraction (31) (95) 

DEAE Sepharose 144 1207 1533 1.270 3.7 
(0 to 0.3 M NaCl) (13) (49) 

Phenyl Sepharose 18 
,,,.... 

1702 2.567 7.4 00-' 

(25-0% AS/ 0-50% EG)b (7) (54) 

HighQ Anion 13 178 1822 10.236 29.7 
(0 to 0.3 M NaCl) (2) (58) 

a Values in parentheses are% recoveries relative to Crude step. 
b AS and EG refer to ammonium sulfate and ethylene glycol, respectively. 
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Protein samples recovered after each step were also assayed for PEA and PDEA N

methylating activities (Table V). PEA N-methylating activity was assayed in crude leaf 

extracts (step 1) to ensure that leaves harvested from plants had low levels of this activity 

and then this activity was also assayed in samples from all subsequent steps. PDEA N

methylating activity was assayed in samples after each step to determine whether the 

activity co-purified with PMEAMeT. 

It is noteworthy that for each of the four purification trials, more than one bulk crude 

extraction experiment (first step) was performed to yield enough protein for the single run 

on the High Q Anion chromatography column (last step; Tables I to N). Each crude leaf 

extract was individually and immediately fractionated by ammonium sulfate (second step). 

For DEAE Sepharose column chromatography (third step), ammonium sulfate fractions 

were then either individually applied to the column or several were combined and then 

applied to the column. Protein recovered from each run on the DEAE Sepharose column 

was either applied directly to the Phenyl Sepharose colmnn (fourth step), divided and 

applied individually, or preparations from several runs were combined and then applied to 

the column. Combining or dividing samples was based on pragmatic considerations, such 

as column loading capacities. Thus for the Crude step (first step) to the Phenyl Sepharose 

step (fourth step), the data reported for the total volume, protein and PMEA N-methylating 

activity were the sum of more than one crude extraction/ ammonium sulfate fractionation 

experiment and generally also of more than one run on the respective chromatography 

column. 

Crude extraction from leaves and ammonium sulfate fractionation 

PMEAMeT activity (average 0.30 nmol•min-1•mg-1 protein) was detected in 

desalted, crude leaf extracts from market plants (Table I) and plants exposed to prolonged 

periods of darkness (Table TI to IV). PDEA N-methylating activity (average 0.33 nmol•min-

1•mg-1 protein) was also detected in desalted, crude leaf extracts. These activity levels 

approach those previously reported for PMEAMeT and PDEA N-methylating activities for 

dark-exposed plants (0.85 ± 0.05 and 0.62 ± 0.04 nmol•min-1•mg-1 protein, respectively; 
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Table V: Average ratio of PEA and PDEA N-methylating specific activities relative to PMEAMeT after each purification stepa 

Purification Step 

Crude 

1.8 to 2.6 M ammonium sulfate fraction 

DEAE Sepharose 

Phenyl Sepharose 

High Q Anion 

Average PMEAMeT 
activity b 

nmol•min-1•mg-1protein 

0.30 ± 0.08 

0.84 ± 0.18 

1.71 ± 0.62 

4.68 ± 0.84 

9.15 ± 2.65 

Ratio of specific activities relative to PMEAMeT 
activity 

PEA PMEA PDEA 

0.07 ± 0.04 1 1.21 ± 0.20 

0.05 ± 0.00 1 0.99 ± 0.06 

0.05 ± 0.01 1 0.99 ± 0.03 

0.02 ± 0.01 1 1.12 ± 0.06 

ndc 1 1.15±0.11 

a PMEAMeT activity assayed with PMEA as substrate 
bPMEAMeT specific activities for each step are reported in Tables I to IV. 
c nd refers to not detected, the activity was at or below the detection limit of the assay (0.036 nmol•min-1•mL-1 sample). 
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Lorenzin, 1998). In contrast, the activity level detected for PEA N-methylating activity was 

only approximately 7% that of PMEAMeT activity which contrasts with the value from 

light-exposed plants (0.51 ± 0.03 nmol•min-1•mg·1 protein; Lorenzin, 1998) suggesting the 

light-regulated enzyme PEAMeT was substantially reduced in leaves from these plants. 

Therefore, this plant material was deemed suitable for purification of PMEAMeT and for 

investigating the possibility that PMEAMeT also N-methylated PDEA (Weretilnyk and 

Summers, 1992; Weretilnyk et al., 1995). Thus, PDEA N-methylating activity was assayed 

during the purification of PMEAMeT in each trial and the data are reported in Table VI 

(Trials I and IT) and VII (Trials ill and IV). For the ease of comparison, the corresponding 

PMEAMeT activity reported in Tables I to IV is also reported in Tables VI and VII. 

Each crude leaf extract was fractionated using ammonium sulfate. The 1.8 to 2.6 M 

ammonium sulfate fraction contained 33% of protein and, on average, 100% (range, 87 to 

134%) of PMEAMeT activity present in crude leaf extracts. In comparison, approximately 

5% (range, 0 to 11 %) and 3% (range, 0 to 10%) ofPMEAMeT activity in crude leaf extracts 

was detected in the 0 to 1.8 M and;::: 2.6 M ammonium sulfate fractions, respectively. The 

1.8 to 2.6 M ammonium sulfate fractionation led to a 83% (range, 73% to 8'70/o) recovery of 

PDEA N-methylating activity. A low level of PEA N-methylating activity was also detected 

in the 1.8 to 2.6 ammonium sulfate fraction (Table V). Thus, ammonium sulphate 

fractionation had purified the average sample 3.2-fold for PMEAMeT activity and 2.5-fold 

for PDEA N-methylating activity over the crude leaf extract. 

Anion exchange chromatography on DEAE Sepharose matrix 

The dialysed 1.8 to 2.6 M ammonium sulphate fraction was centrifuged for 10 min 

at 10,000g to remove particulates and then the supernatant was loaded onto a DEAE 

Sepharose column (Methods and Methods). Approximately 75% of the protein applied was 

adsorbed onto the matrix. Figure 6 shows a typical elution profile of protein and N

methylating activities using PMEA and PDEA as substrates. PMEAMeT and PDEA N

methylating activities co-eluted from the column during application of a linear gradient of 

increasing NaCl concentration (0 to 0.3 M in buffer B) and the elution profiles of both 
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Table VI: PMEAMeT and PDEA N-methylating activities at each step of partial purification trials I and ua 

Purification Step Trial I Trial II 
Total Activitl Fold Purification Total activitl Fold :QUrification 

PMEA PDEA PMEA PDEA PMEA PDEA PMEA PDEA 
nmol•min-1 nmol•min-1 

Crude 2607 4524 1 1 11766 15599 1 1 
(100) (100) (100) (100) 

1.8 to 2.6 M ammonium sulfate fraction 3495 3798 4.3 2.7 10201 11333 2.1 1.8 
(134) (84) (87) (73) 

DEAE Sepharose 2070 2276 12.5 7.9 9577 10068 7.8 6.2 
(79) (50) (81) (65) 

Phenyl Sepharose 4401 4905 77.2 49.4 7420 8168 14.8 12.3 
(169) (108) (63) (52) 

High Q Anion 420 548 32.3 24.1 1456 1834 21.2 20.2 
(16) (12) (12) (12) 

aPMEAMeT activity was assayed using PMEA as substrate. 
bValues in parentheses are% recoveries relative to the Crude step. 
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Table VII: PMEAMeT and PDEA N-methylating activities at each step of partial purification trials III and IVa 

Purification Step Trial III Trial IV 
Total Activityb Fold Purification Total activit:l Fold ~urification 

PMEA PDEA PMEA PDEA PMEA PDEA PMEA PDEA 
nmol•min-1 nmol•min-1 

Crude 6179 5499 1 1 3133 2788 1 1 
(100) (100) (100) (100) 

1.8 to 2.6 M ammonium sulfate fraction 5899 4757 3.1 2.8 2991 2495 3.1 2.8 
(95) (87) (95) (89) 

DEAE Sepharose 3023 2809 3.7 3.8 1533 1695 3.7 3.8 
(49) (51) (49) (61) 

Phenyl Sepharose 3316 4228 13.6 19.4 1702 1688 7.4 8.3 
(53) (77) (54) (61) 

HighQAnion 1093 1334 42.8 58.7 1822 1595 29.7 29.2 
(18) (24) (58) (57) 

aPMEAMeT activity was assayed using PMEA as substrate. 
bValues in parentheses are% recoveries relative to the Crude step. 



FIGURE 6: Anion exchange chromatography on DEAE Sepharose (CL-6B) column. 

Representative elution profiles ofPMEAMeT activity (•, with PMEA as substrate), PDEA 

N-methylating activity (0) and protein ( ... ) from a 60 mL DEAE Sepharose matrix. 

Adsorbed protein. was eluted from the column with a 600 mL linear gradient ofO to 0.3 M 

NaCl in buffer B followed with a 200 mL wash of0.3 M NaCl in buffer B (solid line). The 

eluate was collected in 6 mL fractions. Selected fractions were assayed for PMEAMeT and 

PDEA N-methylating activities as described (Materials and Methods) and protein 

concentration was measured in fractions using the method of Bradford (1976). 
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activities were uni-modal. The fractions containing the highest amounts of both activities 

were estimated to contain approximately 0.17 M NaCl and this value was based on elution 

volume, as the concentration ofNaCl in fractions was not measured directly. Figure 6 also 

shows the activities were found in fractions that slightly preceded those containing the 

highest concentrations of protein. Fractions that exhibited a minimum of 0.72 nmol•min-

1•mL-1 of PMEAMeT activity were pooled for further purification. There was no apparent 

difference in the elution profiles of either the activities or protein from the DEAE Sepharose 

column when a 0 to 0.5 M NaCl gradient was applied in two experiments (Table II) in 

comparison to the 0 to 0.3 M NaCl gradient applied otherwise (data not shown). 

The average pooled sample contained 33% of protein and 64% of PMEAMeT 

activity present in the 1.8 to 2.6 ammonium sulfate fraction. There was a 670/o recovery of 

PDEA N-methylating activity in the sample over the previous step and a low level of PEA 

N-methylating activity was also detected in these samples (Table V). Thus, the use of 

DEAE Sepharose chromatography resulted in an approximate 2-fold purification for both 

PMEAMeT and PDEA N-methylating activities over the 1.8 to 2.6 ammonium sulfate 

fractionation. 

Hydrophobic interaction chromatography on Phenyl Sepharose matrix 

Typically, samples purified by DEAE Sepharose chromatography contained 

approximately 0.17 M NaCl and as these proteins were already in a salt-containing buffer, 

Phenyl Sepharose hydrophobic interaction chromatography was used as the next step. To 

maximise adsorption, samples were adjusted to 1.0 M ammonium sulphate and then loaded 

onto the phenyl Sepharose column. Typically, 85% of protein present in samples loaded 

onto the column was adsorbed onto the matrix. Figure 7 shows a typical elution profile of 

protein and N-methylating activities using PMEA and PDEA as substrates. PMEAMeT 

activity and PDEA N-methylating activity co-eluted from the column during the application 

of a linear gradient of concomitant decreasing ammonium sulphate (25 to 0%) and 

increasing ethylene glycol (0 to 50%) concentration in buffer B. The peaks of both 



FIGURE 7: Hydrophobic interaction chromatography on Phenyl Sepharose (CL-4B) 

column. 

Representative elution profiles of PMEAMeT activity ( •, with PMEA as substrate), PDEA 

N-methylating activity ( 0) and protein ( ... ) from a phenyl Sepharose matrix. Samples 

recovered after DEAE Sepharose anion exchange chromatography (sample shown is 

descnbed in Table IV) was made to contain 1.0 M ammonium sulfate and then loaded onto 

100 mL Phenyl Sepharose column, pre-equilibrated in buffer B containing 1.0 M 

ammonium sulfate (Materials and Methods). Ads01bed proteins were then eluted with a 

1000 mL linear gradient of 25-0% (w/v) ammonium sulfate/ 0 to 50% ethylene glycol in 

buffer B followed by a 200 mL wash with 50% ethylene glycol in buffer B (solid line). The 

eluate was collected in 6 mL fractions. Selected fractions were assayed for PMEAMeT and 

PDEA N-methylating activities as descnbed (Materials and Methods) and protein 

concentration in fractions was measured using the method of Bradford (1976). 

Abbreviations: AS, ammonium sulfate; EG, ethylene glycol. 
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activities overlapped, eluting with an estimated 15% ammonium sulphate/ 20% ethylene 

glycol (estimate based on elution volume). Figure 7 also shows the activities that were 

found in fiactions that preceded those containing the highest concentrations of protein. 

Fractions that exhibited a minimum of0.72 nmol•min"1•mL"1 ofPMEAMeT activity were 

pooled, concentrated to less than 20 mL and then the concentrate was dialyzed 100-fold 

against buffer B to remove ammonimn sulphate and ethylene glycol. 

The average sample contained 400/o of protein and 127% of PMEAMeT activity of 

the original sample applied to the colmnn. The sample also had a 142% recovery of PDEA 

N-methylating activity over the previous step and PEA N-methylating activity was detected 

at low levels in the pooled, concentrated and dialyzed samples (Table V). Thus, samples 

were purified approximately 2.0 to 6.2-fold for both PMEAMeT and PDEA N-methylating 

activities over DEAE Sepharose purified samples. 

Chromatography on High Q Anion Exchanger Support matrix 

For the last step, concentrated and dialysed sample from the phenyl Sepharose 

chromatography step were diluted to a maximum of I 0 mg protein•mL"1 with buffer B and 

then loaded onto a colmnn containing High Q Anion matrix. All protein loaded onto the 

colmnn was adsorbed to the matrix and Figure 8 shows that PMEAMeT and PDEA N

metbylating activities co-eluted from the colmnn during application of a linear gradient of 

increasing NaCl concentration (0 to 0.3 Min buffer B). The elution profiles ofPMEAMeT 

and PDEA N-metbylating activities were uni-modal and the peak of each activity 

overlapped, eluting with approximately 0.11 M NaCI (estimated using the elution volmne). 

Figure 8 also shows the peaks of the activities were found in fractions that had the second 

highest concentrations of protein and preceded those fractions containing the highest 

concentrations of protein. Fractions that exhibited a minimum of0.72 nmol•min"1•mL·1 of 

PMEAMeT activity were pooled, concentrated to less than 20 mL and then the concentrate 

was dialysed 100-fold against buffer B to remove NaCI. 

The order of Tables I to N reflect increasing recoveries of PMEAMeT activity in 

samples over the phenyl Sepharose purified samples, which can likely be attributed to better 



FIGURE 8: Chromatography on High Q Anion Exchanger Support column. 

Representative elution profiles ofPMEAMeT activity (e, with PMEA as substrate), PDEA 

N-methylating activity (0) and protein ( ... ) from a High Q Anion matrix. Samples 

recovered after Phenyl Sepharose hydrophobic interaction chromatography (sample shown 

is outlined in Table IV) were diluted to 10 mg protein•mL-1 with buffer B (Materials and 

Methods) and then loaded onto 50 mL High Q Anion column pre-equilibrated in buffer B. 

Adsorbed proteins were then eluted with a linear, 500 mL gradient of 0 to 0.3 M NaCl in 

buffer B followed with a 100 mL wash with 0.3 M NaCl in buffer B (solid line). The eluate 

was collected in 6 mL fractions. Selected fractions were assayed for PMEAMeT and PDEA 

N-methylating activities as described (Materials and Methods) and protein concentration in 

fractions was measured using the method of Bradford (1976). 
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skill in handling the column separation with experience. The sample described in Table IV 

gave the best separation achieved over the phenyl Sepharose purified sample with a I 07% 

recovery ofPMEAMeT activity and only a 27% recovery of protein. This last sample also 

showed a 94% recovery of PDEA N-methylating activity over sample from the previous 

step. This reflects an improvement in specific activities of 4-fold for PMEAMeT activity 

and 3.8-fold for PDEA N-methylating activity over the phenyl Sepharose purified samples. 

PEA N-methylating activity was not detected in pooled, concentrated and dialyzed samples 

(Table V). 

After this last step, samples were purified 21 to 43-fold for PMEAMeT activity over 

crude leaf extracts. The sample purified to the highest extent of 43-fold had an 18% 

recovery ofPMEAMeT activity and 0.4% recovery of protein present in crude leaf extracts 

(Table III). This sample was also purified to the highest extent for PDEA N-methylating 

activity of 59-fold and had a 24% recovery of the activity present in crude leaf extracts 

(Table VII). 

Ratio of phosphobase N-methylating activities after each purification step 

Table V provides the average ratio of specific activities of PEA and PDEA N

methylating activities relative to PMEAMeT activity after each step of the purification 

trials. In crude leaf extracts, the ratio of PEA: PMEA: PDEA N-methylating specific 

activities was approximately 0.07: I: 1.21. Thus, the phosphobase N-methylating 

specific activities can be ranked in the order from lowest to highest as PEA < PMEA < 

PDEA in crude leaf extracts. After High Q Anion chromatography, the ratio of PEA: 

PMEA N-methylating specific activities was 0: I because PEA N-methylating activity 

was no longer detected and therefore, the ratio was significantly different from that in 

crude leaf extracts. In contrast, the ratio of PMEA: PDEA N-methylating specific 

activity after High Q Anion chromatography was approximately 1: 1.15 and was not 

significantly different from that in crude leaf extracts. 



ENZYME CHARACTERIZATION 

PMEA and PDEA N-methyltransferase assays 

EffectofpH 
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During the purification of PMEAMeT, phosphobase N-methylating activities 

were assayed at pH 7.8 in HEPES-KOH buffer (as in Mudd and Datko, 1988b). 

However, the optimal pH for PMEAMeT activity and PDEA N-methylating activity in 

leaves depleted of PEA N-methylating activity, as used during this study, has not been 

previously determined. Figure 9 shows the effect of pH on PMEAMeT and PDEA N

methylating activities determined using a sample purified 14-fold after phenyl Sepharose 

chromatography (sample described in Table lll). The pH profile of PMEAMeT activity 

was unimodal and the activity exhibited an apparent pH optimum between 8.5 and 9.0 

with 0.1 M Tris-HCl buffer (Panel A, Figure 9). The pH profile of PDEA N-methylating 

activity was also unimodal and the activity similarly exhibited an apparent pH optimum 

between 8.5 and 9.0 with 0.1 M Tris-HCl buffer (Panel B, Figure 9). Thus while during 

the purification ofPMEAMeT, both activities were assayed at a suboptimal pH, namely 

pH 7.8, all subsequent phosphobase N-methyltransferase assays used to characterize 

PMEAMeT employed an assay pH of 8.5 with 0.1 M Tris-HCl buffer. 

Despite purification and storage of the enzyme for prolonged periods at pH 7.8, 

no decline in the enzyme activities was found upon repeated freeze/thaw cycles and re

assays which suggested that this pH was not damaging to the enzyme (data not shown). 

A reason for the decline in activities below pH 8.5 down to pH 7.8 is likely due to 

formation of a reversible, improper ionic state of either the substrate and/ or enzyme 

(Segel, 1976). The pH values, both below and above the optimal range, at which 

irreversible enzyme inactivation plays a role in the observed activity decline would be 

determined through a study of the effect of pH on enzyme stability (Segel, 1976). 

Linearity of PMEA and PDEA N-methyltransferase assays with incubation time 

When elution proftles for PMEAMeT and PDEA N-methylating activities from 



FIGURE 9: pH profiles ofPMEAMeT and PDEA N-methylating activities 

PMEAMeT activity (with PMEA as the substrate, Panel A) and PDEA N-methylating 

activity (Panel B) were determined as a function of pH using a series of buffers that 

overlapped with respect to pH (22°C). The sample used was purified 14-fold after the 

phenyl Sepharose step (sample described in Table Til) and the buffers were at a final 

assay concentration of 0.1 M. The values shown are the means of two measurements ± 

SE; except at pH 7.8 with HEPES-KOH buffer which is the mean of eight measurements 

± SE. Standard error bars that do not extend beyond the symbols are not shown. 
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various chromatographic columns were being determined, undiluted samples from select 

fractions were added directly to the assays and the length of the incubation period was 30 

min as descnbed in Mudd and Datko (1988b). Dilutions of these samples yielded higher 

estimates of enzyme activity showing the assays were non-linear with time. Therefore, 

determinations of total activity recovered after each purification step and for 

characterization studies required diluting samples with assay buffer before addition of the 

sample to the assay. It has been determined that a sample diluted so that substrate

dependant enzyme activity did not exceed 55 nmol•mL-1 by the end of the incubation 

period at either assay pH 7.8 or 8.5 provided the highest rate of enzyme activity which 

does not change upon further sample dilution (data not shown). Samples purified through 

the last step of High Q Anion chromatography were diluted to approximate this rate per 

minute and used to test the linearity of PMEAMeT and PDEA N-methylating activities 

over a 60 minute incubation interval (Figure 10). Linearity of reaction rates of these 

samples were tested because they were used for all subsequent characterization studies. 

Figure 10 shows the PMEA N-methyltransferase assay was linear(~= 0.988) for up to 

30 min using sample purified 30-fold (sample described in Table IV). Figure 10 also 

shows the PDEA N-methyltransferase assay although more variable was reasonably 

linear(~= 0.957) for up to 30 min using sample purified 43-fold (sample described in 

Table ill). 

Comparison of phosphobase N-methylating activities assayed at pH 7.8 and 8.5 

Phosphobase N-methylating activities were assayed at pH 8.5 with 0.1 M Tris

HCl using samples from the High Q Anion step from each purification trial, diluted to 

yield activity in a linear range (data not shown). This was done to provide a comparison 

of PEA: PMEA: PDEA N-methylating activities at pH 7.8 and 8.5 (Table VITI) and the 

data reported for pH 7.8 is from Table V. The average ratio of PEA: PMEA: PDEA N

methylating specific activities was approximately 0: 1: 1.06 after the High Q Anion step 

when the activities were assayed at pH 8.5, a ratio which was not significantly different 

from that at pH 7.8 and one which indicated that PEA N-methylating activity was still not 

detected. 



FIGURE 10: Effect of incubation time on PMEA and PDEA N-methyltransferase assays. 

PMEAMeT activity (e, with PMEA as substrate) and PDEA N-methylating activity (0) 

were assayed using protein purified 30 and 43-fold, respectively, after High Q Anion 

chromatography (samples described in Tables IV and III, respectively). The assay 

incubation period was varied from between 0 to 60 min. The values for both activities 

are means of two measurements ± SE. Standard error bars that do not extend beyond the 

symbols are not shown. The line of best fit for PMEAMeT activity through data points 0 

to 30 min gives an equation of y = 3. 822x + 2.116 with an r of 0. 988. The line of best fit 

for PDEA N-methylating activity through data points from 0 to 30 min gives an equation 

ofy = 2.141x + 6.666 with an r of0.957. 
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Table Vlll:Average ratio of PEA and PDEA N-methylating specific activities relative to 
PMEAMeT at pH 7.8 and 8.5 in samples purified after High Q Anion chromatographya 

Purification step 

HighQAnion 

Assay pH 

7.8 
8.5 

Ratio of specific activities relative to that 
of PMEAMeT activity 

PEA PMEA PDEA 

1.15 ± 0.11 
1.06 ± 0.10 

a PMEAMeT activity assayed with PMEA as substrate. 
bThe l;lctivity was at or below the assay detection limit (0.036 nmol•min-1•mL-1 sample). 
c Average PMEAMeT specific activity was 9.1 ± 2.6 nmol•min-1•mg-1 protein and 
calculated from data reported in Table I to IV. 
d Average PMEAMeT specific activity was 14.2 ± 3.3 nmol•min-1•mg-1 protein. 



Molecular weight estimation 

Gel filtration chromatography 
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The native molecular weight of PMEAMeT was estimated by HPLC gel filtration 

chromatography with a sample purified 30-fold after High Q Anion chromatography 

(sample described in Table IV). Figure 11 (Panel A) shows the elution profile of 

PMEAMeT activity from the gel filtration column. A native molecular mass of 76.4 ± 

0.9 kDa for PMEAMeT was estimated by comparing the Vel Vo estimate for the maximal 

peak of PMEAMeT activity to the calibration curve (Figure 12) showing log molecular 

weight versus Vel Vo for standards applied to the column. Figure 12 also shows Vel Vo 

positions for internal molecular weight standards of alcohol dehydrogenase (ADH) and 

carbonic anhydrase (CA) which were co-chromatographed with the 30-fold partially 

purified sample. The native molecular mass estimates were 148 ± 2 kDa for ADH and 34 

± 0.3 kDa for CA, which are in complete agreement with the values estimated from the 

calibration curve (ADH, 147 ± 0 kDa; CA, 34.1 ± 0.3 kDa). In the last experiment with 

the gel filtration column, fractions eluting from the column were also assayed for PDEA 

N-methylating activity and the elution profile for this activity is given in Figure 11 (Panel 

B). The fraction that contained the maximal peak ofPMEAMeT activity also contained 

maximal PDEAN-methylating activity. Thus, a native molecular mass of76.4 ± 0.9 kDa 

was also estimated for the enzyme associated with the maximal peak of PDEA N

methylating activity and the enzyme was designated as PDEAMeT in Figure 12. 

SDS-PAGE, Fluorography 

Photolabeling with [met}o!PH]SAM in the presence ofUV light is considered to 

be a common characteristic of SAM-dependent methyltransferases (Dixon et al., 1992~ 

Hanson et al., 1995), while enzymes that do not use SAM are not photolabeled (Som and 

Friedman, 1989; Guschlbauer et al., 1991). The whole SAM molecule is considered to 

bind covalently and irreversibly specifically at the SAM-binding site of active enzymes 

(Som and Friedman, 1989; Guschlbauer et al., 1991; Higman and Niles, 1994), 



FIGURE 11: Elution profiles for PMEAMeT and PDEA N-methylating activties from an 

HPLC gel filtration chromatography column. 

A sample purified 30-fold for PMEAMeT by High Q Anion chromatography (sample 

described in Table N) was applied in buffer C to a 7.5 x 300 mm, 13.3 mL bed volume 

HPLC Protein Pak gel filtration chromatography column, pre-equilibrated in buffer C 

(Materials and Methods). The sample was chromatographed at a flow rate of 0.1 

mL•min-1 and the column eluate was collected in 100 f.lL fractions. Select fractions were 

assayed for PMEAMeT activity and PDEA N-methylating activity and the elution 

profiles of the activities are shown in Panel A and Panel B, respectively, as a function of 

elution volume, Ve. Panel A is a representative elution profile based on two 

measurements; whereas Panel B represents the outcome of a single experiment. 
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FIGURE 12: Estimation of native molecular weight of PMEAMeT and the enzyme 

associated with PDEA N-methylation (PDEAMeT). 

The HPLC Protein Pak gel filtration chromatography column, pre-equilibrated in buffer 

C, was calibrated using molecular weight standards ( •) of f3-amylase (200 kDa ), alcohol 

dehydrogenase (150 kDa), bovine serum albumin (132 kDa), carbonic anhydrase (29 

kDa) and cytochrome c (12.4 kDa) dissolved in buffer C (Materials and Methods). The 

calibration curve was constructed using the average- estimate of elution volume of 

standards/ void volume (V J V0 ) from two repeat runs using only the standards and Vo 

was estimated using blue dextran (2,000 kDa). Regression analysis of the curve 

generated by each run of standards gave the following two equations: y = 4.86 - 0.683x 

with a fit of r = 0.993; and y = 4.873 - 0.688x with a fit of r = 0.991. A native 

molecular mass of76.4 ± 0.9 kDa (0) for PMEAMeT coincides with the estimate for the 

enzyme that N-methylates PDEA, designated as PDEAMeT, as determined using the V J 

V0 value for the maximal peak of both activities. The positions of two internal standards 

(0) co-injected with the protein sample are also shown and provide molecular weight 

estimates of 148 ± 2 kDa and 34 ± 0.9 kDa for alcohol dehydrogenase and carbonic 

anhydrase, respectively. 
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presumably through the methyl group (Som and Friedman, 1990; Subbaramaiah and 

Simms, 1992). This technique was employed to try to identify PMEAMeT or its SAM

binding component by photolabeling samples from each purification step and then using 

SDS-PAGE and fluorography (see Som and Friedman, 1989 and Shockey et al., 1995). 

Panel A of Figure 13 shows the SDS-polyacrylamide gel used to analyze samples that 

had been photolabeled with [methyl}H]SAM and Coomassie-stained while Panel B 

shows a fluorograph of the same gel. 

The fluorograph (Panel B, Figure 13) shows that polypeptides of differing 

molecular weight were radio labeled by [ methyPH]SAM in samples from the various 

steps (lanes 1 to 5). However, only one labeled polypeptide of approximately 28.6 kDa 

(highlighted by arrow) faintly detected first in lane 2, which was loaded with a sample of 

the ammonium sulfate fraction, was also detected at all subsequent steps (lanes 3 to 5). 

Also, the intensity of the band at 28.6 kDa increased with each step which coincides with 

an increased activity ofPMEAMeT. Thus, the polypeptide could be a good candidate for 

the SAM-binding component of the enzyme. The polypeptide would, though, have a 

molecular mass of less than 28.6 kDa by at least 0.48 kDa, if a theoretical [methyi-

3H]SAM: peptide binding ratio of 1: 1 is applied leaving an estimated molecular mass of 

28.1 kDa. 

The appearance of another polypeptide of approximately 26 kDa (below the 

above labeled peptide) was noted in protein samples from the last two steps (lanes 4 and 

5) with the label being more intense in sample from the last step of High Q Anion 

chromatography (lane 5). Thus, this polypeptide could also be a potential candidate for 

the SAM-binding component of the enzyme. Although, the molecular mass of the 

polypeptide would be approximately 25 kDa, taking into account the consideration 

outlined above. 

Samples which were not photolabeled with [methyPH]SAM were also resolved 

using SDS-polyacrylamide gel electrophoresis and the gel stained with a silver reagent 

(Figure 14). As there were a number of polypeptides of 24 to 28 kDa molecular mass 



FIGURE 13: Photolabeling of[methyPH]SAM to samples from each purification step. 

A sample equivalent to 60 1-1g protein from each purification step was mixed with 0.43 

!JM [methyPH]SAM (70.1 Ci•mmole-1
; 0.55 1-1Ci•~-1 ) in 0.15 M Tris-HCl (pH 8.5, 

22°C) buffer containing 1.5 mM Na2-EDTA in a final volume of 53 ~- The mixture 

was then irradiated on ice for 1 h at a distance of 1.0 em with 254 nm UV light. 40 ~ of 

the irradiated mixture was added to 40 ~ of SDS sample buffer to stop the reaction. 

One half volume of the stopped reaction mixture (equivalent to 22.6 1-1g protein) was 

denatured by heating at 90°C for 3 min, then separated electrophoretically using a 7. 5 to 

15% SDS polyacrylamide gradient gel. The gel was stained with Coomassie dye, 

destained and then dried (Panel A). A fluorograph was developed after exposing the 

Coomassie-stained gel to X-ray film for 3 months at -80°C (Panel B). Lane 1, Crude; 

lane 2, Ammonium sulfate fraction; lane 3, DEAE Sepharose; lane 4, Phenyl Sepharose; 

lane 5, High Q Anion. The amount of PMEAMeT activity and PDEA N-methylating 

activity (pmol•min-1
) in each lane is reported below Panel B. The positions of the 

molecular weight standards are indicated to the right of each Panel. The arrow on the 

right of Panel B highlights the position of the most prominent [methyPH]SAM-labeled 

band. 
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FIGURE 14: SDS-PAGE of samples from each purification step. 

A sample equivalent to 2.5 J..Lg protein from each purification step was added to SDS 

sample buffer in a final volume of 20 J..LL. The mixtures were denatured by heating at 

90°C for 3 min, separated in a 7.5 to 15% SDS polyacrylamide gradient gel and the gel 

was then silver-stained. Lane 1, Crude; lane 2, Ammonium sulfate fraction; lane 3, 

DEAE Sepharose; lane 4, Phenyl Sepharose; lane 5, High Q Anion. The amount of 

PMEAMeT activity and PDEA N-methylating activity (pmol•min-1
) in each lane is 

reported below the gel. The positions of the molecular weight standards are indicated to 

the right of the gel. The arrow at the right of the gel highlights the approximate position 

of 28 to 25 kDa polypeptides. 
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range even in lane 5 (position highlighted by arrow), it was not possible to identify a 

specific one as being a SAM-binding component ofPMEAMeT. 

Product identification and quantification of PEA, PMEA and PDEA N

methyltransferase assays 

The amount of [methyPH]phosphobase in the 0.1 N HCl eluate from Dowex 

colwnns of phosphobase N-methyltransferase assays with PEA, PMEA and PDEA as 

substrates provides information about the rate of transfer of methyl groups from [methyl-

3H]SAM to the substrate (Mudd and Datko, 1988b). Furthermore, the eluate can be used to 

identify and quantify the radiolabeled phosphobase products using TLC. 

Phosphobase N-methyltransferase assays were performed using sample purified 30-

fold after the last step of High Q Anion chromatography (sample described in Table IV). As 

is typical for these samples, with PEA as the substrate no radioactivity was detected in the 

0.1 N HCI eluate (Table VIII) and when concentrated eluates were separated on silica G 

plates by TLC, no radioactivity was associated with zones to which any of the phosphobases 

migrated. 

With PMEA as the substrate, of the radioactivity applied to a TLC plate, an average 

51% was recovered with the silica scraped from the plates after chromatography and the 

radioactivity was associated with the zones to which PDEA and PCho migrated (Table IX). 

The ratio of [methyt.3H]PDEA: [methyf}H]PCho produced was approximately 9:1, so 

PDEA was the dominant N-methylated product of PMEA N-methyltransferase assays in a 

30 min incubation period To provide this ratio, the cumulative amounts of [methyl-

3H]PDEA and [methyl-3H]PCho produced in these assays were calculated and these values 

were determined as follows (Audubert and Vance, 1983): for [methyPH]PDEA = (cpm 

associated with PDEA zone)+ 1/2 (cpm associated with PCho zone) and for [methy/-

3HJPCho = ( cpm associated with PCho zone). 

With PDEA as the substrate, of the radioactivity applied to a TLC plate, an average 

48% was recovered with silica scraped from the plate after chromatography and the 

radioactivity was only associated with the zone to which PCho migrated (Table IX). Thus, 



Table IX: Identification and quantification of [methyPH]labeled N-methylated 
Phosphobases productsa 

Phospho base 
substrate 

PMEA 
PDEA 

Radioactivitl 

Applied Recovered 
cpm 

3710 ± 220 1878 ± 106 
3336 ± 134 1586 ± 149 

[ methyPH]labeled phosphobase 
productc 

PMEA PDEA PCho 

0 
0 

% 

88±2 
0 

12 ±2 
100 

80 

a Phosphobase N-methylating activities were assayed at pH 8.5 using sample purified 30-
fold (Table N). Sample preparation and analysis by TLC as described in Materials and 
Methods. 
b Values are means of two measurements ± SE. 
cExpressed as a percentage ofthe total [methyl-3H] recovered from the plate. 
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PCho was the product ofPDEA N-methyltransferase assays in the 30 min incubation period. 

As a precautionary measure, zones associated with PEA were also scraped and no 

radioactivity was recovered with any of the phosphobase substrates. 

Effect of metal ions 

Table X shows the effect of various chloride salts and Na2-EDTA on PMEAMeT 

and PDEA N-methylating activities determined using sample purified 43-fold (sample 

described in Table ill). The addition of NaCl at 30 and 140 mM inlubited PMEAMeT 

activity by 7 and 25%, respectively; but did not inhibit PDEA N-methylating activity. The 

omission of Na2-EDT A, normally included in assays at a final concentration of 1 mM 

(Mudd and Datko, 1988b), had no effect on either activity. In the absence ofNa2-EDTA, 

the effect of MgCh and MnCh at 1 and 10 mM was tested MgCh at 1 mM inhibited 

PMEA-dependent methylation in the range from 10 to 200.4 but had no effect on PDEA

dependent methylation. MgCh at 10 mM inhibited PMEAMeT and PDEA N-methylating 

activities by approximately 49 and 32%, respectively. MnCh at 1 and 10 mM completely 

inhibited both activities. The inhibition was a result ofMg2
+ and Mn2+ ions and not cr ions 

because NaCl at 20 mM should inhibit PMEAMeT activity at most by 5% and should not 

inhibit PDEA N-methylating activity. 

Effect of metabolites 

Figures 15 to 19 show the effect of various metabolites on PMEAMeT and PDEA 

N-methylating activities determined using sample purified 30-fold (sample described in 

Table IV) and the data is also reported in Table XI. Figure 15 shows SAH was added to the 

assays in the range from 0.001 and 0.2 M and both activities were inhibited with increasing 

concentrations of SAH. At 0.2 M SAH, which was equivalent to the concentration of SAM 

in the assays, both activities were reduced by approximately 92%. The metabolites PCho 

(Na-salt), choline (Cl-salt) and Pi (Na-salt) were added to the assays in the range from 0.5 to 

10 mM and any effect on the activities was due to the metabolites because NaCl at 10 mM 

should have no effect on either activity (Table X). Figure 16 shows both activities were 



Table X: Effect of metal ions on PMEAMeT and PDEA N-methylating activitiesa 

Addition or 
modification 

None 

+NaCl 

n 

4 

- Na2-EDTA 6 

+MgCh 6 

+MnCh 2 

Final assay 
concentration 

N-methylating activity 

PMEA PDEA 
mM % of control 

30 
140 

1 
10 

1 
10 

100 

93±2 
75±3 

99±3 

86±6 
51± 5 

oc 
oc 

100 

105 ± 2b 
112 ± ob 

98±5 

99± 14 
68± 8 

oc 
oc 

82 

a PMEAMeT activity assayed with PMEA as substrate. The sample used was purified 
43-fold (Table lll) with control PMEAMeT and PDEA N-methylating activities ranging 
from 76 to 166 and 96 to 190 nmol•min-1•mL-1

, respectively. 
b Values are means of two measurements± SE. 
c The activity was at or below the detection limit of the assay (0.036 nmol•min-1•mL-1 

sample). 



FIGURE 15: Inhibition by SAH ofPMEAMeT and PDEA N-methylating activities. 

PMEAMeT activity (•, with PMEA as substrate) and PDEA N-methylating activity (0) 

were assayed in the presence of increasing final assay concentrations of SAH (0.001 to 0.2 

mM) with sample purified 30-fold after the High Q Anion step (sample described in Table 

IV). The concentration of SAM was held constant at a final assay concentration of 0.2 mM 

(standard concentration in phosphobase N-methyltransferase assays as in Mudd and Datko 

[1998b]). Values are means of three measurements± SE. In the absence of SAH, control 

PMEAMeT activity was 187 ± 4 nmol•min-1•mL-1 and control PDEA N-methylating 

activity wasl18 ± 24 nmol•min-1•mL-1
. 
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FIGURE 16: Inhibition by PCho (Na-salt) of PMEAMeT and PDEA N-methylating 

activities. 

PMEAMeT activity (•, with PMEA as substrate) and PDEA N-methylating activity (D) 

were assayed in the presence of increasing final assay concentrations ofPCho from 0.5 to 10 

mM with sample purified 30-fold after the High Q Anion step (sample described in Table 

IV). Values are means of four measurements ± SE; except, for at a final assay concentration 

of 10 mM which are means of two measurements ± SE. In the absence of PCho, control 

PMEAMeT activity was between 102 and 107 nmol•min-1•rnL-1
; and control PDEA N

methylating activity was between 117 and 142 nmol•min-1•rnL-1
. 
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FIGURE 17: Effect of choline (Cl-salt) on PMEAMeT and PDEA N-methylating activities. 

PMEAMeT activity (•, with PMEA as substrate) and PDEA N-methylating activity (0) 

were assayed in the presence of increasing final assay concentrations of choline from 0.5 to 

10 mM with sample purified 30-fold after the High Q Anion step (sample described in Table 

IV). Values are means of four measurements ± SE. In the absence of choline, control 

PMEAMeT activity was between 80 and 107 nmol•min-1•mL-1 and control PDEA N

methylating activity was between 84 and 118 nmol•min-1•mL-1
. 
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FIGURE 18: Effect ofPi (Na-salt) on PMEAMeT and PDEAN-methylating activities. 

PMEAMeT activity (•, with PMEA as substrate) and PDEA N-methylating activity (0) 

were assayed in the presence of increasing final assay concentrations of Pi from 0.5 to 10 

mM with sample purified 30-fold after the High Q Anion step (sample described in Table 

IV). Values are means of four measurements ± SE. In the absence of Pi, control 

PMEAMeT activity was between 122 and 204 nmol•min"1•mL"1 and control PDEA N

methylating activity was between 94 and 206 nmol•min"1•mL-1
• 
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FIGURE 19: Effect of glycinebetaine (Cl-salt) on PMEAMeT and PDEA N-methylating 

activities. 

PMEAMeT activity (•, with PMEA as substrate) and PDEA N-methylating activity (0) 

were assayed in the presence of increasing final assay concentrations from 1 to 140 mM of 

glycinebetaine with sample purified 30-fold after the High Q Anion step (sample described 

in Table N). Values are means of six measurements± SE; except for the control value for 

PDEA N-methylating activity which is the mean of five measurements ± SE. In the absence 

of glycinebetaine, control PMEAMeT activity was between 86 and 197 nmol•min-1•mL-1 

and control PDEAN-methylating activity was between 91 and 217 nmol•min-1•mL-1
. 
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Table XI: Effect of metabolites on PMEAMeT and PDEA N-methylating activitiesa 

Addition n Final assay N-methylating activity 
Concentration 

PMEA PDEA 
mM %of control 

SAH 3 0 100±2 100±9 
0.001 95 ±3 95± 8 
0.01 66± 1 60± 1 
0.1 15 ±6 14 ± 1 
0.2 6±0 9±0 

PCho 4 0 100±2 100 ±3 
0.5 67±5 60±2 
1 58±4 56±2 

10 19 ±2b 18±2b 

Choline 4 0 100 ± 1 100 ± 1 
0.5 93±4 103 ± 5 
1 92±3 100±5 

10 90±2 108 ±6 

PI 4 0 100±5 100±3 
0.5 89±4 93 ±5 
1 89± 1 96±6 

10 62±3 81 ±5 

Glycinebetaine 6 0 100±2 100 ± 1c 
1 96±3 88±6 

30 93±2 92±4 
100 82 ±3 90±4 
140 75±6 81 ±3 

a PMEAMeT activity assayed with PMEA as substrate. The sample used was purified 
30-fold (Table IV) with control PMEAMeT and PDEA N-methylating activities ranging 
from 80 to 122 and 84 to 217 nmol•min-1•mL-1

, respectively. 
b Values are means of two measurements ± SE. 
c Value is the mean of five measurements± SE. 
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inhibited with increasing concentrations of PCho and at 10 mM PCho, both activities were 

reduced by approximately 82%. Figure 17 shows only PMEAMeT activity was inhibited 

with increasing concentrations of choline and at 10 mM choline, the activity was reduced by 

10%. Figure 18 shows both activities were inhibited with increasing concentrations of Pi 

and at 10 mM Pi, PMEAMeT activity was reduced by 38% and PDEA N-methylating 

activity by 19%. Figure 19 shows the compatible osmolyte glycinebetaine (Cl-salt) was 

added to the assays in the range from 1 to 140 mM and both activities were inhibited with 

increasing concentrations of glycinebetaine. So at 140 mM glycinebetaine (Cl-salt), 

PMEAMeT activity was reduced by 25% and PDEA N-methylating activity was reduced by 

19%. However, the inhibition of PMEAMeT activity was not due to the added 

glycinebetaine because NaCl at 140 mM reduced PMEAMeT activity by 25% (Table X). 

Whereas, the inhibition of PDEA N-methylating activity was caused by the added 

glycinebetaine because NaCl at 30 and 140 mM did not inhibit this activity (fable X). 
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DISCUSSION 

Number of phospho base N-methyltransferases in spinach leaves. 

Two phosphobase N-methyltransferases are believed to synthesize PCho from 

PEA in spinach leaves (Figure 3). The enzyme PEAMeT which is light-regulated, has 

been partially purified and shown to convert PEA ~ PMEA ~ PDEA ~ PCho (Smith, 

1995). The second enzyme PMEAMeT converts PMEA ~ PDEA, has not been purified 

or characterized and thus may also convert PDEA ~ PCho (Weretilnyk and Summers, 

1992; Weretilnyk et al., 1995). A consideration in the selection of leaf tissue for the 

purification of PMEAMeT was to use material depleted of the light-regulated enzyme 

PEAMeT. Therefore, leaves of plants exposed to prolonged periods of darkness 

(Weretilnyk et al., 1995) or those of plants purchased from markets (Weretilnyk, 

unpublished) were used to reduce the level of PEA N-methylating activity in crude leaf 

extracts (Table V). 

Starting with crude leaf extracts, PMEAMeT was purified on the basis of PMEA 

N-methylating activity (Tables I to IV). At the onset it was not apparent whether the 

activity was catalyzed by more than one enzyme but as the purification proceeded, some 

observations were best explained by the presence of a single enzyme. For example, 

100% of the activity in crude leaf extracts was subsequently recovered in the 1.8 to 2.6 M 

ammonium sulfate fraction. This fraction was then further purified by column 

chromatography using matrices that exploited different properties of protein, such as 

ionic and hydrophobic interactions. Despite using these different matrices, the 

chromatographic profiles from the columns of DEAE Sepharose (Figure 6), Phenyl 

Sepharose (Figure 7) and High Q Anion (Figure 8) showed PMEA N-methylating activity 

was always resolved as a single peak. The activity was also resolved as a single peak 

when sample purified by High Q Anion chromatography was separated on the basis of 

size using gel filtration chromatography (Figure 11 ). 
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PDEA N-methylating activity was also detected in these crude leaf extracts and 

1.8 to 2.6 M ammonium sulfate fractions (Tables VI, VII). During subsequent 

chromatographic steps, PDEA N-methylating activity co-eluted with PMEAMeT activity 

from columns of DEAE Sepharose (Figure 6), Phenyl Sepharose (Figure 7), High Q 

Anion (Figure 8) and gel filtration (Figure 11 ). The inability to separate the two activities 

argues that PMEAMeT has a second associated activity, namely theN-methylation of 

PDEA ~ PCho. Table V shows samples most purified for the enzyme had no PEA N

methylating activity and so the low levels of this activity detected in crude leaf extracts 

were presumably associated with the light-regulated enzyme PEAMeT. Therefore, the 

enzyme does not have a third associated activity that can N-methylate PEA ~ PMEA. 

The data, thus, supports the hypothesis that PMEAMeT could convert PMEA ~ PDEA 

~ PCho in spinach leaves (by Weretilnyk and Summers, 1992; Weretilnyk et al., 1995). 

The function of two enzymes PEAMeT and PMEAMeT with overlapping PMEA 

and PDEA N-methylating activities in spinach leaves is not known (Smith, 1995). 

However, glycinebetaine accumulating plants need to produce more choline than non

glycinebetaine accumulating plants and so choline biosynthetic pathways are suggested to 

be specialized in the former to accommodate the increased flux (Rhodes and Hanson, 

1993). Perhaps, the overlapping activities are a 'specialization' of choline biosynthesis in 

spinach plants. 

The number of N-methyltransferases involved in choline synthesis is not known 

for any other higher plant. However, the existence of at least two N-methyltransferases is 

probably not an unique property of spinach since different routes of choline synthesis are 

found in higher plants (Figure 2; Weretilnyk and Summers, 1992; Weretilnyk et al., 

1995), which is unusual for a primary metabolic pathway (Mudd and Datko, 1989b). For 

instance in castor bean endosperm, the first N-methyltransfer is of ethanolamine ~ MEA 

and the subsequent N-methylations occur at phosphobase and phosphatidylbase levels 

(Prud'homme and Moore, 1992a). In leaves of several higher plants, the first N

methyltransfer is of PEA ~ PMEA and the subsequent N-methylations occur at 

phosphobase and/ or phosphatidylbase levels (Hitz et al., 1981; Hanson and Rhodes, 
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1983; Mudd and Datko, 1986; Datko and Mudd, 1988; Summers and Weretilnyk, 1993). 

Thus, the results of the above studies are ditlicult to reconcile with the existence of a 

·single enzyme in most higher plants (Weretilnyk and Summers, 1992). 

For clarity, in the following discussion, the enzyme names are abbreviated 

according to the first substrate used and so the abbreviations are not necessarily 

synonymous with those used by the authors. There are also at least two phosphobase N

methyltransferases involved in choline synthesis in mammalian brain cytosol and both 

are partially purified (Andriamampandry et al., 1992; Mukherjee et al., 1995). However 

unlike those from spinach leaves (Smith, 1995), each enzyme is associated with only a 

single activity: the enzyme PEAMeT is suggested to convert PEA ~ PMEA (Mukherjee 

et al., 1995) and the second enzyme PDEAMeT to convert PDEA ~ PCho 

(Andriamarnpandry et al., 1992). In mammalian liver, a single phosphatidylbase N

methyltransferase (PtdEAMeT) converts PtdEA ~ PtdMEA ~ PtdDEA ~ PtdCho 

(Ridgeway and Vance, 1987). In yeast, two phosphatidylbase N-methyltransferases with 

an overlapping activity convert PtdEA ~ PtdMEA ~ PtdDEA ~ PtdCho (Yamashita et 

al., 1982; Kodaki and Yamashita, 1987; Gaynor and Carmen, 1990) which is a similar 

situation to spinach leaves (Smith, 1995). The yeast enzyme PtdEAMeT converts PtdEA 

~ PtdMEA ~ PtdDEA ~ PtdCho and so has three associated activities; whereas, the 

other enzyme PtdEAMeT II converts only PtdEA ~ Ptd.MEA. 

PMEAMeT purifteation: Strategy, precautions and future steps 

The four-step strategy used to partially purify PMEAMeT involved considering the 

subcellular location of the enzyme and exploiting properties of proteins such as their 

differential solubility in salt solutions and their differential interaction with columns of 

anion (weak and strong) and hydrophobic interaction matrices (Tables I to IV). After the 

phenyl Sepharose step, a 1 mL column of a strong cation exchanger (High S, BioRad) was 

tested but none of the protein was adsorbed onto this matrix (data not shown) and so High 

Q Anion (strong anion exchanger) to which the enzyme bound was employed instead. 

Also, there was no one step that routinely resulted in more than 3-fold purification of the 
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enzyme. Overall, PMEAMeT was partially purified a maximum of 43-fold with a 18% 

recovery of activity present in crude leaf extracts (Table III). In this sample, PMEAMeT 

has a specific activity of 14.7 nmol•min-1•mg-1 protein with PMEA as substrate and 18.0 

nmol•min-1•mg-1 protein with PDEA as substrate (Table III, VII). Three other protein 

samples were also produced using the strategy and these samples were purified between 21 

and 32-fold for PMEAMeT over crude leaf extracts (Tables I, II, IV). 

A large quantity of spinach leaves (in total over 12 kg) was harvested to produce 

crude extracts that contained in total 95 g of protein and the four samples purified by the 

last step of High Q Anion chromatography contained in total 0.6 g protein (Tables I to IV). 

Whether these samples alone will be sufficient to yield enough pure enzyme will depend on 

the abundance of the enzyme in crude leaf extracts and the amount of enzyme lost during 

purification. Although, PMEAMeT is probably not an abundant enzyme in accord with 

other choline and glycinebetaine biosynthetic enzymes from spinach. That is, substantially 

pure ethanolamine kinase and substantially pure PEAMeT account for 0.02% and less than 

0.0003% of protein in crude leaf extracts, respectively (Mercer, 1994; Smith, 1995). 

Purified enzymes CMO and BADH account for 0.0004-0.0007% and 0.006% of protein in 

crude leaf extracts, respectively (Burnet et al.,1995; Weretilnyk and Hanson, 1989). 

A number of precautionary measures were taken to maintain enzyme stability 

during extraction and purification. For instance, the extraction buffer (buffer A) was at a 

pH of 7.8 which is close to that of the cytoplasm (pH 7.5) of spinach leaf cells (Bligny et 

al., 1990). The buffer also contained Naz-EDTA to chelate divalent metal cations that 

could be inhibitory to enzyme activity and DTT to prevent possible formation of disulfide 

bonds between cysteine residues (Scopes, 1982; Stryer, 1981). After ammonium sulfate 

fractionation, 10% (v/v) glycerol was added to the buffer (buffer B) also to maintain 

enzyme stability (Linn, 1990 ). It is good practice to keep proteins concentrated (> 1 

mg•mL-1
) during purification (Linn, 1990). Therefore as a precaution, ultrafiltration using 

a stirred cell was used to concentrate fractions collected after chromatography on phenyl 

Sepharose (fourth step) and High Q anion (fifth step) columns prior to freezing protein 

samples in liquid N2 and storage at -80°C. Since solutes concentrate during freezing and 
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the enzyme may be exposed to high concentrations that may affect its stability, samples 

were generally desalted prior to freezing and storage. Thus, after ammonium sulfate 

fractionation, samples were desalted by dialysis. Also, after chromatography on phenyl 

Sepharose and High Q anion columns, samples that were concentrated by ultrafiltration 

using a stirred cell were desalted using the same apparatus. 

SDS-PAGE showed that sample purified after the last step of High Q Anion 

chromatography was still composed of numerous polypeptides (Figure 14, lane 5) which 

suggested that PMEAMeT shared similar biochemical properties with other proteins in the 

sample. Consequently, other techniques will have to be employed to further purify 

PMEAMeT. Affinity chromatography with ligands of adenosine (Dumas, 1997) and SAH 

(Mazzafera et al., 1994) has been used as a very effective purification step for many SAM

dependent methyltransferases, including the spinach enzyme PEAMeT (Smith et al., in 

press). Therefore, I mL columns of these affinity matrices were tested using sample 

purified after the High Q Anion step (data not shown). Adenosine agarose chromatography 

was excluded because none of the proteins were adsorbed onto the column. PMEAMeT 

has been adsorbed to the SAH-agarose matrix and eluted with a gradient increasing in NaCl 

concentration and so this column may afford additional purification of the enzyme 

(Weretilnyk, personal communication). 

Physiall property: molecular weight 

PMEAMeT has a native molecular mass of 76 ± 1 kDa as estimated by HPLC gel 

filtration chromatography (Figure 12) and may have a SAM-binding subunit of 

approximately 25 or 28 kDa as shown by a fluorograph (Figure 13, Panel B) of a SDS

polyacrylamide gel separating samples photolabed with [met~PH]SAM (Figure 13, Panel 

A). Therefore, at the simplest, PMEAMeT could be a heterodimeric protein with a non 

SAM-binding subunit of either 48 or 51 kDa Spinach PEAMeT is probably a monomer 

with a minimum molecular mass of 54 kDa as shown by SDS-PAGE and fluorography and 

a maximum molecular mass of 77 kDa as estimated by HPLC gel filtration 

chromatography (Smith et al., in press). 
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The only other phosphobase N-methyltmnsferases that have been characterized are 

from mammalian brain cytosol but their native molecular weights are not known 

(Andriamampandry et al., 1992; Mukherjee et al., 1995). However, estimates are available 

for phosphatidylbase N-methyltransferases from yeast and mammalian liver. For the two 

yeast enzymes, PtdEAMeT (PtdEA ~ PtdMEA ~ PtdDEA ~ PtdCho) has a molecular 

mass of 23 kDa and PtdEAMeT ll (PtdEA ~ PtdMEA) of 101 kDa as determined by 

nucleotide analysis of gene coding frames (Kodaki and Yamashita, 1987). The single 

enzyme in mammalian brain PtdEAMeT (PtdEA ~ PtdMEA ~ PtDEA ~ PtdCho) is a 

monomer with a molecular mass of 18.3 kDa as determined by SDS-P AGE (Ridgeway and 

Vance, 1987). It is interesting that both yeast PtdEAMeT and mammalian PtdEAMeT 

which catalyze all three N-methylations have similar molecular weights. The authors also 

found the molecular weight of mammalian PtdEAMeT unusually small for an enzyme that 

catalyzes a fairly complex series of reactions (Ridgeway and Vance, 1987). In vitro data 

suggests that mammalian PtdEAMeT has a single, not multiple, active site for the three 

phosphatidylbase substrates (Ridgeway and Vance, 1987) and it will be interesting to 

determine whether spinach PMEAMeT has one or two active sites for the substrates PMEA 

andPDEA. 

In the case of yeast, the larger enzyme PtdEAMeT II (PtdEA ~ PtdMEA) exhibits 

internal homology and homology to the smaller enzyme PtdEAMeT (PtdEA ~ PtdMEA 

~ PtdDEA ~ PtdCho) which suggests the two enzymes may have evolved through a gene 

duplication event (Kodaki and Yamashita, 1987). Considering the two spinach enzymes 

catalyze partly overlapping activities (Smith, 1995; this thesis) as do the yeast enzymes 

(Kodaki and Yamashita et al., 1987), perhaps spinach PMEAMeT shares homology with 

spinach PEAMeT and the two enzymes have arisen through a gene duplication event 

A large group of SAM-dependent methyltransferases share conserved motifs 

suggested to be part of an evolutionarily conserved SAM-binding site (Kagan and Clarke, 

1994). Once available, analysis of the amino acid sequence of spinach PMEAMeT will 

reveal if the enzyme also has the conserved motifs. Alternatively, the enzyme may be part 

of a much smaller group of enzymes lacking these motifs that are suggested to have 



96 

evolved a novel or independent approach to SAM-dependent methylations (Kagan and 

Clarke, 1994). This latter group of enzymes includes the yeast phosphatidyl N

methyltansferase enzymes (Kagan and Clarke, 1994). In general, it would be interesting to 

determine if the N-methyltransferases involved in choline synthesis from the various 

organisms fall into that latter group. 

Effect of pH and metal ion requirements. 

PMEAMeT activities are localized to the cytosol in spinach leaf cells (Weretilnyk 

et al., 1995) and the pH of the cytoplasm is around 7.5 in spinach leaf cells (Bligny et al., 

1990). Both PMEAMeT activities have an alkaline pH optimum of between 8.5 and 9.0 

(Figure 9) and so the activities may likely be functioning at a sub optimal pH in vivo. The 

rates of PMEAMeT activities in vivo may be approximately 500/o of the maximal rates 

observed in vitro, when the in vitro rates at pH 7.5 and 8.5 are compared for each activity 

using partially purified enzyme (Figure 9). The pH optimum of spinach PEAMeT 

activities is also slightly alkaline (7.8), so this enzyme is likely to be functioning at a near 

optimal pH in vivo as the activities are also localized to the cytosol (Smith, 1995; 

Weretilnyk et al., 1995). 

Interestingly, the pH optima are also alkaline for the N-methyltransferase activities 

involved in choline synthesis in yeast and mammals. From mammalian brain, PEAMeT 

activity (PEA ~ PMEA) and PDEAMeT activity (PDEA ~ PCho) have a pH optimum of 

9.5 and 11 or greater, respectively (Andriamampandry et al., 1992; Mukherjee et al., 1995). 

From mammalian liver, PtdEAMeT activities (PtdEA ~ PtdMEA ~ PtDEA ~ PtdCho) 

all have the same pH optimum of 10 (Ridgeway and Vance, 1987). Similarly from yeast, 

PtdEAMeT activities (PtdEA ~ PtdMEA ~ PtdDEA ~ PtdCho) have the same pH 

optimum of8.1 and PtdEAMeT ll activity (PtdEA ~ PtdMEA) has a pH optimum of9.9 

(Kodaki and Yamashita, 1987). The observed alkaline pH optimum of the N

methyltransferase activities may reflect the fact that protonation of the substrate's amino 

group (phosphobase or phosphatidylbase) could cause poor binding to the active site 

(Ridgeway and Vance, 1987). 
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Over 25% of enzymes require metal ions such as K+, Mi+, Mn2+, Ca2+, Zn2+ or 

Fe2+
1 3+ for activity and the enzymes are either metal-activated, require added ions, or 

metalloenzymes which contain a definite quantity of ion (Rodwell, 1985~ Das, 1978). 

Some SAM-dependent plant methyltransferases are known to be metal-activated (Poulton, 

1981). However, like spinach PEAMeT (Smith, 1995), PMEAMeT activities may not be 

metal-activated since the omission of Na2-EDTA had no effect and the addition of Mg2+ 

and Mn2+ ions did not enhance either activities (Table X). Mg2+ is predominantly tested as 

a cofactor for many SAM-dependent plant methyltransferases and some enzymes require 

the divalent cation for activity~ whereas, others are not affected or are inlubited ( eg Poulton, 

1981~ Presing et al., 1989; O'Keefe and Beecher, 1994). Since Mi+ ions are suggested to 

have a strong affinity for phosphate groups (Harrison and Hoarce, 1980), the inhibition by 

10 mM Mi+ ions ofPMEAMeT activities may be a result of the ions complexing with the 

phosphobase substrate (0.25 mM) making the latter unavailable for binding or N

methylation. PMEAMeT activities were completely inhibited by the addition of 1 and 10 

mM Mn2+ ions and a reason for the stronger inhibition in comparison to Mi+ ions is not 

known. 

From mammalian brain, PEAMeT activity (PEA ~ PMEA) is activated by both 

MgCh and MnCh; whereas, PDEAMeT activity (PDEA ~ PCho) is activated by MgCh 

and inhibited by MnCh (Andriamampandry et al., 1992; Mukherjee et al., 1995). From 

yeast, PtdEAMeT activities (PtdEA ~PtdMEA ~ PtdDEA ~ PtdCho) are activated by 

Mg2+ and inhibited by Mn2+ ions and PtdEAMeT IT activity (PtdEA ~ PtdMEA) is 

inhibited both by Mi+ and Mn2+ ions (Gaynor and Carmen, 1990). Other divalent metal 

cations, such as Ca2
+, Cu2

+, Co2+, Ne+ and Zn2+, have been tested as cofactors for the N

methyltransferases involved in choline synthesis from spinach, yeast and mammalian brain 

(Gaynor and Carmen, 1990; Andriamampandry et al., 1992; Mukherjee et al., 1995; Smith, 

1995). The above cations are shown to be inhibitory to enzyme activity, with the exception 

of Ca2+, which increased the activity of the phosphobase N-methyltransferases from 

mammalian brain. It will be interesting to test the effect of such divalent metal cations on 
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spinach PMEAMeT activities to obtain a more comprehensive analysis of the enzyme's 

metal ion requirements, if any. 

Spinach PMEAMeT may not be completely excluded from being a metalloenzyme 

by the data in Table X Although considering color was not associated with PMEAMeT

containing fractions, the enzyme was probably not an iron-containing protein (red-brown) 

or a cuproprotein (blue, pink). Also, no SAM-dependent plant methyltransferase or any N

methyltransferases involved in choline synthesis from yeast or mammalian brain or liver 

are suggested to be metalloenzymes. Among the enzymes involved in glycinebetaine 

synthesis, CMO, which oxidizes choline ~ betaine aldehyde in spinach chloroplasts, is 

found to be an iron-sulfur protein (Russell et al., 1998). CMO contains a [2Fe-2S] cluster 

and maybe mononuclear Fe (Russell et al., 1998) and has a red-brown color (Figure 3~ 

Burnet et al., 1995). 

Inhibition by reaction products. 

SAH (Figure 20). 

Typically, SAM-dependent methyltransferases are strongly inhibited in vitro at low 

concentrations of the demethylated reaction product SAH (Cossins, 1980; Poulton, 1981). 

The inhibition is usually competitive with SAM and the Ki value for SAH is several-fold 

lower than the Km value for SAM (Poulton, 1981). This type of inhibition would also be 

consistent with the similar structures of the two nucleotides as well as that of their proposed 

binding sites (Carmen and Gaynor, 1990; Schlubier et al., 1995). These features have been 

suggested to point to a general mechanism for in vivo regulation of these 

methyltransferases ie the intracellular ratio of SAM: SAH (Poulton, 1981 ). 

The concentrations of SAM and SAH in the cytosol of spinach leaf cells are not 

known, but the concentration of SAM was 0.2 mM in phosphobase N-methyltransferase 

asssays. Therefore, the effect of 0.001 to 0.2 mM SAH was examined on PMEAMeT 

activities and both activities were inhibited with increasing concentrations of the added 

SAH (Figure 15, Table XI). Thus, PMEAMeT activities could be regulated in vivo by the 

ratio of SAM: SAH if the in vitro inhibition is determined to be competitive with SAM 



FIGURE 20: Possible inhibition of PMEAMeT activities by reaction products SAH and 

PCho in leaves of the glycinebetaine accumulator spinach (Figure modified from Figure 3). 

Choline biosynthesis from the precusor ethanolamine occurs mainly in the cytosol and that 

of glycinebetaine from choline in chloroplasts (Weretilnyk et al., 1995; Hanson et al., 1995). 

The enzymes involved are: step 1, ethanolamine kinase; steps 2, 3 and 4, PEA N

methyltransferase (PEAMeT); steps 3 and 4, PMEA N-methyltransferase (PMEAMeT); step 

5, PCho phosphatase; step 6, choline monoxygenase (CMO); and step 7, betaine aldehyde 

dehydrogenase (BADH). 

Abbreviations: PEA, phosphoethanolamine; PMEA, phosphomethylethanolamine; 

PDEA, phosphodimethylethanolamine; PCho, phosphocholine; SAM, S-adenosyl-L

methionine; SAH, S-adenosyl-L-homocysteine; Pi, inorganic orthophosphate; Fd, ferredoxin; 

NAD+, nicotinamide adenine dinucleotide (oxidized form); NADH; nicotinamide adenine 

dinucleotide (reduced form). 
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(Poulton, I98I). More specifically, an in vivo SAM: SAH ratio of 200: I could have no 

effect on either activity; whereas, a change in the ratio to I : 1 could reduce both activities 

by more than 90% (Figure 15, Table XI). Alternatively, if the in vitro inhibition is found to 

be noncompetitive, then the enzyme activities may be regulated in vivo by a second 

mechanism that involves only the concentration of SAH (Knogge and Weisenbock, 1984). 

That is, if the pool size of SAH can increase to over 0.00 I mM, then PMEAMeT activities 

could be inhibited by the reaction product SAH (Figure I5, Table XI). 

In any case, the strong inhibition requires that the concentration of SAH be 

regulated for continuation of SAM-dependant methylations in vivo (Poulton, 1981 ). This is 

especially true when spinach plants are salt-stressed because the rate of choline synthesis 

increases (Summers and Weretilnyk, 1993) which means an increase in SAM usage and 

SAH production. SAH may be removed from the cytosol and be sequestered in another 

subcellular compartment or alternatively, SAH may be cleaved to adenosine and L

homocysteine by SAH hydrolase (Cossins, I980; Poulton, 198I). Since this reaction is 

freely reversible, sustained hydrolysis requires removal or metabolism of the products: 

adenosine is most probably converted to ADP (Poutlon, I98I) and L-homocysteine can be 

methylated to L-methionine using Ns-methyltetrahydrofolate (Cossins, 1980; Poulton, 

1981). 

The effect of SAH has been examined on SAM-dependent N-methyltransferase 

activities involved in choline synthesis from other organisms. The spinach enzyme 

PEAMeT is also inhibited in vitro by SAH (Smith et al., in press), as are the phosphobase 

N-methyltransferases from mammalian brain (Andriamampandry et al., 1992; Mukerjee et 

al., I995). The phosphatidylbase N-methyltransferases from yeast and mammalian liver 

are inhibited competitively by SAH with respect to SAM and thus, the intracellular ratio of 

SAM: SAH is suggested to be an important regulatory factor (Carmen and Gaynor, I990; 

Ridgeway and Vance, I987). 
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PCho (F gure 20). 

PCho is suggested to regulate choline synthesis probably through feedback 

inhibition of phosphobase N-methyltransferase activities in glycinebetaine accumulating 

and non-glycinebetaine accumulating plants (Hanson and Rhodes, 1983; Mudd and Datko, 

1989ab; Rhodes and Hanson, 1993; Smith et al., in press). 

The flux through the phosphobase N-methylation sequence is down-regulated when 

a large trapping pool of PCho is infiltrated into salinized sugarbeet leaves, suggesting that 

PCho can feedback inhibit its own synthesis (Hanson and Rhodes, 1983). An almost 

complete down-regulation of flux through PEA is also associated with an increase in PCho 

pool size from 58 JJM to 592 I-1M and a reduction in phosphobase N-methyltransferase 

activities in the choline-grown duckweed (Mudd and Datko, 1989a). More specifically, 

PEA N-methylating activity is reduced by 80%, PMEA N-methylating activity by 30% and 

PDEA N-methylating activity by 400/o in this plant. Also in vitro data shows the addition of 

175 f.1M PCho inhibits PEA N-methylating activity from duckweed by 27% and 

considering the in vivo PCho pool is estimated to expand to 592 JJM, the expanded PCho 

pool could greatly inhibit PEA N-methylating activity resulting in the down-regulation of 

choline synthesis in choline-grown duckweed Therefore, it would be interesting to 

determine whether PCho could serve to down-regulate its own synthesis from PEA through 

feedback inhibition at the enzymatic level in spinach leaves. 

To date, there is no in vivo work to show the effect of an expanded PCho pool size 

on the flux through PEA or on phosphobase N-methyltransferase activities in spinach 

leaves. Although the pool size of PCho is not known in the cytosol, PCho is shown to be a 

cytoplasmic metabolite (Bligny et al., 1990) found at 2 to 5 mM in the light (calculated 

using a cytoplasm: vacuole ratio of 1: 10 from Coughlan and Wyn Jones, 1980) and at 2.3 

mM in the dark (Bligny et al., 1990). Therefore, the effect of 0.5 to 10 mM PCho was 

tested on PMEAMeT activities and both activities were inhibited by PCho, with an average 

40% inhibition at 1 mM (Figure 16, Table XI). Also, PCho was shown to be a reaction

product of PMEAMeT using TLC (Table IX). Considering the in vivo PCho pool sizes 

(Coughlan and Wyn Jones, 1982; Bligney et al., 1990) and the in vitro inhibition data 
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(Figure 16, Table XI), PCho could down-regulate its synthesis from PEA through reaction

product inhibition ofPMEAMeT activities in the cytosol of spinach leaf cells. 

An 'expanded' PCho pool could mean that glycinebetaine synthesis is being 

reduced in leaf cells, at least in salinized sugar beet (Hanson and Rhodes, 1983). 

Interestingly, a storage pool of PCho and not a metabolically-accessible pool of PCho is 

suggested to be the down-regulatory effector of PCho synthesis in salinized sugar beet 

leaves (Hanson and Rhodes, 1983). Experimental data and computer simulations suggest 

that there is a metabolic and storage pool of PCho and when glycinebetaine synthesis is 

decreased, the 'excess' PCho enters the storage pool which then 'expands' and down

regulates the flux through PEA to PCho (Hanson and Rhodes, 1983). Theoretical estimates 

(calculated using a cytoplasm: vacuole ratio of 1: 10 from Hanson and Rhodes, 1983) for 

the storage pool ofPCho are 300 J.1M when the rate ofPCho utilization is constant and up 

to 750 J.1M when PCho is accumulating as a result of reduced rate of glycinebetaine 

synthesis. In contrast, theoretical estimates for the metabolic pool size of PCho are 

between 56 and 100 J.1M with no correlation of the higher values with a decreased rate of 

glycinebetaine synthesis (Hanson and Rhodes, 1983). It would be interesting to determine 

whether a similar situation may exist in spinach leaves, ie where there is a metabolic and a 

storage pool of PCho and the latter is the effector of the down-regulation of PCho 

synthesis. 

Effect of products of PCho hydrolysis: choline and Pt (Figure 21). 

It is not known whether PCho hydrolysis to produce choline and Pi occurs in the 

cytosol (site of PCho synthesis; Weretilnyk et al., 1995), chloroplasts (site of 

glycinebetaine synthesis; Hanson et al., 1985) or another subcellular compartment in 

spinach leaf cells. A pool of PCho is found in chloroplasts as shown by 31P NMR in 

spinach leaf cells (Bligny et al., 1990). IfPCho hydrolysis is cytosolic, then choline and/ or 

Pi could act as regulatory effectors ofPCho synthesis in vivo. 



FIGURE 21: Possible regulation of PMEAMeT activities by endproducts choline, Pi and 

glycinebetaine in leaves of the glycinebetaine accumulator spinach (Figure modified from 

Figure 3). 

Choline biosynthesis from the precusor ethanolamine occurs mainly in the cytosol and that 

of glycinebetaine from choline in chloroplasts (Weretilnyk et al., 1995; Hanson et al., 1995). 

The enzymes involved are: step 1, ethanolamine kinase; steps 2, 3 and 4, PEA N

methyltransferase (PEAMeT); steps 3 and 4, PMEA N-methyltransferase (PMEAMeT); step 

5, PCho phosphatase; step 6, choline monoxygenase (CMO); and step 7, betaine aldehyde 

dehydrogenase (BADH). 

Abbreviations: PEA, phosphoethanolamine; PMEA, phosphomethylethanolamine; 

PDEA, phosphodimethylethanolamine; PCho, phosphocholine; SAM, S-adenosyl-L

methionine; SAH, S-adenosyl-L-homocysteine; Pi, inorganic orthophosphate; Fd, ferredoxin; 

NAD+, nicotinamide adenine dinucleotide (oxidized form); NADH; nicotinamide adenine 

dinucleotide (reduced form). 
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Choline is suggested to be a possible feedback inhibitor of choline synthesis, at 

least in non-glycinebetaine accumulating plants (Mudd and Datko, 1989ab). More 

specifically, in vivo choline synthesis from PEA is completely down-regulated in duckweed 

grown in 1.4 J.1M choline (Mudd and Datko, 1989a) and in soybean and carrot cultures 

grown in 50 J,JM choline (Mudd and Datko, 1989b). The tissue pool of choline is shown to 

have increased from 102 ~ to 544 ~ in choline-grown duckweed (Mudd and Datko, 

1989a) and also increased greatly in both choline-grown soybean and carrot cultures (Mudd 

and Datko, 1989b). Interestingly, in vitro PEA N-methylating activity from duckweed 

fronds is inhibited only 26% by 10 mM choline. Nevertheless, the authors did not preclude 

choline (or a pool of choline) from being an effector in the observed down-regulation of 

choline synthesis in these choline-grown plants. Thus, the possibility that choline could 

serve as a regulatory effector of choline synthesis in spinach leaves was examined. 

Although, the concentration of choline is not known in the cytosol, a value of 

between 5 to 10 mM can be calculated for the cytoplasmic pool of choline (estimated using 

a cytoplasm: vacuole ratio of 1: 10 from Coughlan and Wyn Jones, 1982). The effect of 

0.5 to 10 mM choline was tested on PMEAMeT activities and only PMEA N-methylating 

activity was inhibited by 1 00/o at 10 mM (Figure 17, Table XI). Considering the upper limit 

(10 mM) for cytoplasmic choline (Coughlan and Wyn Jones, 1982) and the in vitro 

inhibition data (Figure 17, Table XI), choline may play a role in regulating PMEA N

methylating activity ofPMEAMeT in spinach leaves ifthe cytosolic pool exceeds 10 mM. 

To date, there is some evidence that Pi serves as a regulatory effector of choline 

synthesis in higher plants (Smith et al., in press). The cytosolic pool size for Pi is below 1 

mM in spinach leaf cells (Bligny et al., 1990) and as Pi at a concentration of 1 mM inhibits 

spinach PEAMeT activities by 14%, this metabolite was proposed to be a possible in vivo 

regulatory metabolite (Smith et al., in press). Therefore, the effect of0.5 to 10 mM Pi was 

tested on PMEAMeT activities and both activities were inhibited with increasing 

concentrations of Pi (Figure 18, Table XI). At 10 mM Pi, PMEA N-methylating activity 

was inhibited by 38% and PDEA N-methylating activity by 19%. Considering the 

cytosolic in vivo pool estimate of 1 mM Pi (Bligny et al., 1990), PMEAMeT activities 
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could be feedback inhibited in vivo by Pi if the pool 'expands'. Thus, Pi may have a 

regulatory role in PCho synthesis from PEA in spinach leaves. 

Effect of compatible osmolyte glycinebetaine (Figure 21). 

To date, there is no evidence that glycinebetaine regulates choline synthesis in 

higher plants (Smith et al, in press). The compatible osmolyte glycinebetaine is 

synthesized from choline in chloroplasts of spinach leaf cells (Brousquisse et al., 1989~ 

Weigel et al., 1986) and preferentially accumulates in the cytoplasm, as opposed to the 

vacuole (see references in McCue and Hanson, 1990~ and Hanson and Rhodes, 1993 ). 

Although the cytosolic pool size of glycinebetaine is not known, there are values for the 

cytoplasm. The in vivo pool estimate of glycinebetaine is 50 mM in the cytoplasm and the 

pool expands when spinach plants are salt-stressed (calculated using a cytoplasm: vacuole 

ratio of 1: 10 from Weigel et al., 1986). More specifically, the pool size increases to 150 

mM in response to 100 mM NaCl stress, to 217 mM in response to 200 mM NaCl, and to 

267 mM in response to 300 mM NaCl (calculated using a cytoplasm: vacuole ratio of 1: 10 

from Weigel et al., 1986). Therefore, the effect of 1 up to 140 mM glycinebetaine (Cl-salt) 

was tested on PMEAMeT activities (Figure 19, Table XI). 

PMEA N-methylating activity was not inhibited by up to 140 mM glycinebetaine, 

because NaCl at 30 and 140 mM inhtbited this activity (Table X and Results text). 

Therefore, either the cr ions (glycinebetaine added as a Cl-salt) or Na + ions 

(glycinebetaine chloride stock solution buffered with NaOH to the assay pH of 8.5) present 

in the assay likely can explain the observed inhibition of activity. The data is in accord 

with the fact that high concentrations of glycinebetaine (up to I M) typically do not inhibit 

the activities of various enzymes from halophytic cyanobacteria (Incharoensakdi et al., 

1986), plants (Wyn Jones et al., 1977; Pollard and Wyn Jones, 1979~ Manetas et al., 1986) 

and animals (Yancey et al, 1982), in keeping with its role as a compatible osmolyte (Wyn 

Jones et al., 1977; Hanson and Rhodes, 1993). 

Interestingly, PDEA N-methylating activity was inhibited with the addition of up to 

140 mM glycinebetaine and the inhibition was not caused by the Na + or cr ions present in 
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the assay because NaCl did not inhibit this activity at 30 and 140 mM (fable X and Results 

text). At 140 mM glycinebetaine, the activity was inhibited by 19%. Two enzyme 

activities are shown to be inhibited by high concentrations of glycinebetaine, bovine liver 

glutamate dehydrogenase is inhibited by 15% at 0.5 M and Chromatium vinosium ribulose 

biphosphate carboxylase is inhibited by 500/o at 1 M (Pollard and Wyn Jones, 1979; 

Incharoensakdi et al., 1986). Therefore, this activity may be part of a minor group of 

enzymes that are inlnoited by the compatible osmolyte. However, this observation is 

difficult to reconcile with the fact that glycinebetaine accumulation under conditions of 

salt-stress is a result of increased flux through both choline and glycinebetaine biosynthetic 

pathway (Summers and Weretilnyk, 1993). More specifically, PMEA and PDEA N

methylations are 2-fold higher in crude leaf extracts from spinach plants salinized with 200 

mM NaCl in comparison to control plants (Weretilnyk and Summers, 1992) and the 

glycinebetaine pool size is expected to reach approximately 200 mM in these salinized 

plants (Weigel et al., 1986). So, if anything, an activating effect on PMEAMeT activities 

by glycinebetaine may have been expected The observation may reflect an in vivo 

mechanism that decreases the involvement of PMEAMeT in PCho synthesis for 

glycinebetaine accumulation under conditions of salt-stress and so PMEAMeT may only 

play a role in PCho synthesis for PtdCho production. 

Concluding remarks. 

This thesis provides the first study on the enzyme PMEAMeT involved in choline 

synthesis and its properties from spinach leaves. Two salient contributions to 

understanding choline synthesis in leaves of the glycinebetaine accumulator spinach were: 

(1) providing evidence that a second enzyme PMEAMeT converts PMEA ~ PDEA and 

may also N-methylate PDEA ~ PCho in vitro and thus, insight into the number of 

enzymes that convert PEA ~ PMEA ~ PDEA ~ PCho in vivo; and (2) providing 

evidence for inhibition of PMEAMeT activities by reaction products SAH and PCho in 

vitro and thus, two putative rapid regulatory mechanisms of PCho synthesis from PEA in 

vivo. With regards to the second point, choline synthesis seems to be tightly regulated in 
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higher plants (Hanson and Rhodes, 1983~ Mudd and Datko, 1989ab~ Weretilnyk et al., 

1995; Yang et al., 1995) probably because of the significant demand it could place on the 

methyl budget and the use of one A TP for each SAM formed (Weretilnyk et al., 1995). 

Interestingly, PMEAMeT exhibited many similar properties to the light-regulated 

enzyme PEAMeT that could convert PEA ~ PMEA ~ PDEA ~ PCho in vivo (Smith, 

1995). Both enzymes have identical native molecular weights, neither seemed to require 

divalent metal cations for activity, both were inhibited in vitro by reaction products SAH 

and PCho and by endproduct Pi (Smith, 1995; Smith et al., in press). 

One future research direction should be the continued purification ofPMEAMeT to 

homogeneity to obtain antibodies and the amino acid sequence. The latter is necessary to 

generate oligonucleotide probes to clone eDNA encoding PMEAMeT from a spinach eDNA 

library. The antibodies and mRNA probe will be useful in exploring PMEAMeT regulation 

at a protein and mRNA level especially with respect to salt-stress. That is, does PMEAMeT 

contribute to the up-regulation of choline synthesis for glycinebetaine accumulation in 

leaves of salinized spinach (Summers and Weretilnyk, 1993)? Such information will be 

helpful to develop a model for the regulation of choline synthesis with respect to PtdCho 

(primary metabolism) and glycinebetaine synthesis (secondary metabolism) in chenopods at 

least These studies are important to both genetic engineering studies aimed at introducing 

the glycinebetaine-accumulating trait into crop as an approach to osmotic-stress resistance 

and to basic research on plant metabolism. 
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