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fn the braj-n and liver of mammals there are two pathways by

which monomethylethanolamine (MEA) and dimethylethanolamine

(DEA) can be incorporated into their corresponding

phospholipids, phosphatidylmonomethyLethanolamine (PMEA) and

phosphatidyldimethylethanolamine (PDEA). One is the conversion

of MEA and DEA via t,he de novo pathway into their corresponding

phospholipids through intermediary phosphate monoesters and

cytidine diphosphate (CDP) derivatives [L8,22]i the other

invol-ves the conversion of MEA and DEA to their corresponding

phospholipids by a base exchange type reaction I141.

.ABSTRÄCT

The de novo bioslmthetic pathways for PMEA and PDEA from Une

and DEA are presumed to occur analogously with the phosphatidyl-

choline and phosphatidyl-ethanolamine slmthetic pathways. The

existence of MEA kinase and DEA kinase, whÍch would catalyze the

initial reaction (s ) of PIÍEA and PDEA slmthetic pathway(s ) in

mammalian tissues, was suggested from in vivo experiments in
which radioactive DEA l"p]phosphate \úas found in the liver and

brain of animals that had received an intraperitoneal injection

containing both DEA and ["p]orthophosphate 122J.

VI

However, Do attempt was made to study these kinase

activitj-es. The currenL work was carried out to study the

individual step of the pathway(s), part,icularly, MEA kinase and
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DEA kinase activities. The present report appears to be t.he

first systematic attempt to purify and characteríze these

kinases in mammalian tissues.

In this study, MEA kinase and DEA kinase activities were

purified 951- and 748-fo1d, respectively, from rat liver by a

combination of ammonium sulfate precipitation, DEAE-Sephacel ion

exchange, G-150 gel filtration and DEA-affinity chromatography.

These highry purified enzyme preparations were empl-oyed to study

the kinetic properties of these kinase activities. certain
properties of the partially purified enzyme preparation suggest

that MEA kinase and DEA kinase activities are different from

both chol-ine kinase and ethanol-amine kinase activi-ties and

differ from one another. This concrusion is based upon the

following observations s ( I ) The heat stabil-ities of MEA kinase

and DEA kinase activities are significantly different from one

another and are different from the stability of choLine kinase

and ethanolamine kinase activities. (2) K* in the presence of

Mg*z increases MEA kinase activity by 100 I but has no effect on

DEA kinase activity. (3) Different Kr val-ues and types of
inhibition by several structurally rel-ated amino alcohols h¡ere

found for MEA kinase and DEA kinase activities. (4) The extent
of purification of MEA kinase and DEA kinase is different from

each other and from that of choLine kinase and ethanol-amine

kinase.
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l-.l- The function and bioslmthesis of phosphatidylcholine

Phosphatidylcholine (PC) is the major phospholipid found in
most eukaryotic cel-Is and is generally absent from prokaryotic
ceIls. PC appears essentj-al- f or growLh of a mammal_ian cell
line, Chinese hamster ovary cel-Is, since mutants with depressed

l-evels of PC appears to be temperature sensitive t1]. There are

a wide variety of functions for PC. For example, (1) pC is a

st,ructural- component of the biological membrane i (2 ) pC is
essential for Very Low Density Lipoprotein (\ILDL) secretion [2];
(3) In the lung , dipalmitoyl PC is a critical- component of

pulmonary surfactant; (4) PC serves as a source of arachidonic

acid for prostaglandin bioslmthesis t3l; (5) pC may also be

involved in the modulation of membrane bound enzymes l4li (6)

recently, PC and PE have been found to take on a new and

exciting role as the substrates for the production of second

messengers, ê.9, PC and PE are substrates of phospholipase C to
yield diacylglycerol as one of the products [5,6].

1" ÏNTRODUCTION

PC was discovered in L847 t7l and the pathway for pC

bioslmthesis was firmly established in the 1950s t8l. There are

three known pathways for the formation of pc in mammalian

tissues (Fig.L). These are the CDP-chotine pathway, the

progressive methylation of PE, and the base exchange reaction.
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The major pathway for PC bioslmthesis occurs vj-a the CDP-

choline pathway L9l.

L.2 The contribution of monomethylethanolamine and

dimethylethanolamine to Èhe biosynthesis of choline and

phosphatidylcholine----- evidence for the existence of Èhe de

novo pathway for phosphatidylmonomethylethanolamine and

pho s pha t idyl dinethyl ethano I amine bi o synthe s j- s

I .2 .I lvlonomethylethanolamine and dimethylethanol-amine as

precursors for choline biosynthesis

The pathway for free chol-ine bioslmthesis from MEA and DEA

as direct precursors has not yet been established. However,

some l-iterature suggested that their pathway may exist in

mammalian tissues. Venkataraman and Greenberg t11l reported a

sol-uble enzyme from the rat liver that couLd synthesize choline

with formaldehyde instead of methionine as a methyl group donor,

with ethanolamine or DEA as a methyl group acceptor and

hydrofolic acid as a cofactor in these reactions. StekoL et al

Lf2l suggested the de novo slmthesis of choline by a direct

transfer of a methyl group from methionine to DEA. This process

is mediated by folic acid derivatives.

Although the resul-ts of Venkataraman and Greenberg t11l are
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at variance with the conclusion of Stekol et aI [12] in that the

third methyl group of choline is derived by transmethylation

from methionine, both groups agreed on DEA as a direct precursor

for the formation of choline. The supporting data are also

avail-ab1e f rom dif ferent laboratories [ ]-0,17 t34l .

L.2.2 Monomethylethanolamine and dimethylethanolamine as

substrates for the base-exchange reaction

The base-exchange reactions use not only choline,

ethanolamine and serine as substrates t13l but also MEA and DEA

as substrates t 14 I . The following experimental results
supported these observations. fncubation of ¡3ltl- or ¡laClltna and

ItoC]DEA with crude rat-braÍn microsome preparations resulted in
the formation of PMEA and PDEA phospholipids.

incorporation of both MEA and DEA occured maximalJ-y at pH 8-

8.5, \^rere stimulated by Cu'* , were energy independent and \^rere

not affected by exogenous phospholipids t 14 I .

L .2.3 The conversion of monomethylethanol-amine

dimethylethanoLamine to phosphatidyJ-monomethylethanol-amine

phosphatidyldimethylethanoLamine via the de novo pathway

Several" l-ines of evidence support the existence of a de novo

pathway for the biosynthesis of PMEA and PDEA from MEA and DEÄ,

respectively.

The

and

and
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1,.2.3,L The existence of monomethylethanolamine and

dimethylethanolamine in mammalian tissue

The substrates MEA and DEA for PMEA and PDE.A. biosynthesÍs

have been demonstrated to be present in both bound and free
forms in the brain tissues of cat, pig and man t15l and in other
biological- materials [ ]-6I .

determined to be 40-45 uglkg of the pig brain, 80 uglkg of the

cat brain [15], and 5.L uglkg of the human brain t161. However,

the methodol-ogies used are questionabl-e. since 1960 no

unequivocal data have been available.

L.2.3.2 Formation of phosphoryl monomethylethanol-amine and

phosphoryl dimethylethanolamine in mammal_ian tissue

The isolation of phosphoryl MEA and phosphoryl DEA was

reported from DEA-treated rat brain and liver tissues by in
vitro and in vivo studies t191.

The amount of free DEA was

rn vitro, phosphoryl DEA was formed when DEA was incubated

with an acetone powder or dispersions of rat whole brain in a

reaction mixture containirLg 7.5 mM ATP, 1,2 mM Mgc12, 1 mM cac12¡

26 nM KF and 5.6 mM KzHPO4 pH 7.0. The phosphoryration rate was

0.5 umore / r00 mg of acetone powder / nr and 0.3 umole / g of

brain dispersion / }irr, respectivety t191.
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In vivo, rats (40-60 g body wt. ) were injected intra-
peritoneally with DEA (150 mglkg body wt. ) as the hydrochl-oride

and t3zPlorthophosphate. At a given time after the injection,
whole brain and liver \^rere extracted with trichloroacetic acid

and phosphoryl DEA was separated from other soluble phosphate

esters. Phosphoryl DEA formation was cal-cul-ated to be 0.17

umole/g brain/hr and 0.8 unole/g liver/hr within 2 hours after
injection [ 19 ] . It seemed likely that the ester was formed in
the brain and not carried from the l-iver by the blood since no

ester was ever found in the blood after the injection of DEA,

whereas phosphoryl DEA was rapidly formed in the brain and

liver. It would appear that phosphorylation is carried out by

each tissue independently t201.

Further evidence for phosphoryl MEA and phosphoryl DEA

formation was also provided with fetal brain aggregating cell
cul-ture lzLl. When ceII cultures were exposed to radioactive
bases ¡3H1una or ¡3u1onA, the magnitude of radioactivity present

in the total vrater solubl-e materials was considerably greater

than that present in lipids and a plateau was reached by a 24

hour exposure. The majority of the radioactivity present in the

water soluble materials was phosphorylmonomethylethanolamine or

phosphoryldimethylethanolamine, respectively, and there was less

radioactivity associated with MEA or DEA indicating the rapid

conversion of both ¡3H¡mna and ¡3H1One into their corresponding

water solubl"e phosphate esters after their entry into the ceJls.
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L.2.3.3 Formation of the CDP-esters of monomethylethanol-

amine and dimethylethanolamine

ft was reported that CDP-esters of IÍEA and DEA could be

formed from CTP, [t'p]phosphoryt MEA and [ttp]phosphoryl DEA by

a homogenate prepared from rat brain or liver 1221.

Sebsequently, the CDP-esters of MEA and DEA were incorporated

into their corresponding phospholipids 122t231. The CDp-ester

formation from MEA and DEA was also demonstrated in fetal brain

aggregating cel-ls when the celIs were growing in the medium

containing label-ed MEA or DEA l2l-l .

dimethylethanol-amine as intermediates

bioslmthesis

L.2.3.4

13-198 of the total CMP-[ttp]DEA in a reactj-on system can be

incorporated into tissue lipids by rat brain and l-iver
dispersions 1231, an amount corresponding Èo about 0.32 umole of
phophoryl-ated base / g fresh weight / Ìirr. This strongly suggests

that phosphatidyl-DEA can be formed in the tissues by a pat,hway

analogous to that described for lecithin by Kennedy t8l. The

supporting data are also available for the rat brain and l-iver
tissue homogenates [22], as wel-L as for prokaryotes 124,251.

CDP -monomethyl ethano 1 amine

In the tissue of animals without MEÀ and DE.A pretreatment,

IN

and CDP-

phospholipid



I
the concentration of PMEA and PDEA is only a trace. Äccording

to Honegger and Honegger, lipid-bound DEÀ, in the normal- rat
brain does not exceed 0.001- umole / g of fresh t,issue tl6l.
PMEA has a poor sÍze of only 60 nmole / l00g of the body weight

and PDEA of 90 nmole / ro0g of the body weight in the rat, liver

1261, However, when whole animals or cel_ls were exposed to the

corresponding free amino alcohols MEA and DEA, for example, when

rats were fed with dietary MEA [27] and when a variety of
cul-tured ceLLs were supplemented with LabelLed MEA and DEA in
the culture medium, a significant appearance of PMEA and PDEA

\^¡as observed in the tissues of the rats and the cul-tured cells,
which coul-d constitut,e up to 308 of the totaL phospholipid

f raction [ ].4,16 ,2I,28-33I .

With a combination of all of the above, the pathways for the

incorporat,ion from MEA and DEA into their corresponding

phospholipids PMEA and PDEA are proposed as in Fig.2. This

proposal was supported by the studies in which fetal rat
neurons of the primary culture were exposed to labeLled choline
anarogues t341. rn that study, when neurons of the prirnary

culture q¡ere suppremented with ¡3H1uue, the radioactivity was not

onry associated with phosphoryt MEA and pMEA but also with the

free bases of DEA and choline, phosphoryl DEA and PDEA, and



Fig. 2 Proposed de novo pathways for PMEA and PDEA

biosynthesis and the relations among the amino alcoho1s,

their corresponding phosphoryl bases and phospholipids
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phosphoryl choline and Pc. simS-larry, when the neurons vrTere

supplemented with ¡3H1ora, the radioactivity was recovered from

phosphoryl-DEA, PDEA, as well- as from the free base chorine,
phosphoryi- choline and pC.

To verify this proposal as is shown in Fig"2, the pathways

for phosphoryl chol-ine bioslmthesis from phosphoryl ethanolamine

[35], and for phosphatidylcholine bioslmthesis from

phosphatidylethanolamine t36l via a stepwise methylation
process rdere studied. Howeverr no work was conducted to
investigate the individual steps of the de novo pathways for
PMEA and PDEA bioslmthesis. The present studies were carried
out for this purpose, particularry, to study the enzymes MEA-

kinase and DEA-kinase which catalyze the initj-al reaction of
these two pathways by begining with conventionaJ-J-y purifying MEA

kinase and DEA kinase from rat liver, foltowed by systematically
characterizing their properties.



2. LITERATURE REVTEW; CHOLTNE AND ETHANOLAMINE KINASES

2"L Pathway control

In recent years the cytidylyl-transferase reaction is
commonly referred to as the rate-limiting step in pC

bioslmthesis. Considerable evidence, hotvever, indicates that
the chol-ine kinase reaction can also be a rate-limiting step for
PC bioslmthesis. In many metabolic pathways, the control_ is
shared by more than one enzfrme and the contribution of each step

to the overal-l- fl-ux may vary with cel-l-ular conditions t371,

Choline kinase can be considered regulatory for pC biosl.n-

thesis in a number of si-tuations in which increased choLine

kinase activity results in a similarly increased rate of pc

bioslmthesis. In livers of essential fatty acid-deficient rats,
there is a 3.5-fold increase in choline kinase activity which

accompanies a similar increase in Pc slmthesis. However the

cDPcphosphochol-ine cytidylyltransferase activity remains

unchanged t381. rn livers from estrogen-treated roosters, a 2-

fold i-ncrease in choline kinase activity accompanied a 2-ford
increase in Pc slmthesis, however, the cytidylyltransferase
activity was unaffected [39r40]. perhaps the most dramatic

alteration of choline kinase activity is its 30-fold increase in
the mouse mammary gland during development from virgin to

11

lactating mouse t41l Although the cyt,idylyltransferase
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activity was not measured during the development &v:!vo, a 4-

fold increase in choline kinase activity in hormone-treated

mammary expÌants was accompanied by a similarly increased rate

of PC slmthesis t411.

ChoLine kj-nase has ai-so been shown to control PC slmthesis

in cul"tured cells. When quiescent murine 3T3 cel-ls \^/ere

treated with serum, a 2-fo1d increase in PC slmthesis

accompanied a 2-foId increase in chol-ine kinase activity,
however cytidyJ-yltransferase activity was not determined

142,431. These studies are particularly convincing because

choline kinase activity v¡as measured both in intact cells and in
cel-I-free extracts, and is increased 2-fold in both.

temperature-sensitive mutant of the Chinese hamster ovary (CHO)

celI line, the decreased activities of choline kinase, choline-

base exchange enzyme and serine-exchange enzyme accompanied the

decrease of PC slmthesj-s by 758 1441.

Choline kinase activity is increased over 2-fold by

transfection of NIH-3T3 [45] or C3Hl-01L/2 cells t46l with the

Ha-ras oncogene. In the latter study, the rate of PC slmthesis,

calculated from the turnover rates of the phosphocholine pools,

was also increased about 2-fo1d. Cytidylyltransferase activity
is decreased by 508 in the ras-transfected cells 1461, so the

control of the pathway by choline kinase appears to override t.he

controJ by cytidylyltransferase. It is noteworthy that choLine

Ina
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kinase activity is increased within 2 mj-n of micro inject,ion of

the ras prot,ein product ínto the Xenopus oocytes 1,47I ,

suggesting that choline kinase activation is an immediate

consequence of the ras gene expression,

2.2 Distribution and subcelLular Local-ization

2.2.L Among various tissues

The distribution of

in different tissues of

difference and the ratio

2.2.2 fn central nervous system

The heavily myelinated areas, for example, subcortical and

subcerebellar white matter which have a comparatively lower

content of lecithin [49r50], aLso have a Lower activity of

choline kinase. However, the rnolecular layers of the cortex and

cerebellum, where there is a relatively higher lecithin
concentration [50], have a higher choline kinase activity t491.
This would indicate some degree of correlation between the

activity of chol-ine kinase and the concentration of lecithin in
normal nervous tissue"

choline ki-nase and ethanoLamine kinase

rat t 48I and rabbit t 49I shows i-ittle
for EA-K / CX activity j-s 20 to 30.



2.2.3 In membranes

Choline kinase and ethanolamine kinase activities were
suggested to be l-ocalized exclusively in the cytosoJ_, with
little evidence for membrane-associ-ated activity [51, 52].
However, some other reports suggested that choline kinase and
ethanolamine kinase activities do associate with membranes, for
instance, choline kinase activity is associated with the
microsomal- fraction of the rat brain [4g], with the
mitochondrial membrane and slmaptosomar particulate fractions of
the rat striatum t54l and with myelin membrane of the rat brain
tssl.

The ratio of choline kinase activity in t,he solubl_e and the
particulate fractions was reported to be 3.3 : r_ t541. The
function of membrane associated choline kinase is stil-r unknown.
rts function may be rerated to the high-affinity transport of
choline t541. No kinetic difference can be observed for choline
kinase activity of the cytoprasmic and particuJ_ate fraction
ts4l.

I4

2"3 Purification

A number of
appeared in the

purifications 
"

reports of

Iiterature 
"

The first

chol-ine kinase purif ication have

ïn most cases, they are partial
report that presented convincing
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evidence of purification to homogeneity was that of fshidate et

ai. [56], who purified rat kidney choline kinase. Their

purification procedure incLuded ammonium sulfate fractionation,

foLlowed by DEAE-ce}lulose, size exclusion, and choLine-affinity

chromatography. The purified enzfrme had a molecula:i weight of

42,000 r was homogeneous by SDS-PAGE and had a specific activity

of 3.3 umole / min / mg protein. The antibodies prepared

against the purified enzyme quantitatively immunoprecipitated

chol-ine kinase activity from a variety of rat tissues, with the

exception of the l-iver Èissue of rats treated with

methylcholanthrene or carbon tetrachloride [57]. For Lhe latter

case, it was proposed that choline kinase induced by these two

reagents was the product of expression of a differnt gene t 57 I .

The second report of choline kinase purificatj-on to

homogeneity was from the rat Liver t581. The purification
procedure incl-uded the acidic precipitatj-on, ammonium sulfate

fractionation, choline-affinity column, mono O chromotography,

hydrophobic chromotography, Superose 6 chromotography and

chromatofocusing. Two isoforms of choline kinase were resolved

by the chromatofocusing column. The less active isoform of the

two, CKII, was homogeneous t58l with a molecular weight on SDS-

PAGE gef of 47,000. The apparent native molecular weightr äs

determined by size exclusion chromatography, $¡as 160 r 000

suggesting a tetrameric structure of four subunits with

different moLecular weights.
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Àn antibody prepared against CKII stains only the 47 kDa

band on I{estern blots of the CKf and CK-SE (size-exclusion

column) preparation, indicating that two chol-ine kinase isoforms

share some common epitopes. The antibody also stains the 47

kDa proteins on Western blots from the rat brain, lung, and

kidney, indicating similar choline kinase enzfzmes in other

tissues t581.

Choline kinase from the rat brain has also been purified to
an apparent homogeneity t591. The subunit, molecular weight of

the rat brain enzyme is 44,000, simil-ar to that of the rat
Iiver. The mol-ecular weight of the native brain enz)rme is
87 r 600 as determined by gef filtration or by calcu]ation from

the Stokes radius and sedimentation coefficient. This

indicates that the native rat brain enzyme is a dimer. Because

the rat l-iver enzyme appears to be a tetramer, this may suggest

that the enzymes from the two tissues may be distinct isozymes.

The specific activity of the purified rat brain choline
kinase is 40 umore/min/mg protein, lower than that for the rat
liver t581. Two isoforms of the brain enzyme are resol_vable on

a blue-dye column, and the major isoform is the one that has

been purified. The purified choline kinase activity also has

the abiLity to phosphorylate I"ÍEA and DEA t591.
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The first purification of choline kinase from human liver

\Mas carried out by Draus et aI [60], although they mainly

focused on purifying ethanolamine kinase. À purification of

300-f old f or chol-ine kinase and 1000-f ol-d f or ethanolamine

kinase was achieved. The highly purified enzfrme preparation

showed one band on SDS-PAGE and possessed both chol-ine kinase

and ethanolamine kinase activities. The mol-ecuLar weight $¡as

found to be 42t000 Da. The apparent molecular weight of the

native enzfrme was determined by ge1 permeation at pH 8.5 and

estimated to be 87r000 Da. Therefore, the native ethanolamine

kinase consists of two chains of the same or nearly the same

molecular weight. These results are in agreement with those of

fshidate et al on the rat kidney i56 I and brain t 59 l

ethanolamine kinase and choline kinase.

2.4 Controversies about choline kinase and ethanolamine kinase

The fact that ethanolamine could be phosphoryJ-ated by brain

tissue in vitro was first elucidated by Ansell and Dawson t61l
before the realization of the significance of

phosphoethanolamine and phosphochoLine for phospholipid

slmthesis. Subsequently, both Wittenberg and Kornberg 1621, and

McCamman I49l suggested that ethanolamine could be

phosphorylated by CK. From then onr the debate started when

Sung and Johnstone t63l reported that separate enzymes were

responsibl-e for the phosphorylation of choLine and ethanolamine.
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The detailed study of ethanol-amine kinase was performed by

Weinhol-d and Rethy [ 64 ] . they demonstrated tha-u al-l of

ethanoLamine kinase activity was located in the 100r000 xg

supernatant and the enzfrme activity had a pH optimum at B'5'

The enzyme used the Mg-ATP complex aS substrate. and was

inhibited by free ATP. Chol-ine was found to be intrinsically a

strong inhibitor of ethanolamine kinase. The inhibition of

ethanol-amine kinase by choline \das non-competitive with

ethanolamine but competitive with ATP. Maximal inhibition was

obtained at choline concentration of 0.4 mM. Treatment of the

supernatant with Sephadex G-25 or dialysis resul-ted in an

increase in the maximal- amount of inhibition obtained with

choline. Since the EA-K act.ivity was assayed in the presence of

an ATP-generating system, it coul-d be concluded that the

inhibition by choline is not through the depletion of ATP.

According to these observatÍons, it $¡as proposed that

ethanolamine kinase exists in two forms, one form is inhibited

by choline while the other is not. The removal of substances by

gel-filtration or dialysis converted the non-inhibited form into

the inhibited form t 64 I .

In L974, Weinhold and Rethy t65l separated two enzymes from

the soluble fraction of the liver: EK I (M.W. 361000 Da. ) which

had no activity towards and was not inhibited by choline; EK IÏ

(M.W. 160r000 Da. ) which had activity towards and was inhibited

by choLine " EK I and EK II had dif f erent f.' values f or
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ethanolamine and ATP indicating that there were at least two EK

activities in the rat liver, one of which could. be clearly
separat,ed from CK activity. Supporting data for the exj-stence

of separate ethanolamine kinase and choline kinase was afso

report,ed from other laboratories [48r66].

However, opposite results are al-so available which

suggested that ethanolamine kinase and choline kinase activities
were on the same protein, for example, the reports by Ulane et

al 1671, by Kulkarni et al [68], by Hosaka et al [69], and by

Ishidate et aL t851.

The results from Porter and Kent t58l suggested that the two

activities in the rat l-iver resided on the same protein. This

conclusion lras based on the f ollowing evidence [ 58 ] : (1 ) co-

purification of both activities to a single homogeneous protein;

(2) a constant ratio of activities throughout the purification;

( 3 ) immunoprecipitation of both activities from crude cytosol at

the same titer by an antibody against CK II, one of the isoforms

from chromatofocusing chromotography; (4) staining of only one

band by the antibody against CK ff on Western bÌots; ( 5 )

mutually competitive inhibition by chol-ine and ethanolamine.

These results agree with those of Ishidate et al.t561.

2.5 Molecul-ar biological- studies
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Little is known about choline kinase at the DNA leveI. The

only availabl-e data are from the isolation of the structural

gene (CKI) for choline kinase from Yeast, Saccharomyces

Cerevisiae t691. There is an open reading frame in the gene

capable of encoding 582 amino acids with a calculated mofecufar

weight of 66,316, suggesting a peptide cleavage process because

the mol-ecular weight of 42t000-47r000 of the choline kinase

monomer isolated from animal- tissues [56r58r59r60] is much

smaIIer than the molecular weight of 66,316 of the pollpeptide

transcribed.

When the CKI locus in the wild-t1pe yeast genome was

inactivated by its repl-acement with the in vitro disrupted cki

gene, the yeast cell-s Lost al-l- of their choline kinase activity

and most of their ethanolamine kinase activity, indicating that

one gene encodes both choline kinase and ethanolamine kinase and

that probably there is another gene encoding ethanolamine kinase

t6el.



3.1 Materials

MaIe Sprague-Dawley rats (200-300 grams body weight) were

obtained Ioca1Iy. Adenosine 5'-triphosphate, Trizma, Bicine,

CAPS, g:..ycylglycine, polyethyleneglycol, phenylmethyJ-sulfonyl

fluoride (PMSF), choline-base, Dowex-50W cation exchange resin,
phosphorylethanol-amine and phosphoryl chol-ine-chloride v/ere

purchased from Sigrna Chemical- (St. Louis, MO, U.S.A) . Dowex I

anion exchange resin was purchased from Bio-Rad (Mississauga,

3. MATERIATS AND METHODS

Ontario, Canada).

dimethylethanolamine (DEA), ethanolamine (EA) and L,4-

butanedioldiglycidylether were purchased from Aldrich Chemical

Company (Milwaukee, U.S.A). Phosphoric acid was from Fisher

Scientific (Toronto, Canada), ¡3H1una ana ¡3H1oua were prepared

in this laboratory t701. lL,2-r4}lethanolamine, [methyl-
tHlcholine and phosphoryl-[nethyl-toc]choline were from New

England Nuclear (Boston, MA, U.S.A.). DEAE Sephacel, Sephadex

G-l-50 and Sepharose 68 were from Pharmacia (Uppsala, Sweden).

Coomassie protein assay reagent was from Pierce Chemical

(Rockford Illinois, U.S.A. ). All other chemicals were reagent

grade.
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Monomethylethanol-amine (MEA),

3 "2 Methods



3.2.l- Determination of enzyme activÍties

3. 2. l-. 1 Ethanolamine-kinase

The ethanoLamine kinase activity was determÍned by the

method of tr{einhold and Rethy t 65I in a react,ion mixture

containing 60 mM glycylglycine buffer (pH 8.5), L0 mM ATp, L0 mM

MgC12, 100 mM KCl, l" mM It'C]ethanolamine (2000 dpm/nmole), and

enz)¡me preparation in a L00 ul volume. The reaction was

conducted at 370C for 30 min and stopped by heating the tubes for
3 min in a boiling water bath and the coagulum pelleted by

centrifugation. The supernat,ant was applied to Ðowex-sOH* resin
and the free ItoC]ethanolamine was separated from the phosphoryl

ltoC]ethanolamine by washing the resin with 3 mI of distilled
water t,o obtain the product phosphoryl ItoC]ethanolamine which is
not, retained. The radioactivity in an aliquot of this effluent
v/as determined by liquid scintillation counting (Beckman, LS

6000 TA) .
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3.2.L.2 Monomethylethanolamine kinase

MEA kinase activity was measured by a slight modification of
the method of weinhord and Rethy t65l by incubating a reaction

mj-xture containing 60 mM glycylglycine buffer (pH 8.5), 10 mM

ATP, L0 mM MgC12, 100 mM KCl, 1 mM ¡3H1ura (21000 dpm / nmole)

and enzyme preparation aÈ 370c for 30 min in a 100 u] voLume.
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The reaction was terminated by placing the tubes in a boiling

water bath for 3 min and removing the coagulum by

cent,rifugation. The supernatant was applied to Dowex-s0 H* resin

and the substrate, free ¡3H1Una, was separated from the product

phosphoryl ¡3H1Une by washing the column with 3 ml of distill-ed

water to obtain the product phosphoryl ¡3U1Una which is not

retained. An aliquot of the effl-uent was counted with 10 mI of

Scintiverse II and the radioactivity was determined by

scintillatj-on spectrometerY.

3.2.L.3 Dimethylethanolamine kinase

The DEA kinase activity \{as determined with a rnodif ied

method of Ishidate et al-. t711. The reaction mixture contained

200 mM Bicine buffer (pH 8.5), 5 mM ATP' 10 mM MgC12, L00 mM KCI-'

1mM ¡3H1One (21000 dpm / nmol-e) and the enzyme preparation in

a 100 uL vol-ume. The reaction was terminated after the

incubation at 370C for 30 min by heating the tubes for 3 min in

a boiling water bath and the coagulum pelleted by

centrifugation. The supernatant was applied to Dowex-1-C1- resin

in order to separate the free substrate ¡3H1OUa from its product

phosphoryl ¡3H1One. After applicat,ion of the sample, the column

was washed with l- mt of L0 mM DEA (pH 8.5) and 3 ml- of distilled

water to remove unreacted substrate. The product, phosphoryl

¡3u1onA was eluted with 0.3 rnl of l- N NaOH and 0.9 mI of 0.1 N

NaOH" Radioactivity was determined by liquid scintilLation



counting.

3.2,L.4 Choline kinase

The choline kinase activity was measured according to

Ishidate et al [71]. The reaction mixture contained 100 mM CAPS

buf fer (PH 8.7 ), 10 nM ATP, 10 mM MgC12 , 0,4 mM ¡3tt1chol-ine-C1

(2000 dpm/nmo1e), and the enzyme preparation. The reaction was

conducted. at 37oC for 30 min in a 100 ul- volume and terminated

by placing the tubes in a boiling water bath for 3 min and

removing the coagulum by centrifugation. The supernatant was

applied to Dowex-1-OH- resin to separate ¡3ttlcholine from

phosphoryl ¡3H1cho1ine. After application of the sample, the

col-umn was washed with l- ml- of 5 mM choline-Cl (pH 8.5), 3 ml of

distilled water to remove unreacted ¡3U1choline, and the

phosphoryl ¡3Hlcho1ine was eluted with 0.3 ml of 1 N NaOH and 0.9

m1 of 0.1- N NaOH. Radioactivity was determined by liquid
sci-ntilation counting.
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3.2.2 Chemical slmthesis of phosphoryl monomethyl-

ethanolamine and phosphoryl dimethylethanolamine

Phosphoryl MEA and phosphoryl DEA were chemically

slmthesized by a modification of the method of !üeisburger and

Schneider 1721" A solution containing 0.4 mmoles of MEA or of

DEA and 1 mmole of phosphoric acid in a 5 rnl volume was dried
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!'iith N2 gas. The reaction was conducted by incubating the dried

sample in a glass tube at 1300C in a sand bath for 30 hr, stopped

by decreasing the temperature to 200C, and fol-Iowed by addition

of 10 ml of deionized distilled water. The pH of the sol-ution

\das adjusted to 7 "5 with 1- M NaOH. The neutralized sample

sol-ution was applied to a Dowex-50-H+ column to separate the

unreacted MEA or DEA, which bound to the resin, from the

product phosphoryl MEA or phosphoryl DEA which did not remain on

the col-umn and was eluted out of the column by water.

3.2.3 Preparation of a dimethylethanolamine affinity gel

3.2.3"I Activation of Sepharose 68 with 1, -butanediol
diglycidylether t73l

The activatj-on reaction was conducted by incubating

thoroughly washed Sepharose 68 (14 ml swollen resin) with a

mixture containing 10 mI of J-r4-butanediol-diglycidylether, 10

ml- of I M NaOH and 8.5 mI of 0.88 NaBH4 at 23oC for 10 hr with

gentle stirring. The reaction was stopped by completely washing

the activated gel with distill-ed water on a glass fil-ter and the

gel was stored in distilled water at 40C until use.

3.2.3,2 Quantitation of t.he oxirane groups attached to

Sepharose 68 gel l7 4l



Chemical mechanism

follows:

(1) GEL---CH-CHz
\/

o

GEL---CH-CH2-S2O"3 + 2Na* +OH-

I
OH
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the quantitation is described as

2Na*+SzO-3+HzO

of

The pH of the activated geJ- suspension was adjusted to 7.0.

To this solution was added sodium thiosulphate in excess. As a

result of t,he reaction shown in equation (1), the pH of the

solution rises. 0. l- N HCI was used for titration to adjust

the pH of the solution back to 7 ,0, The amount of HCl utilized
is equal to the amount of OH- released from the reaction ( 1 )

which is also equal to the amount of the oxirane groups attached

to the gef . Based on this, it was det,ermined that 400 umoles of

the oxirane groups were attached to one gram of dry Sepharose

68.

3.2.3,3 Coupling of ¡3H1ofe to activated Sepharose 68 gel

The coupling reaction r^/as carried out t 7 3I by incubating

oxirane-activated gef (9 ml- swollen vol-ume ) with 9 mI of 5 M

¡3u1oua (2 cpm / nmole, pH l-1.6), and l-"8 ml of 2 Ìq, sodium

carbonate (pH 3.L.7) at 400C for 24 hr under gentle stirring.
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At t,he end of this incubation period, the gel was

sequent,ially washeci with dist,illed water, 1 M NaCl solution, and

a buffer solution containing 20 mM Tris-HCL, pH 7,5,2 mM z-ME

and 0.1- M KCI. An aliquot of the ¡3H1Oea coupled geL suspension

was used to quantitate the radioactivity associated with the

gel. The resul-t indicated that there were 290 umol-es of ¡3HiOna

coupled per gram of dry oxirane activated gel.

3.2.4 Purification of MEA-kinase and DEA-kinase from the

rat liver

3.2.4.L Enzyme source

Rats r,'rere decapitated and the livers removed and placed into
an j-ce-cold container. The l-ivers v¡ere weighed and cut into
small- pj-eces. the tissue was homogeni-zed in a buf f er solution

(1-:4 w/v) containing 0.154 M KCI , 20 mM Tris-HCl, pH 7.5, 2 mM

2-NIE I I mM EDTA, and 0 .5 mM PMSF. The homogenate was

centrifuged at 100, 000 xg for 60 min. The i.00, 000 xg

supernatant was adjusted to pH 5.1 with 1 M acet.ic acid and the

insol-uble material was removed by centrifugation at 20r000 xg

for 15 min. The supernatant obtained was adjusted to pH 7.5

with the addition of 1 M Tris buffer, pH 7.5. Then i-1.4 grams

of solid ammonium sulfate (Ã'.S.) per 100 mI was added to obtain

204 saturation and the precipitate removed by centrifugation at

20t000 xg for 15 min. To the 0-208 saturated A.S. supernatant,
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L2.3 grams of solid A. S. per 100 mJ- I¡¡as added to obtain 408

saturation and the precipitat.e removed by cent,rif ugation. To

the 408 A.S. supernatant, L3.2 grams of solid A.S. per l-00 ml

vras added to achieve 608 saturation and the precipitate v/as

removed by centrifugation. The precipitates of 0-202, 20-402r

40-60t A.S saturated solutions were dissolved individual-Iy in a

solution containing 20 mM Tris-HCl, pH 7.5 and 2 rnM }-NIE (buffer

A), and then dialyzed against buffer A overnight at +40C.

The chol-ine kinase and DEA-kinase activities in the 0-202,

20-409. and 40-608 A.S. fractions \úere determined. The results

suggested that the 20-40+ A.S. fraction contained most of both

activities and the highest specific activity for both enzymes

(Table 1). So the 20-402 A.S fraction was used for further
purification.

3.2.4.2 DEAE-Sephacel- chromatography

Before the 20-402 A.S. fraction was loaded on a DEAE-

Sephacel column, it was dial-yzed against 400 volume of buffer A

solution overnight at 40C. The dialyzed. sample was centrifuged

to remove any insoÌuble materials and applied to a DEAE-Sephacel-

column having a bed volume of 80 mI that had previously been

equilibrated with buffer A. The column was washed with 300 m.l-

of buffer A that al-so contained 0.1M KCl, followed by 200 ml- of

a l-inear gradient of 0 " 1-0.3 M KCI in buffer A at a fLow rate of



30 mI / }:rr,

assayed for
Fractions of 3.6

both choline kinase

3.2.4.3 c-150 gel filtration

The fractions from the DEAE-Sephacel- column with the highest

choline kinase and DEA kinase activities \rere pooled,

concentrated with polyethyleneglycol to approximately I mI and

dialyzed overnight against 0.1 M KCI in buffer A at 40C. The

diaJ-yzed pool was centrifuged to remove any insoluble material-s

and appJ-ied to a Sephadex G-150 column with a bed vol-ume of 300

mI which had been previously equilibrated with 0.1 M KCI in
buffer A. The G-150 column was eluted with buffer A that also

contained 0.1 M KCl. Fractions of 2.0 ml were collected and

aliquots assayed for choLine kinase and DEA kinase activities
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ml were collected and aliquots

and DEA-kinase activities.

3.2.4.4 DEA-affinity chromatography

The fractions from the G-150 col-umn with the highest

activities of choline kinase and DEA kinase were pooled and

concentrated with polyethyleneglycol- to about 5 mL and dial_yzed

against buf f er A overnight at 4oC. The diaJ-yzed pool was

centrifuged to remove any insolubl-e materials and applied to the

DEA-affinity column with bed volume of 10 ml- that had been

previously equilibrated with Buffer A. The sample solution of

5 ml- was recycled through the DE.A-affinity coLumn for 3 hr at a
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rate of 5 ml- / }:rr. The DEA-affinity column was el-uted with 90

ml- of e linear gradient of 0 t-o 0.3 M KCI in the buf f er .ê,

solution containing 20 mM Tris-HCl pH 7 .5 and 2 mM 2-1'IE. This

was followed by 30 mI of L00 mM chol-ine-chloride, which is DEA

analogue, in buffer A. Fractions of l-.2 mI were collected and

every third fractÍon \Mas assayed for choline kinase, DEA kinase

activities and the protein concentration. The fractions with

the highest specific activities \dere pooled and stored at

-8ooc,

3.2.5 Protein assay

The protein concentration was determined with a Coomassie

blue reagent using bovine serum aLbumin as the standard

according to the method of Seùnak and Grossberg t751. A tlrpical
standard curve is shown in Fig. 3.



0 600

0 500

0.400

0.-100

0 20c

0 r00

0 000

É
c

tr)

trl

¿\

^-t'

-tt"t-t---'l)

ar"c-'
,/

4

C

3t

Fig. 3 The standard curve for protein assay
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4.L Determination of the

DEA kinase activity

4. 1. 1 MgCl2 concentration

4.

The reaction system for DEA-kinase act5-vity determination

cont.ained the 1001000 xg supernatant of the rat liver, various

concentrations of MgCl2 ranging form 0 to 40 mM, and other

reagents as described in the Methods section. Highest DEA-

kinase activity was achieved at a MgC12 concentration of 10 mM

[Fig. 4]. No activity was observed in the absence of MgC12

indicating that DEA-kinase is a Mg2* requiring enzyme.

RESULTS

optimal conditions for the assay of

4.1" "2 ATP concentration

Varying concentrations of ATP rangj-ng from 0 to 40 mM were

added to the enzymatic reaction mixture for DEA-kinase activity
determination by using the l-00r000 xg supernatant of rat liver
as enz)rme source " As is shown in Fig. 5, at an Ã.TP concentration

of 0 , no activÍty could be detected. As the ATP concentration

was increased, the enzyme activity increased suggesting t,hat the

reaction was ATP-dependent. In the range of 5 to L0 mM of

ATP concentration, DEA-kínase has the highest activity"
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Fig-'- 4-: Dependence of DEÀ-kinase activity on the concentrationof MgCl2

4 ul of 10.01000 xg_supernatant of rat river was used as anenz]¡me source in a total- vol-ume^of 100 ¡,rl mixture containing ZOOmM Bicine (pH 8.5), s mlvf Arp, 100 mM KCt; 
-l-,i"-j5"j;ä 

(2000 dpm/ nmole) and various concentrations of Mgcl2 as indicated. Theassay for DEA-kinase activi-ty is oescriteo in section 3.2.1 .3.
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Fig. 5. Effect of ATp concentration on DEA-kinase activity.
4 ul- of 1001000 xg supernatant of rat river was used as anenzyme source in a totaL vol-um_e of 100 ¡r1 mixture corltaining 200mM Bircine^lll 8.5-) , 10 mM MgCt2, 100 mM Kcl_r i-*¡r-lrlilora (2000gpT. / nmol-e ) and various concentrations of Are (pH B . 5') asindicated. DEÀ-kinase activity determination Ís described insection 3 "2.1.3.
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However, beyond that concentration .ATP, ie. the free form ATP,

has an inhibitory effect.

4.L" 3 DEA concentration

DEA-kinase activity was determined with the 100r000 xg

supernatant of rat liver in the reaction system containing
varying concentrations of the substrate ¡3H1oea (2000 dpm /
nmol-e) from 0.1 to 4.0 nM. fig.6 indicates that l-.0 mM is the

optimal DEA substrate concentration.

4.2 rdentification of phosphoryl ¡3H1Una and phosphoryl ¡3U1ora

as the products of the reactions catalyzed by MEA-kinase and

DEA-kinase, respectÍvely

The enzymatic reaction products phosphoryl ¡3H1Uea and

phosphoryl ¡3ll1oua were analyzed by monodimensional silica ge1

G-60 thin layer chromatography (TLC) with i.-butanol / methanol

/ HCI / distilled water (50 / SO / S / 5) as a solvent mixture.
The standards employed were phosphoryl ethanolamine, phosphoryl

ItoC]choline and chemically synthesized phosphoryl MEA and

phosphoryJ- DE.â,. The Locations of these samples on the TLC plate
were visuaL j-zed by

autoradi ophotography .

phosphoryJ- ¡3u3una and phosphoryl ¡3H1onA, have Rfs similar to

those of the corresponding chemÍcaLly slmthesized phosphoryl

iodine vapour

The enzymatic reaction products,

exposure and
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Fig' 6. The effect of DEA concentration on DEA-kinase activity.
4 ul of 1001000 xg supernatant of rat river was used as an

enzfrme source in a 100 pI incubation mixture containing 200 mMBicine (pH 8.s), 5 -mM ATP, 10 mlf Mgc12, 100 mM Kcl_ and variousconcentrations of ['H]DEA (2000 dpm / nmol_e) as indicated. The
DEA-kinase activity assay is described in the sectj_on 3.2.1.3.
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bases and their Rf values are different from those of phosphoryl

EA and phosphoryJ- chol-ine.

4.3 Purification of MEA kinase and DEA kinase

The activities of ethanoLamine kinase, MEA kinase, DEA

kinase and choline kinase and the protein content were

determined at each stage of the purification protocol and these

results are presented in Table 1. According to this table, it
is apparent that the greatest purification obtained was for MEA

kinase activity and that these four kinase activities do not

copurify.

Tlpical elution profiles of DEA kinase and choline kinase

activities from DEAE-Sephacel- (A), Sephadex c-l-50 (B) and DEA-

Sepharose affinity gel (C) columns are shown in Fig.7. Although

not superimposable, a single major peak containing both enzyme

activiti-es was found with each chromatographic column employed.

4.4 General properties IFig.8]

fhe pH optimum for MEA kinase and ethanolamine kinase

activities was about 7.5 to 8.0, however, the activities for
choline kinase and DEA kinase activities were greater at pH

10.5, which is not a physiological condition, than at pH 8.0.



T
ab

le
 1

.
T

he
 a

ct
iv

iti
cs

 o
f 

M
E

A
-k

in
as

e,
 D

E
A

-k
in

as
e,

 E
A

-k
in

as
e 

an
cl

 c
-k

in
as

e 
an

d 
th

c 
pr

ot
ei

n 
co

nt
en

ts
 c

re
te

rm
in

ed
 a

t 
ea

ch
 s

tc
p 

of
 t

hc
 p

ur
ifi

ca
tio

n
pr

ot
oc

ol

S
te

p

H
om

og
en

at
e

10
0,

00
0 

xg
 s

up
er

na
ra

nt

pH
 5

.1
 s

up
cr

na
ta

nt

20
-4

0%
 A

S

D
E

A
E

-S
cp

ha
cc

l 
po

ol

S
cp

ha
de

x 
G

-1
50

 p
oo

l

D
E

A
-a

fti
ni

ty
 p

oo
l

P
ro

te
in

(m
g)

M
E

A
-K

in
as

c

F
ol

d
S

pe
ci

fic
 M

E
A

-K
 P

ur
ifi

-
A

ct
iv

ity
 

C
-K

 
ca

tio
n

24
,w

0 
0.

11
6 

0.
13

1

9,
72

0 
0.

28
6 

.1
8

5,
87

4 
0.

67
2 

0.
24

1,
08

0 
3.

44
4 

0.
46

94
.4

 1
6.

16
5 

0.
45

t4
.3

 
67

.1
65

 
0.

55

1.
1 

11
0.

42
9 

0.
23

sp
cc

iti
c 

ac
tiv

iry
 i

s 
ex

pr
es

sc
d 

as
 n

m
ol

es
 p

ho
sp

ho
ry

la
re

d 
pr

od
uc

t 
fo

rm
ec

l

D
E

A
-K

in
as

c

F
ol

d
S

pe
ci

fic
 D

E
A

-K
 P

ur
ifí

-
A

ct
iv

ity
 

C
-K

 
ca

rio
n

1 2.
5

5.
8

29
.7

13
9.

4

57
9

95
1.

9

0.
26

8

0.
63

9

0.
96

8

t.9
43

13
.0

0

52
.8

7

20
0.

47

0.
3 

1 
0.

34
1

0.
4 

2.
4 

0.
62

4

0.
35

 
3.

6 
0.

s8
0

0.
26

 
1.

25
 

2.
60

3

0.
36

 
48

.s
 

18
.5

29

0.
43

 
19

4.
0 

75
.5

66

o.
42

 7
48

 
11

1.
16

9

E
A

-K
in

as
c

F
ol

d
S

pe
ci

fic
 E

A
-K

 
P

ur
iti

-
A

ct
iv

ity
 

C
-K

 
ca

tio
n

pe
r 

m
in

ut
e 

pe
r 

m
ill

ig
ra

m
 o

f 
pr

ot
ei

n.

0.
38

0.
39

0.
32

0.
35

0.
52

0.
62

0.
23

C
-K

in
as

c F
ol

d
S

pc
ci

fic
 P

ur
ifi

-
A

ct
iv

ity
 

ca
tio

n

1 1.
8

2.
6

/ 
.(

\

54
.3

22
t.6

32
6.

0

0.
88

1.
s8

2.
77

7.
42

35
.6

2

12
t.6

7

46
9.

1r

I 1.
8

3.
8

8.
4

40
.5

13
8.

3

53
3.

0

G
)

@



o.r{.3M XO

I

:5

5'

^- =.-=
2X ¡¡

:12 -
5'

3ao

?o eo llo 130 150

Fraction numbeÍ

39

\ltr

it
:i

li
tJl/þ/

4
r3o 3

Þ

rr0 L
5

90^ -
3g

70

!.
Þ

50

=@

Fig. 7 Chromatographic profiles of DEA-kinase and chol-ine
kinase activities of DEAE-sephacel (A), sephadex G-150 (B), and
DEA Sepharose 68 affinity column (C).

The individual chromatographic col-umns, the assays of DEA-
kinase and chol-ine kinase aCtivities are describõd in the
"Methods" section. (@) DEA kinase activity; (o) cho]-ine
kinase activity; (v) protein.

0.lu CMho O

I

5'
Þ

o

ô

=
f

o

t.)
-

30 50 70 90 tto
Fraclion nuñ5er



Enzyme activity (nmole/30min)

JJJ
rCù(¡-.l(orCD(¡

A

\"..-....
\\ "...._
,r^ "o

,/

1..o.... \

F{roÉO{ :f'-d f'.O. o O pr t-,.p.
Þ rJ oo 5 U} 5a Êt O- O-p. p,
a Éc, ú¡
rDoPprOin^ Oco -'0r?l-lcfOH

H s(D (D 0.
ât-t ^ P- = 

(t
sã',çH e 5'* FF ¡rÈì!rDd lc I (D

Fs i $Ê.Ë ä $s
¡:"J'i'P. ff ä'
: o,'Hu !3 rn 5 lD o
Hr*tiri !r o,d UIHNI\Y

s rüy3È¡ äs

sH=:Erã 3E -É.oI[o o-
Er;Es;i 5s Þio'H3E-{i õcr

55csË3fi ¡: ã

i[åi3:r frä --fÉ--iîü
_ H.H ,ì l-h ts.

ss;:!#ä s

'-iygF = 3
cf. K -'o U
:tN3 ^pr FJ O
0r. (D Lict -P 

F+r

Þ l-. 5ro Þ I

g'ääPdH F or(-f. -Hll
ã.:i'8"ãE' ã H\-,¡þ.lro.tlJ.H
õ-i+cofi o h õ
)to ocfl. o ts.þi0,- É O O \ 5 O o r¡Þ O
Êr ¡-o coF.h t- E q H'nr. O { É r'l
o Þ< ('FJ Êr 3 Þ . O(,r (núlÞ 't

c
:E

o.

\\____

-ø ".o

Enzyme activity (nmole/gOmin)

E

0f'



4.5 Heat stability

Aliquots of the affinity column purified sample were heated

at 50oC for varying periods of time and then assayed for the

remaining kinase activities towards the four separate

substrates. The activities are expressed as a percentage of the

value for the untreated sample. The DEA kinase activity is the

most heat-stable retaining 70 I of activity after 10 min of

heating and the MEA kinase activity is the most heat-Iabile with
only l-58 of activity remaining after 10 min of heating (Fig.9).
The stabil-ities of these two activities are significantly
different from one another with a P value of < 0.01- and are

significantly different from the stability of ethanolamine

kinase and choline kinase activities with a P vaLue of < 0.05.

4.6 Metal ion dependence

The most highly purified enzfrme preparation r^¡as dialyzed

against 20 mM Tris-HCI, pH7.5 and 2 mM 2-ME overnight at 40C and

the IIEA kinase and DEA kinase activities were determined in the

presence of various metal ions (Tab1e 2), ft is obvious that
Mgi2* was the most effective cation for both activities, however,

Mn2* could partially activate DEA kinase but not MEA kinase. In

addition, DEA kinase activity was not affected by K*, but MEA

kinase acti-vity was increased 100 I when Mgz* was also present.

The metal ions cr'*, Na*'zn2+, cu'*, Hg'r' AJ3+ did not show any

4L
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Table 2 Effects of different metal ions on MEA-kinase and DEA-kinase activities

Metal Ion

cu2*

Na*

znzr

ca2*

H g2*

co2*

Mn2*

AIJ*

Final
Concentrat ion

10 mM

40 mM

10 mM

40 mM

10 mM

40 mM

i0 mM

40 mM

10 mM

40 m,V

i0 mM

Activjty (%)*

t4EA-Kinas. æ

0

0.1

0

0

6.4

0.2

0

0

1.3

1.6

15. 1

MgZ* 10 mM + K* 100 nr¡,1

No additions

14g2*

*values expressed as % of activìty ìn nondial ized samp le .

40 mM 6.3

0. 05

0.1

0

0. 16

0.08

0.4

0.07

0.05

0.05

0. 01

0

0.25

37 .7

22.4

12

0.1

9B

100

0

i0 mM

40mM ¡

10 nM

40 mM

10 mM

2.1

0.7

1.7

0

ct^JL.'+

i00

0



effect on MEA kinase and DEA kinase acti.vitíes,

4.7 Kinetic properti-es

The product formation at various concentrations of MEA, DEA

and ATP was examined. The data are presented as doubl-e

reciprocal plots according to the method of Lineweaver and Burk

i761. Results demonstrated that the reactions foLlowed the

classical Michaelis-Menten Kinetics (Fig.10, Table 3). It is
apparent that the f., values and Vr"* val-ues f or MEA kinase

activity are significantly different from that of DEA kinase

activity.

The effects of MEA, DEA and structurally related amj-no

alcohol-s upon MEA kinase and DEA kinase activities are shown in
Table 3 and Fig. 11. Each of the compounds tested produced some

degree of inhibition of different t1pes. As is shown in Table

3 and Fig.11-, DEA, EA, HC-3 and 2-EHE have competitive but

chol-ine has mixed type of inhibition to MEA-kinase; MEA and

choline show uncompetitive, however HC-3 and 2-EHE show mixed

type of inhibition. Ethanolamine had no detectable effects on

DEA kinase activity.

44
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Table 3. The Kinetics of MEA-Kinase and DEA-Kinase Activities and the Effect of
Structurally Related Amino Alcohols on these Activities

Ç (amino alcohol)

K. (ATP)

V,oo (nmol/minimg)

ME,A (Ki)

DEA (Iq)

Choline (IÇ)

Ethanolamine (Il)
Hemicholinium-3 (K')

2-Ethanolaminoethanol (I!)

MEA-Kinase Activity

C denotes competitive inhibition; U denotes uncompetitive inhibition; M denotes mixed inhibition.

Details are provided in the text.

323.3 x 45 ¡rM (n=8)

1818 pM

286.6 x 59

35 r 5.9 FM (C)

714.3 ¡ 30.6 pM (M)

889 t 226 ¡t}lI (C)

22 t 5.9 pM (C)

115.5 t 8.5 pM (C)

46

DEA-Kinase Activity

7ß57 * 440 ¡rM (n=7)

869 ¡rM

479.8 ¡ 125

316 r 83 ¡rM (U)

213.5 ¡ 32.3 ¡rM (U)

No effect

t28.7 x 21 pM (M)

8927.3 * 1.25 pM (M)
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Fig' 11 Effect of stucturally rel-ated amino al-cohoLs on MEA-kinase and DEÀ-kinase activitiès
Double-reciprocal plots of MEÀ-kj-nase activity vs MEA ( @ )concentration at ATp 10 mM in the p="s"rrcá of variousconcentrations of DEI (A), ethanolamine (Þ), and chol_ine (c).Double reciprocal pJ-ots ' of DEÀ-kinase â.Éi.rity vs DEA ( ø )concentration at ATP 5 mM in the presence of variouð concentrationsof MEA (D), ethanol-amne (E), and choline (F).
The determinations of MEA-kinase and DEA-kinase activities werecarried out in duplicate in the absence or in the presence ofdifferent concentrations of the amino al-cohols as indicated and
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ME.A and DEA can be converted into their corresponding

phospholipids in vitro by rat brain dispersion L22) and in vivo

by a choline-requiring strain of mouse fibroblast cell-s 177 ,781 |

rodent C-6 glia1 ceIls 1791, primary rat hepatocytes [30], mouse

neurobLastoma cl-one NlL5 and C1300 cell-s l2B,32lt mouse myeJ-oid

leukemia lvil cells [ 80 ] , Friend leukemia cells [ 33 ] , reaggregated

f etal- rat braj-n cells l.2Ll and rats receiving dietary MEA 1,27I "

There are two pathways by which MEA and DEA can be incorporated

into PMEA and PDEA. One is by a base exchange type reaction

[14], the other is via the de novo pathway by analogy with
choline and ethanolamine [18t22]" However, the individual steps

of a de novo pathway for PMEA or PDEA formation have not been

extensively examined for MEA or DEA.

5. DISCUSSTON

We have attempted to purify Lhe enzyme(s) catalyzing the

initial reaction of this pathway and to determine if DEA or MEA

phosphorylation may be due to choline kinase or ethanol-amine

kinase activity. Arthough the final- preparation was not

homogeneous by SDS-P.A.G,E., the differences found for certain
properties suggest that separate kinases exist for these

compounds based upon the following observations:

48

5.1 Purification
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The activitj-es responsible f or the phosphorylation of

ethanolamine, choline, MEA and DEA do not copurify (Table 1) '

The degrees of purifj-cation of DEA kinase and choline kinase

were comparable until- the l-ast two column steps. The ratios of

the specific activities of MEA-kinase, DEA-kinase and EA-kinase

to the specific activity of choline kinase are not constant

throughout t,he purification protocol (Tab1e l-). The MEA kinase

purification achieved was greater than that for the other three

kinase activities at each stage from the ammonium sulfate

precipitation. Ethanolamine kinase behaved differently from the

other three activities since there was littIe increase in

specific activity after the affinity column chromatography'

The SDS-P.4.G.E. analysís of the highly purified enzyme

preparation showed 3-4 bands on the geI. There are probably two

explanationss (1) it might be an enzymatic protein which has

three or four subunits and activities of ethanolamine kinase,

MEÀ-kinase, DEA-kinase and choline kinase. rt was suggested

that choline kinase of rat l-iver might have a tetrameric

structure with four different subunits according to 47 kDa of

subunit molecular \,reight on SDS-PAGE and 160 kDa of native

molecular weíght determined by size excl-usion chromatography

[58,81]. (2) the four bands may represent separate protein

enzymatic activities with different molecular weights. Although

t,he choline kinase preparation by Porter and Kent I58l from rat

liver showed one band on SDS-P.A,GE, there stiLL exist
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possibil-iÈies that separate enzfrmes are responsible f or the

different substrates. To confirm this, a two-dimensional

isoelectric focusing-SDS-PAGE analysis and (or) idnetification

of the genes encoding for MEA-kinase and DEA-kinase woul-d be

required.

5.2 Stability

The four enzyme activities at different purification steps

were determined at the same time to avoid an effect of storage

on these activities. In the -800C freezer, where the enzyme

preparation was kept for most of the time, the four enzyme

activities are very stabl-e, even after several cycles of

freezing and thawing. This observation is consistent with

Ishidate et al t56l and Porter and Kent t58l for choline kinase.

However upon heating at 500C for 10 min, DEA kinase appears

quite stable but 85 B of the MEA kinase is inactivated by this

treatment. The rates of inactivation of ethanolamine kinase and

choline kinase seem to be similar but are significantly

different from that of MEA kinase and DEA kinase (Fig.9).

Theoretically, t.he effect of temperature on t,he veLocity of

enzymatic reaction can be due to several factors I821. The most

plausibJ-e one may be an effect on the stability. Different heat

stabilities may reflect different amino acid sequences of the
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proteins because they determine the secondary, tertiary and

---^! -!--- - --^11 ùL^ E^-^^^ -:Ll ^ c^-Llud.Lgr¡tclry ÞLl.uuLurcÞr dÞ wcJ.J- c1Þ Lr¡g J-LJ!ugÞ J.gþuLrrl¡r¿rJJ-e J.ur

maintaining those structures t831.

stabilities suggest the presence of separate proteins for MEA-

kinase, DEA-kinase, choJ-ine kinase and ethanol-amine kinase.

Since the enzymes lvere heated before the addition of their
substrates, the effects of heat on the enzyme-substrate affinity
and on the velocity of breakdown of the enzyme-substrate complex

can be excluded.

5.3 Metal ions

It appears that MEA kinase and DEA kinase, and choline

kinase t59l require Mg2* ion which is colnmon for the activity of

most kinases. However, 10 mM Mnz* was about one-third as

effective as Mg'* for DEA kinase activity (Tab1e 2) and one-

sixth for choline kj-nase activity t59l but had only slight
effect on MEA kinase activity. Cobalt at l-0 mM had no effect on

DEA kinase (Table 2) nor on chol-ine kinase t59l but could

stimuLate MEA kinase by about 158. In the presence of l4g'r , K*

does not influence DEA kinase activity but doubles MEA kj-nase

activity (Table 2) and also stimulates choline kinase activity
considerably t 59 I . These differences in the ability of certain

metals to activate these enzymes suggest that the metal ion

requirement of MEA kinase, DEA kinase and choline kinase

activities are not identical, indicating that there are

The different heat
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differences among their catalytic sites where the interaction
beÈween substrates and 1--he metal- ions occur " It also suggests

that MEA-kinase and DEA-kinase are separated from one another

and from choLine-kinaser or at least they have separate

cat.alytic sites if they sit on the same protein"

The maximum activity for MEA kinase was obtained when the

concentrations of Mg2* and ATP were nearly equal indicating that
the true substrate of MEA kinase might be a Mg*-.A,Tf complex, âs

reported for choline kinase [5]-r53r59r841" MEA kinase seems to

require an additional cation, K*, for its maximum activation.
However for DEA-kinase, the maximum activity was obtained when

YÍg'r concentration was doubte that of ATP tFig.4r5l and was not

influenced by K* ion [ÎabIe 2].

5.4 Kinetics

The differences of MEA-kinase and DEA-kinase activities can

also be observed in the kinetics as are shown on Tab]e 3. The

Ç value of 2857 ull to DEA for DEA kinase activity ís nearly ten

t.imes greater than that of MEA kinase activity to MEA. This

aLso appJ-ies to the conmon substrate ATP suggesting that in the

rat Liver under normal conditions DEA kinase has very low

affinity towards its substrates DEA and ATP, and that the

slmthesis of PDEA in the rat l-iver through de novo pathway is
not very active. However, according to the incorporation rate
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of MEA and DEA into their corresponding phospholipids after
animais received dietary MEA or DEA 1,271 or cells were exposed

to free MEA or DEA, Èhis pathway appeared very active

1L6 ,28,30 ,32,33l .

5.5 Inhibitors

Ethanol-amine has no effect on DEA kinase activity but is a

competi-tive inhibitor of MEA kinase. Dif f erences are reveal-ed

for the inhibition by choLine, hemichol-inium-3 (HC-3) and 2-

ethanolamino ethanol- (2-EHE) on DEA kinase and MEA kinase

activities (Table 3, Fig. 11). DEA, ethanoLamine, HC-3 and 2-

EHE are competitive inhibitors of MEA kinase and may bind to the

active site. However, they have different t14pes of effects on

DEA kinase activity. The differing properties of MEA kinase

activity and DEA kinase activity with these structurally rel-ated

compounds suggest that they may reside on separate catalytic
proteins or they reside on the same protein but have different
catalytic sites. MEÀ-kinase and DEA-kinase seem to differ from

chol-ine kinase and ethanol-amine kinase.



MEA kinase and DEA kinase actÍvities were purified 951-

748-ford ,respectivery, from rat liver by a combination

ammonium sulfate precipitation, DEAE-sephacer ion exchange,

150 gel fil-tration and DEA-affinity chromatography.

6. CONCLUSIONS

MEA-kinase and DEÀ-kinase are different from both choline
kinase and ethanolamine kinase and differ from one another.
This is based upon the following observations: (1) The heat
stabilities of MEA kinase and DEA kinase are significantly
different from one another and different from the stability of
choline kinase and ethanolamine kinase. (2) K+ in the presence

of Mgz* increases MEA kinase activity by L00t but has no effect
on DEA kinase activity. (3) Different K1 values and the tlzpes

of inhibition by several structurally reLated amino alcohols
were found for MEA kinase and DEA kinase activities. (4) The

degrees of purification of MEA kinase and. DEA kinase are

different from each otherr âs well- as from that of choline
kinase and ethanolalmine kinase

54

and

of

G-

The present report appears to be the first systematic
attempt to purify and characteríze MEA kinase and DEA kinase
from mammalian tissue. However, more extensive studies are

required to confirm this observation. For instance, a two

dimensional gel analysis is needed which may be abLe to separate
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these four enzfrmes individualy if there were differences in
their molecul,ar weights and (or) isoelectric pH values, and

mol-ecuLar studies are al-so essential t,o determine if there are

separate genes encoding for the four enzl¡mes.
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