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Summarv. Ethanolamine is readily metabolized by oat, pea, wheat, apple and car-
rot tissue preparations. Ethanolamine-1,2 14C was incorporated into the lipid fraction,
and 14C activity was distributed in the organic acid, sugar, acid volatile, carbon dioxide
and insoluble residule fractions. The distribution varied with the particular tissue. Incor-
poration into the lipid fraction occurred in tissuie homogenates in the absence of ATP
by a Ca++ activated system similar to that reported for animal preparations. The initial
step in ethanolamine oxidation involves an amine oxidase. Glycolaldehyde and gly-
oxylic acid are metabolic intermediates, the former in the conversion of ethanolamine
to carbon dioxide. 'No evidence was obtained for the operationl of an ethanolamine
transaminase or for the involvement of phosphorylatedI intermedliates in the convxersion
of ethanolamine to carboildioxide.

The (letailed metabolism of ethanolamine in
plants has not been established (lespite its wide dis-
tributioni in the plant kingdom in both free and
combined forms. Limited evidence suggests that
in animal systems ethanolamine is oxidized to CO,
via glycolaldehyde, glycolate and glyoxylate (1, 2).
This evidence is indirect since none of the postulated
interne(liates have l)een isolated andcl identified as
products of ethanolamine metabolism. Phosphorylated
interme(liates may be involved andl must be consid-
ered. The oxidation of phosphoethanolamine to phos-
phoglycolaldehvde has not been observed in plant tis-
suies, buit has been reported in rat liver homogenates
(3). The oxidatioin of phosphoglycolaldehyde to
phosphoglycolate has been reporte(d in etiolated pea
seedling mitochondria (4) andI in spinach prepara-
tions (5). A phosphatase specific for phosphogly-
colate has been isolate(d aln(d partially characterized
from spinach leaves (6). However, the oxidation
of tunphosphorylated ethanolamine (7) ancd glvcolal-
dehyde (8) has been observed in pea seedling prep-
aration s.

In this insvestigation a series of plant tissues
have been studied with respect to their ability to
metabolize ethanolamine-1,2-14C. Since each tissue
examine(l demonstrated ethanolamine-1,2-'4C utiliza-
tion, the general distribution of I 4C activity in or-
ganic aci(ls, suigars, lipids, amino aci(ls and CO, was

established for each plant system and specific prod-
lCtS considered. Althotugh significant conversion
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of ethanolaminie to CO., wNas observed in each planit
tissuie, no specific involvement of phosphorylated in-
ternedliates is in(licated.

Materials

Peas (Pisumiii, soti-uimi L. var. Early Alaska), oats
(Aze-no satizv L.) and wheat (Triticin, vUidlgarc
L.) were suirface sterilized with 0.5 % sodiuim hypo-
chlorite and germinated in sterilized vermicuilite at
25- for 7 to 10 days. Tobacco (Xicotiono toboccumi
L.) was grown to matturity in a garden plot. Apples
(Pvrifs mnialus L.) anid( carrots (Daucus c(arot(a L.)
were obtained from local commercial souirces.

Ethanolamine- I ,2-14C was pturchased from Y'olk
Radiochemical Company and New England Nuiclear
Corporation. The commercial preparation was punri-
fie(d 1w paper chromatography in ethanol :ammonia
(95 :5).

Methods

Fccdiniy Experi cnts. Apples and carrots were
cutt into cylinders 12 mm in diameter with a cork
borer and sliced into 1 mm thick slices with a razor
blade. The slices were washed 3 times with distilled
water, blotted (Iry with filter paper and weighed.
Approximately one g of tissue was placed in a 30 ml
sertum bottle andl vacuum infiltrated with approxi-
mately 1 Kc of ethanolamine-1,2-'4C (2 ,umoles)
according to the method of Cossins and Beevers (8).
The tissutes were incubated from 4 to 24 houirs in
the excess infiltratioin solution in the (lark at 28°.
Wheat, pea and oat seedlings were sliced into I to 3
mm sections and similarly vactuum infiltrate(d with
ethanolamniine- 1 ,2-14C.
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Carbonate free 10 % NaOH (w/v) or hyamine
was placed in a separate compartment in the reac-
tion vessel to absorb "+CO,. Radioactivity of the
-4CO2 was measured with a Packard TriCarb liquid
scintillation spectrometer, Series 314E. The :"CO,
trapped with hyamine was solubilized in 10 ml of
toluene phosphor solution and the "CO. trapped in
NaOH was solubilized in a toluene-ethanol (2:1)
phosphor solution.

Tissuie F9ractionatiott. Plant tissue slices used
in the radioactive distribution studies with ethanol-
amine-1,2-1"C were homogenized in 80 % ethanol
and extracted by the procedure of Cossins and
Beevers (8). After removal of the total lipid
fraction with diethyl ether the extracts were fuirther
fractionated into organic acids, stugars, and amino
acids by ion exchange chromatography according
to the method of Wang (9). Distribution of 1'C
in each fraction was determined by counting at in-
finite thinness triplicate 1 ml aliquots dried on metal
or glass planchets at 600 on a Nuclear Chicago
Ultrascaler Model 192A. All activities were cor-
rected for backgrouind and counting efficiency
against a calibrated "-C standard.

Total activitv in each experiment is reported as

the suim of the activity of the 4C09, the insoluble
residtue and the 80 % ethanol extract. From 90 to
100 % of this total radioactivity was accounted for
in the final fractions. The variation in total radio-
activity between individual experiments is thtus due
to a variation in the initial ethanolamine-1,2-1"C
concentration of the infiltrate.

Glvcolaldehyde-14C and glvoxvlic acid-14"C were

isolated from pea seedling tissule slices metabolizing
ethanolamine-1,2-14C by the addition of 200 mg of
carrier glycolaldehvde or 100 mg of carrier glvoxvlic
acid. Pea seedling slices (1 g) were vacuum infil-
trated with ethanolamine-1,2-14C as described pre-

viotuslv and inculbated in the dark at 280 for 4 houirs.
The reaction was stopped by homogenizing the tissue
slices in 10 ml of 10 % trichloroacetic acid. The
protein precipitate was removed by centrifulgation
and the carrier glycolaldehyde or glyoxvlic acid
added. The aldehydes were isolated as their 2,4-

dinitrophenylhydrazone derivatives, washed, and re-
crystallized from hot ethanol. The intermediates
were identified by cochroinatography in 2 solvent
systems, methanol :chloroform (2:1, v/v) and
ethanol:petroleum ether (4:1, v/v) for glycolalde-
hyde and methanol :benzene :n-butanol :H,O (4:2:2:
2, V/v) and n-butanol: water :ethanol (5: 4: 1, v/v)
for glyoxylic acid (10).

Homogentates. Homogenates (20 % w/v) were
prepare(l by grinding the plant tissues in 0.1 M

potassitum phosphate buffer, pH 7.0, with a mortar
and pestle. Cellular debris was removed by cen-
trifugation at 500 X g for 5 minutes. Assays of
ethanolamine oxidation were performed in a War-
burg apparattus at 250. Reaction mixtures contained
1 ml of homogenate, 0.3 ml of 0.1 M ethanolamine
and 0.1 M potassium phosphate buffer, pH 7.0, to a
total volume of 3.3 ml. Where other reagents were
included, adjuistment of total voluLme was made by
decreasing the volume of phosphate buffer.

Results

Distribution of Radioactivity in Plant Tissue
Slices. The major consideration of ethanolamine
in plant systems has been limited to its well estab-
lished role as a precursor for choline and phospho-
lipids. However, other areas of metabolic involve-
ment are significant as indicated by the distribution
of "4C labeling in plant tisstue slices vactuum infil-
trated with ethanolamine-1,2-1"C (table I). Radio-
activity was incorporated into organic acids, sugars,
lipids, amino acids, insoluible residuies and CO.,. In
each instance from 60 to 90 % of the radioactivity
was found in the amino acid fractions. Since in the
fractionation procedture employed the exogenous
ethanolamine-1,2-1'C is held with the amino acids,
an estimate of the extent of metabolism may
be made by stumming the activity of the other frac-
tions. Thus, depending on the specific tissuie em-
ployed, 10 to 40 % of the ethanolamine-1,2-14C is
metabolized in a 4 to 24 houir incubation period.

The extent of 14C distribuition in each fraction
varies from tissuie to tisstue. Ethanolamne-1,2-1"C

Table I. MVetabolism of Ethanolamline-1,2-I4C by Plant Tissue Slices
Plant tissuies were vacuum infiltrated with ethalnolamine-1,2-' 4C and incubated at 28° in the dark for the indi-

cated time period.

Fractions

bItcu- Organic acids Sugars Lipids Amino acids CO, Residue Acid volatiles
Plant time 14C % of 4C % of 14C % of 14C % of 14C %of0 C % of 14C % of

hrs (cpM) 14C (cpm) 14C (cpm) 14C (cpm) 14C (cpm) 14C (cpm) 14C (cpm) 14C
Oat 4 45,825 1.6 2695 0.1 353.600 12.5 2,081,600 73.5 5100 0.2 27.150 1.0 283 000 10.0
Oat 24 5110 0.8 12,075 1.8 25,200 3.7 493,103 72.8 10 452 1.5 6560 1.0 109,250 15.9
Tobacco 4 12,000 0.5 17,145 0.7 154 300 6.2 1,661.630 66.8 5545 0.2 37,900 1.5 84,150 3.4
Tobacco 24 38,850 0.9 37,060 0.9 24,300 0.6 2,857,140 68.0 29,705 0.7 141.200 3.4 793,250 18.9
Apple 4 4995 0.4 4940 0.4 600 0.1 1,243,125 87.2 3300 0.2 29 931 2.2 129,000 9.6
Wheat 24 24,375 1.2 30.245 1.5 164,400 7.9 1,623,347 78.2 4908 0.2 67.550 3.3 91.575 4.4
Pea 24 15,600 4.4 17.600 4.9 6880 1.9 206.762 51.5 23,028 6.4 15 130 4.2 36,750 10.3
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incorporation into lipi(ds in 4 houirs ranged from
0.05 % in apple to 12.5 % in oats. Acid volatiles
varied from 3.4 % in tobacco leaves to 20 % in car-
rot slices while organic acids ranged from 0.37 %
in apple to 1.62 % in oats. \Vrhile significant dif-
ferences in perceint total activity exist in fractions
from (lifferent plant tissuies, significant activity was
found in each fraction. Two-dimensional paper
chromatograplhy and radlioautography of the organic
aci(l, amino acid, andl suigar fractions yielded iden-
tical patterns, differing only in the extent of label-
ing of a given compoutnd. No consistenit radioaui-
tography pattern-i or tren(l (listingilishe(I the 4-houir
from the 24-hotir incuibation experiments.

Glycolaldehyde-' 4C an(d glyoxvlic acid-14C were
isolated and( i(lentifiec(l as intermediates of ethanola-
mine-1,2-'4(C metabolism by pea seedlings.

Ethanolaimne .lMetabolismn by Pea Secdling Ho-
uiogenates. Pea seedling homogenates readily oxi-
(lize(l ethalnolanmine, the rate being directly propor-
tional to the concentrationi of homogenate employed
(fig 1). Pyridoxal phosphate (1 X 10- X M) and
MIn+- (1 X 10-5 M) were requiired for optimlum ac-
tivity which occuirred between pH 6.5 to 7.0 at 25'.
Higher concentrations of Mn-'+ (1 X 10-3 M) were
inhibitory. The ad(lition of oxalacetate (3 X 10-3
M), pyruivate (3 X 10-3 M ) a-ketogluitarate ( 3 X
10-3 M), ATP (3 X 10-3 M), Mg"+ (1 X 10'4 M)
and( thiamine pyrophosphate (3 X 10-4 M) ha(l Ino
effect on ethanolamine-1,2-l"C oxi(lation or its con-
version to ]4CO,. No oxi(lation of phosphoethanol-
amine by pea seedling homogenates couild be dem-
onstrated tinder the coniditionls employed for ethan-
olamine oxidation.

The conversion of ethanolamine-1,2-11C to 14CO.,
bv pea seedling homogenates is extremely limited
(table II). The enzymic nature of the reaction is
indicated by the complete inactivity of homogenate
placed in a boiling water bath for 10 minutes. The
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FIG. 1. The effect of pea see(dling hlonomenate on

the rate of ethanolamine oxidationi.

Table II. Oxidation of Ethanolantine-1 2-'4ft to 1 4CO.,
by Pca Seedling Hfoizoogenate

The reaction mixture contained 1 ,uc ethanolamine-1,2-
4C, 20 % homogenate p)rel)ared in 0.1 MI phosphate buffer,
pH 7.0, additions as inclicated and H..O to a total volume
of 5.0 ml. Inicubation w-as performeld at 30' for 4 lhours.
14CO., produced w as tra-Ipl)ed in hyamine.

Pea seedling
homog,enate

(MIl) A(lditions

0 None
4 Non0e
4 GlI colaldebl dle (30 ytimoles)
4 (boiled) N'one

"4CO.
Forme(d
(Cp)Ii )

0
1630
652
0

ad(lition of 30 )umoles of unlabeled glxvcolaldehvde
to the homogenate oxidizing ethanolamine- ,2-14C
resuilted in a 60 % decrease in 14CO. pro(blctioni.

Detaile(d characterization of the pea see(eling
homogein-ate wvith respect to substrate specificity, p1l
optim.im, inhibitors, and coeuzyme and cofactor ac-
tivation iil(licates that the enIzyme involved in the
initial oxidation of ethanolamine is idcentical to the
oxi(lase enzyme puirified and characterize(d by Alann
(7). Semicarhazide, hydroxylamine and KCN in-
hibited the oxi(lation of ethanolamine by pea aminle
oxiclase and when vactutum infiltrated into pea leaf
slices concuirrently with ethanolamine-1,2-' 4C ill-
hibited 14CO. formation (table III). Since ethan-
olamine-1,2-"4C is the precuirsor of the "4CO.,
the inhibition observed in the tissuie slices stuggests
the involvement of the amine oxidase in the in vivo
system.

Incorporation of Ethlanolamine-l 2-' C itto
Lipids by Pea Secdling Homogenates. The incor-
poration of ethauolamine-1,2-14C into the lipi(d frac-
tioIn of pea seedling homogenates was linear over a
4-houir incuibation period (fig 2.) Incorporation
occuirred in the absence of ATP. The dialyzed ho-
mogenates requiired the addition of Ca++. Serine
competitively inhibited the incorporationi of ethanola-
miie- 1,2-'4C an(l, conversely, ethanolamine competi-
tively inhibited the incorporation of serine-3-_4C
into the lipid fractions by (lialyzed pea see(lling
homog,enates.

Discussion

The resuilts obtained in this inivestigationi i(lidcate
that plant tissuies possess the ability to readily me-

tabolize ethanolamine. This metabolism involves
more thaii the direct ilncorporation of ethanola-
mine into phosphatidylethanolamine, althouigh in the
case of the 4-hour oat sample, suich inicorporation
may accouint for as muich as 50 % of the total. The
incorporation of radioactivity into suigars, organic
acids, acid volatiles, and C-O in(licates the presence
of addlitionial pathw\ays of ethanolamine metabolism

1028



MIEDEMA AND RICHARDSON-ETHANOLAMINE METABOLISM

Table III. Effect of Amine Oxidase Inhibitors on Ethianolamine Metabolism by Pea Amzine Oxidase
and Pea Leaf Slices

The amine oxidase studies were performed in a Warburg respirometer. The reactioll mixture consisted of 0.5 ml
pea aminle oxidase, 0.3 ml ethanolamine, 0.1 M, inhibitor as indicated, and potassium phosphate buffer 0.1 M, pH 7.0, to
a total volume of 3.7 ml. The center well contain 0.2 ml of 20 % KOH. Incubations were performed for 45 minutes
at 300 in an air atmosphere. Inhibitors and ethanolamin>-1,2-14C wer-e vacuiuim infiltrated concurrently into the pea
leaf slices and the tissue preparations incubated in the dark for 4 hours at 280. The 14CO2 produced was trapped ini
hyamine.

Conc
In reaction In vacuum 0° 14CO

Tissue milieu infiltrate Consumed formed % of
preparation Inhibitor (M) (M) (,umoles) (cpm) Control

Pea amine oxidase None 2.75
Pea amine oxidase Semicarbazide 1 X 10-3 0 0
Pea amine oxidase Semicarbazide 1 X 10-5 0.64 23
Pea amine oxidase Hydroxylamine 1 X 10-3 0.20 7
Pea amine oxidase Hydroxylamine 1 X 10-5 0.40 15
Pea amine oxidase KCN 1 X 10-3 2.26 82
Pea amine oxidase KCN 1 X 10-5 2.83 103
Pea leaf slices None 28,000
Pea leaf slices Semicarbazide 2 X 10-2 215 l
Pea leaf slices Hydroxylamine 2 X 10 1227 5
Pea leaf slices KCN 4 X 10-2 1539 7
Pea leaf slices KCN 2 X 10-2 4828 21
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FIG. 2. The incorporation of ethar
into lipids by pea seedling homogenates.

in plant tissues. The extent of in i
of stuch additional pathways is not in
parent. However, the presence of free
and ethanolamine phosphate in plantv
limited operation may exist (11, 12).

The oxidation of ethanolamine by
amine oxidase has been previously rep(
(7). The participation of this enzym
mine oxidation to CO2 is indicated by
elimination of 14-CO2 production in crm

when pea amine oxidase inhibitors ar
inhibition of '"CO2 forniation when !

hydroxylamine and KCN are vacuuim infiltrated
into plant tisstue slices stuggest the in vivo participa-
tion of this enzyme in ethano1amine oxidation. The
isolation and partial putrification of amine oxidases
which preferentiallv oxiclize ethanolamine in mature
bean, beet, and spinach leaves tends to indicate that
similar amine oxidases are involved in ethanolamine
oxidation in the various plant tissues investigated
(utnptublished data).

The isolation and identification of glvcolaldehyde
and glyoxylic acid as intermediates in the oxidation
of ethanolamine by pea slices fturther supports the
direct involvement of an amine oxidase, glvcolalde-
hyde dehydrogenase, and glycolic acid oxidase.

The incorporation of ethanolamine into the phos-
pholipids of pea seedling homogenates appears to

-r-----------i-,occtur by the same mechanism reported for rat liver
3 4 homogenates (13, 14). The activation by Ca", the

absence of ATP stimulation, and the competitive
iolamine-1,2-14C inhibition between ethanolamine and serine are a'l

characteristic of this system. Sufficient data are
not available to determine the extent of the contri-

vivo operation bution this metabolic pathway may make in plant
nmediately ap- systems.
- ethanolamine
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