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Abstract-wts in which radioactive amino acids were supplied to germinating mung bean (Phaseolus 
uureus Roxb.) and sainfoin (Orzobrychis viciifolia !kxp.) showed that [2-~4C@nithine was converted into a 
number of amino acids, in particular acetylomithine (sainfoin) and proline (mung bean), whilst &acetyl- 
[2-14Cjomithine was converted into a,&diacetylomithine in both species. Synthesis of &acetylornithine was 
demonstrated in cell-free extracts of both species; JVQcetylated amino acids, acetykmzmymc A and acetyl 
phosphate, but not NQcetylated amino acids, were shown to be effective acetylating agents. Ckn~yme A 
was not required for direct transaeetylation from ArQcetylated amino acids. In cell-free e~traots 8-acetyd 
[2*4clornithine failed to set as either an acetyl donor or acceptor and no hydrolysis was detected. The 
discrepancies between in viw and in vitro ets are discussed. 

INTRODUCTION 

THE occ~ce of a number of mono-acetylated amino acids has been reported in a variety 
of higher plants,‘* * but reports of enzymic acetylation of amino acids have been confined to 
microbial and animal systems. Extracts of Clostridium khgweri have been shown to be 
capable of synthesizing a wide range of acetylated amino acids.3*4 The original reports 
suggested that a&y1 phosphate was the donor compound in a direct acetylation reaction 
which was strikingly stimulated by the presence of cyanide. This organism is now known to 
contain a phosphotransacetylase enzyme capable of synthesizing acetylcoenzyme A from 
acetyl phosphate and coenzyme AS and later work has indicated that cyanide reacts with 
acetylcoenzyme A to form acetyl cyanide which, in the presence of suitable acceptors, 
promotes non-enzymic acetylation reactiorx6 

Of the two possible mono-Wacetyl derivatives of omithine, &cetylornithine appears to 
be confined to higher plants whilst a-acetylornithine has been reported only in members of 
the Enterobacteriaceael Direct NQxtylation of omithine has not been reported. a- 
Acetylomithine is derived from N-acetylglutamic acid in Escherichia coli and closely related 
species via the intermediate N-acetylglutamic-~aldehyde.7 The synthesis of N-acetyl- 
glutamic acid in E. coli requires glutamic acid and acetylcoenzyme As (and not acetyl 
phosphate as the immediate acetyl donor), and acetylcoenzyme A is now considered to be 
the direct acetylating agent for many amino acids. However, Grisolia and Harmong* lo 
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recently have reported the synthesis of&acetylormthinc from acetyl phosphate and ornithine, 
using a partially-purified nrnithme carbamyl transferase from frog lilcr. The reaction is 
analogous to the more usual one yielding citrulline and apparentI> doec not require the 
presence of coenzyme A. 

RESULTS AhD DISCl:SSION 

RadIoactive amino acids \\eerc provided in the water imbibed by ~erminatmg mung bean 
and sainfoin seeds. After a wnable period of growth. the distribution of radinncti\ity m the 
free amino acid fraction was detcrmrned by two-dimensional paper chromatography. Ko 
estrmate was made of the conkerston to protein-bound ammo acids or other metabolites. 
The results obtamed after feeding 1x.-[7-“‘Clornithinc and 8-acet!l-111 -]2-!JC]nrnithine are 
prelentcd in Table I. 

Radwxtive chemical Ihd ii-Acctyl-lx -[2-t4C]ornithinc IN -12-‘4C]~~~ mthmc 

drcltvity (/Lc.f 0 47X 0 319 0 325 0.170 
Specxs Mung betan Samfom Mung bean Samfom 
Seed wctght fg) 0.x7* 0 718t 0~2CO 0 7Zli 

Compound Pciccntage of total octnity u-r free ammo a& fracttnn 
___-_ 

hpartrc actd 0. I 25 0 I 
Aqxaragtnc 0. I ‘2 ’ 0 1 
Glutamtc acid 0 I 01 -17 0 5 
Glutamine 04 0.5 46 11 
Ornithtne _. 2.5 7 3 ‘I 
Cttrullme O4l 0 h 3 .c ; 
Argmme ._ II 4 5 3 
&Acetylornuhme 95 h 94 h 7x 4 
,&Dtacrtylorntthine IS I I I 5 
Prolinc 0.2 21 404 > ..I 
y-Ammohulyrrc acid IU 0 3 
+Alamne 0 2 
/%Alanine _ O-X 
Serrne 01 
Ethanolamine 04 
Valme _ 31 0 .c 
+lutamyl dtpeptrdes’ 

S-Methylcystemc sulpho\& -- .- OX 
Phenylalaninc 0 5 0 2 
Tyrosmc _ 0 I 

Umdenttticd compounds I.5 (5) 1.1 (3) II,(J) O‘lC2) 
tnumber of mdtvidual 
compounds in parcnthe\e\) 

- 

* Weight of dry <reds. 
+ Weight of reeds after acrdtron overnrght. 
7 Glutamme and ctrrulline not clearly .separated: total activity tncludcd as glutamtne. 

In both plant species ornithine gas more readily converted into other amino acids than 
was Sacetylornithine. Ornithinc apparently was metabolized by cnmcntionnl pathway, to 
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yield arginine, proline, glutamic acid and amino acids derived from glutamic acid. In sain- 
foin, radioactivity was concentrated also in acetylomithine but in mung beans this compound 
was not labelled. 

Material identified as a,klkcetylomithine was formed as by-product during the chemical 
synthesis of 8-acetyl-DL-[2J4C]omithine. l In the feeding experiments cc&diacetylornithine 
(identified by its chromatographic position) is considered to have been formed from 8- 
acetylornithine in both species and from ornithine in sainfoin. When labelled &acetylomi- 
thine was supplied, a number of amino acids, normally considered to be derived from omithine, 
became labelled but no label was detected in ornithine. It is possible that these compounds 
were derived directly from acetylomithine by unidentified pathways but, since omithine 
itself was converted readily to the same compounds, the failure to detect label in ornithine 
may have been the result of its high turnover rate. 

Metabolism of S-Acetylornithine in Extracts 

Cell-free extracts were used to determine the ability of various compounds to donate 
their acetyl group to omithine. Extracts from both sainfoin and mung bean seeds were 

TAJSLE~. THE m OF 8-m FROM DL-[2-14c&ORNITHINE 

BYANEXTWKTOF.SAINFOINSEEDlNTHEPRESNCE OF VARIOUS ACETYL DONORS 

Reaction mixture* 
(addition in pmoles) 

Percentage of total activity 
recovered in Cacetylomithine 
(corrected for boiled control) 

Nme 
N-Acetylglutamic acid (O-053) 
Acetylcoenqme A (O-124) 
IV-AcetyldJznkolii acid (0.034) 
o-Acetylhomoserine (0.062) 
yAcetyldiaminobutyric acid (0.061) 

0 
59.4 
15.4 
0*2t 
0*3$ 
0.4% 

* All tubes contained sainfoin extract (1.84 mg protein/tube), DL+W]- 
omithine (0*02 pc), ATP (0.986 pmole) and MgS04 (O-10 pmole) in a final 
volllnx of 100 pl. 

t Possibly a-acetylornitbine. 
$ Possibly /3-aminopiperidone. 

shown to enxymically synthesize acetylomithine (Tables 24). Co-chromatography with 
authentic &acetylornithine was used to identify the isomer synthesized as 8- and not c+acetyl- 
omithine. A number of extracts formed a radioactive compound which was tentatively 
identified as @minopiperidone (formed by cyclization of omithine)ll on the basis of its 
chromatographic position in butan-1-al-acetic acid-water. As the synthesis of jkunino- 
piperidone appeared to be enxymic and was usually associated with active acetylomithine 
synthesis it is suggested that the formation of @ninopiperidone arises as a by-product of 
the acetylating enzyme. 

The results reported in Tables 2 and 3 indicate that no endogenous acetylating agent was 
present in the dialysed extracts of sainfoin. These extracts could synthesize acetylcoenzyme A 
from coenzyme A and pyruvate (Table 3) and this compound has been shown to be capable 
of acetylating the 6- and not the ol-amino group of omithine. However iV-acetylglutamic 

11 C. T. G. VAN DER Ham, Nature l%, 147 (1962). 
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acid is an appreciably better acetyl donor than is acetylcoenzyme A (Table 2). a-Acetylorni- 
thine also donates its acetyl group to ornithine to give the Sacetyl derivative but amino acids 
acetylated elsewhere than on the a-amino group, e.g. O-acetylhomoserine. IV-acetyldjenkolic 

TABLE 3. THE EFFECT OF VARIOUS ACET~L DONORS ON &AcwvLoahl~~hE SYNTHESIS IROM 

DL-[2-'~C]-oRUITHlNEBY ANEXTRACTOF PAI~FOIN SEEDS* 

Donor compound 

Additions to basal reactlon mlxturet 
_-_.- .__ _ _ _- 

None Coenzyme A Acetylcoenzyme A 

u-Acetylomithme 743 (1.6) 68.3 (2.5) 71 .Y: (4.5) 
IV-Acetylglutamlc acid 73.8 (N.D.) 68.3 (5.9) 67.4: (5 1) 
&Acetylornithine Y.C. (N.C.) N.C (N.C.) 22 4: (N.D.) 
Pyruvate S.C. (N.C.) 2.0 (Y.D.) XY (2.2) 

* The ndioactlwty determmed in bacetylormthine formed IS expressed as a percentage 
of total actwty recovered from the chmmatograrm (figures m parenthew are for $-amino- 
plperidone). 

7 All tubes contamed samfoin extract (1.64 mg protem:tube), DL-[2-1JC]-ornlthme 
(0.02 PC). ATP (0020 pmole) and MgSOJ (0.10 pmole) m a final volume of 100 1~1. Reac- 
tion additions conslsted of N-acetylglutamic acid (0.053 PEtmole). w or S-acetylnrmthme 
(0.057 pmole). acetqlcoenzyme A (OGO7 jrmole), coenqme 4 (0.008 /rmole) and pyruvate 
(1.817 mole). 

z Results uncorrected for bolled control. 
N.C.= Not counted and probably not detectable. N.D.=Not dewtable although 

possibly Included rn the acetylornithme spot. 

TABLE 4. THE EFFECT OF pH AND THE NATURE OF THE ACET~L DONOR ON 

(i-ACETYLORVTHIW SYNTHESIS FROM DL-[I&'~]-ORNITHlNt IX EXTRWTS OF 

HuNG BEAN SEEDS 

Reactlon mixture* Percentage of total recovered activity 
,_--_k, -- -I .-- 

PH Additions blutamlc S-Acetyl- &Amino- 
acid ormthme piperidone 

_ _ __. ._ _ _ ._ _ -._ ____. .___ __. __. _. 

74 None 
7.4 S-Acetylormthine 
7.4 .V-Acetylglutamlc acid 
7.4 n-Acetylornithinc 
8.6 None 
8.6 &Acetqlornithme 
8.6 X-Acetylglutamic acid 
8.6 a-Acetylornithme 

0 
0 
0.7 
0 
0.3 
05 
20 
3.0 

2.6 I.1 
2.1 0 

360 I8 
39.7 0 

6.9 0 
58 0 

18.4 0 
400 0 

* All tubes contained mung bean extract (5.37 mg protein/tube. at pH 7.4: 
3.74 mg protemtube at pH 8 6) and Dr-[2-14C]ornlthme (0.02 /AC) in a final 
volume of 100 ,tl. Reaction addmons cowsted of N-acerylglutam~c acid 
(0.053 pmolr). #a- ur b-acetylornithmes (0.057 pmole). 

acid, y-acetyldiaminobutyric acid (Table 2) and Sacetylornithine (Table 3) appear to be 
incapable of participating in S-acetylornithine synthesis. The failure of added acetylcoenzyme 
A or coenzyme A to stimulate acetylormthine synthesis from either N-ucetylglutamlc acid 
or a-acetylornithine (Table 3) suggests that synthesis is by direct acetyl transfer from the 
amino acid and not by the intermediary formation of acetylcoenzyme A. 



Metalx&sm of S-a&ykxnitbine in two leguminous spscies 891 

A similar spec%city for the acetyl-donor amino acid was shown by dialysed extracts of 
mung bean (Table 4). Again Bacetylomithine appears incapable of transferring its acetyl 
group to ornithine. There is a suggestion that different pH optima exist for acetylornithine 
synthesis when ~~~l~u~c acid or c+acetylomithine act as donor compounds$ the 
latter functioning better at slightly higher pH values (Table 4). 

The synthesis of ~a~ylo~thine from ornithine and acetyl phosphate is catalysed by 
the ornithine carbamyl transferase from frog livers* lo (see Introduction). Several extracts of 
sainfoin were shown to effect citrulline synthesis from ornithine and carbamyl phosphate. 
A similar synthesis of ~-a~tylorni~e from ornithine and a&y1 phosphate was observed 
using these extracts but, whereas citrulline synthesis was abolished when boiled extracts 
were used, considerable amounts of Bacetylornithine still were formed under these conditions. 
In this series of enxymic experiments, reactions were terminated by addition of ethanol to a 
final concentration of 75 % : later experiments established that in aqueous ethanolic solutions, 
synthesis of 8-acetylornithine from acetyl phosphate and ornithine occur-m d in the absence of 
seed extracts. In the absence of ethanol Grisolia and Harmong* l@ were unable to demonstrate 
a similar chemical formation of acetylornithine, although their actual experimental controls 
consisted of the complete reaction mixture minus omithine (Grisolia, personal communica- 
tion). In a further enzymic experiment (using the dialysed mung bean extract referred to in 
Table 4), aliquots of the reaction mixture were spotted directly (without addition of ethanol) 
onto a chromatogram which was developed in the usual way to separate &acetylornithine. 
A~tylo~i~e synthesis from [2-l~]o~~ne (0.02 PC) and acetyl phosphate (l-6 pmoles) 
was observed in this experiment at both pH 7~4 and pH 8.6; the acetylomithine contained 
34 and 66 per cent respectively of the total activity recovered. In the presence of ATP 
(O-4 mole) slightly less acetylomithine was synthesixed, e.g. pH 7-4, 23 per cent and pH 
8.6,58 per cent. When these results are taken in conjunction with Grisolia’s failme to observe 
chemical synthesis of acetylornithine under aqueous conditions, it seems likely that acetyl 
phosphate can serve as a donor in the enxyme-catalysed acetyl group transfer in mung bean 
extracts. 

The ability of the sainfoin extra& (referred to in Table 2) to metabolize S-acetyl-rX- 
~14C]ornithine (O-016 @), was tested both alone and with various additions. No labelled 
omithine was produced in the absence of additional compounds (i.e. hydrolysis) or in the 
presence of glutamic acid (Ml68 pmole), ornithine (0.076 wale) or coenzyme A (0*006 
pmole) (i.e. transacetylation with S-acetylornithine as donor). ~~ylo~~ne was not 
formed on incubation with a-acetylornithine (O-057 pmoie), acetylglutamic acid ((PO53 
pmole) or a~~lc~~ A (0.124 pmole) (i.e. ~a~tylation with ~~ylo~t~e as 
acceptor). Similar stability of &acetylornithine in mung bean extracts was noted in other 
experiments. 

Comparison of these in vivu and in vitro experiments indicated that mung beans are 
potentially capable of synthesizing %-acetylornithine but that in vivu this reaction is 
inactive for some reason. In sainfoin no such blockage of ~a~lo~~~e synthesis 
was observed. In both species limited metabolism of ~a~ylo~t~ne was observed 
in viva but none could be demonstrated z?r vitro. A distinctive feature of both species was their 
similar order of conversion of &acetylornithine to a,&diacetylomithine. Assuming that 
both amino groups are acetylated by the same donor compound, the failure of mung bean 
seeds to synthesixe Gacetylornithine may be due to the acetylating reaction being a poor 
competitor for available omithine and not to their lack of a suitable endogenous acetylating 
agent. 
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Another feature common to both plant species was their ability to convert considerably 
more than half of the labelled ornithine supplied to them into other radioactive compounds. 
This occurred even though the ornithine used was a or-racemate. indicating that the seed- 
lings either were able to directly metabolize the D-isomer by normal intermediary pathways 
or, more probably. contained an active racemase for the D-ornithine. 

EXPERIMENTAL 

Plarzt material. Sainfoin seeds germinated poorly overnight when planted in moist 

vermiculite but the percentage germination was increased by aerating seeds in distilled water 
overnight at room temperature. Material treated in tln\ way was used for all experimenta. 
In contrast mung bean seed\ show nearly 100 per cent germination o\ern)ght \o thut labelled 
compounds were supplied during the initial stages of water imbihitnln. Seeds aerated over- 
night in dlstihed water were used for the prep~~rati[~n of enryme cttructs. Protrm cnncen- 

trations were determined by t hc met hod of Lowry tar uf. ’ -’ 
Radinuctiw sc~tttpw~~i.~ i1L-[2-‘JC]-ornith!l~e ( 1.93 mc,mM) ~a\ obtained from Volh 

Radiochemical Co.. Ill. From this. &acctyl-I?L-[_- 7 fJC]-ornithme HW synthesized b> the 

method of Neuberger and Sangcrl 3 itnd isolated from the reaction mature by chr~3mittographq 

in hutan-l-01 -acetIc acid w ntcr. * 
Chron~atojyaphy nwtlmis. The labelled products formed in the feeding experiment\ 

were separated on two-dimensional paper chromatogrdms run on Whatman No. 3MM 
filter paper using 75”, (W H 1 phenol in an atmosphere of ammoma as first solvent. followed 
by butan-I-ol-ascetic acid--water (90: 10:29, by vol.). In all other experiments. separations 
were perfornled on one-dirnen~j~~nal chr~?matograms (Whattnan No. 3 fihcr paper) developed 
in butanol-acetic acid--water. Radioactive compounds were located on radioautographs 
(Kodirex X-ray film) after their exposure to the chromatograms for periods of 1 -3 weeks. 
Radioactivity in each compound was determined by Geiger scanning of chromatograms 
(efficiency about 1 ‘I,,). 

Radioactive jkedirtg e.~perhents. Radioactive amino acids were supplied in limited 
volumes of water imbibed during the onset of germination of either aerated sainfoin or 
untreated mung bean seeds. The previously aerated samfoin seeds were allowed to develop 
for a further 24 hr at 28 and mung bean seeds were grown for a total of 48 hr at 28’ . At the 
end of the growth period, the seeds were washed four times with 5 ml water and partially 
dried by blotting with filter paper. The seeds were then ground in 75 (I11 (v s\) ethanol (20 ml). 
shaken for 24 hr and filtered. The clear filtrate and washing\ were then applied to small 
ZeoKarb 215 columns (IO/-O.8 cm, HI form). Each column wa\ washed with 75”,, (v:v) 
ethanol ( 150 ml) and then the amino acids were eluted with 50 ml of 35 I’,, (u I v) ammonia- 
ethanol (1 :3, v, v). The cluate was evaporated at laboratory temperature, and the whole of 
the radioactive residue was used for chromatography. 

CelI-j;ee euzynic e.vperiwent.v. Seeds were precnoled and all subsequent operations were 
performed at O--4 ‘. 

Aerated sainfoin seeds (75 g) were ground by hand in 50 ml of O-1 M-phosphate buffer 
(KHzPO., adjusted to pH 7.4 with KOH). filtered through mu&n. and centrifuged for 30 
mm at 26.0~~~ The re<ulting supernatant was brought to 60 per cent saturation by addrtirtn 
of solid (NH&SO4: precipnated protein was sedimented by centrifugntinn for 30 nun at 
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26,000 g and then redissolved in 0.1 M-phosphate buffer (2 ml). After dialysis against O-1 
M-phosphate buffer overnight, the extract was again centrifuged for 30 min at 26,000 g, to 
yield the supematant used in the enzymic studies. 

Aerated mung bean seeds (50 g) were ground by hand in 50 ml 0.1 M-tris-0~1 ksodium 
citrate bulk (adjusted to pH 9.9 with HQ), filtered through muslin, and centrifuged for 
30 min at 26,000 g. Portions of the supematant (1 ml) were adjusted to either pH 7.4 or 
pH 9-O with O-1 N HCl and dialysed overnight against 01 M-phosphate bulk, pH 7.4, or 
O-1 M-tris-HCl buffer, pH 9.0, respectively. The dialysed extracts (measured pH 7.4 and 
8.6 respectively) were used directly in the enzymic experiments. 

All reaction mixtures (compositions as in Tables 2-4) were incubated for 3 hr at 28” and, 
unless otherwise stated, the reaction was terminated by the addition of three volumes of 
ethanol. After sedimentation of the protein by centrifugation, three-quarters of each sample 
was used for chromatography. 
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