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Abstract—Albizziine (2-amino-3-ureidopropanoic acid) was identified as a major radioactive metabolite of [2-1*C]
uracil in tissues and enzymic extracts of seedlings of Albizia julibrissin. Consistent with the biogenesis of albizziine via
uracil catabolism was the observation that [2-'*CJuracil is incorporated into isobarbituric acid (2,4,5-trihyd-
roxypyrimidine) by crude enzymic extracts and microsomal preparations of seedlings of A. julibrissin and Pisum
sativum in a tetrahydropterin-dependent hydroxylation of uracil. Substantial stimulations, more than 500% above the
control value with A. julibrissin, were seen on addition of 6-methyl-5,6,7,8-tetrahydropterin. That there is a direct
precursor relationship between uracil and albizziine was confirmed by the specific incorporation of the #C-label from
[2-'*C]uracil into the ureido-carbonyl of albizziine. This is as would be expected for the ring opening of a dihyd-
ropyrimidine, catalysed by dihydropyrimidinase. As 5-aminouracil had previously been identified as a precursor of
albizziine, it was concluded from the present work that the biogenetic sequence from uracil involves first, hydroxyla-
tion to isobarbituric acid, then amination to 5-aminouracil, followed by hydrogenation and ring-opening, to yield
albizziine, from which 2,3-diaminopropanoic acid is formed by the action of B-ureidopropionase. The formation of
albizziine and 2,3-diaminopropanoic acid represents a further example of the interfacing of pyrimidine primary and
secondary metabolism through uracil.

INTRODUCTION seedlings of P. sativum readily produce this compound if

supplied with 5-aminouracil [1], suggests that the bio-
chemical peculiarity of the Mimosoideae is not so much
albizziine production as formation of 5-aminouracil. The
question then arises as to the source of 5-aminouracil in
plants such as A. julibrissin. All known pyrimidine and
pyrimidine-derived plant secondary products originate
from uracil or its precursor, uracil 6-carboxylic acid
{orotic acid). These products include the isomeric non-
protein amino acids willardiine and isowillardiine
[11,12], the pyrimidine glucosides vicine and convicine
[13], lathyrine [14,15] and S-ribosyluracil {16]. It ap-
peared likely, therefore, that uracil is the precursor of
S-aminouracil: the present study aimed to examine this
hypothesis in relation to the biosynthesis of albizziine
and 2,3-diaminopropanoic acid.

In a recent study of pyrimidine secondary metabolism in
plants, it was shown that seedlings of Albizia julibrissin
and Pisum sativum catabolize 5-aminouracil to yield the
non-protein amino acids albizziine (2-amino-3-ureido-
propanoic acid) and 2,3-diaminopropanic acid [1]. This
was demonstrated both in intact tissue and in enzymic
extracts. The enzymes involved were shown to be those of
the pyrimidine degradative pathway by which uracil and
thymine are catabolized. The toxicity of 5-aminouracil to
plant, animal and microbial systems has been well
documented, and it is both a bacteriostat and a mutagen
[2,3]. Since neither albizziine nor its further degradation
product 2,3-diaminopropanoic acid {1] have any signific-
ant toxic activity in the tissues of higher plants, enzymic
degradation of 5-aminouracil by the pyrimidine catabolic
pathway must be regarded as a detoxication mechanism
[4]. There is increasing evidence, reviewed in ref. [4], that

. ) . RESULTS AND DISCUSSION
several other non-protein amino acids (e.g. S-pyrazol-1-

ylalanine, willardiine, isowillardiine, lathyrine and lu-
pinic acid) also arise as a result of the action of plant
detoxication processes.

That albizziine production and accumulation is almost
entirely confined to the Mimosoideae [5, 6-107], whereas

Batches of 40 excised shoots of seedlings of A. julibris-
sin were supplied with [2-'*Cluracil (2 uCi; specific
radioactivity 54 mCi mmol ') and after 24 hr the labelled
metabolites were examined. Using the chromatographic
and electrophoretic techniques previously described [1],
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co-migration with authentic samples identified albizziine
as a major radioactive product. Subsequent enzymic ex-
periments with buffered extracts of seedlings of A. julib-
rissin showed that these, too, incorporated radioactivity
from [2-'*C]uracil into albizziine. A typical set of data
from these preliminary incorporation studies is shown in
Table 1.

To seek confirmation that there is a direct precursor
relationship between uracil and albizziine, the position of
the '*C-label incorporated from [!'*ClJuracil into the
albizziine molecule was investigated. The recently elucid-
ated biosynthetic scheme for albizziine [1] means that
C-2 of 5-aminouracil would become the ureido-carbon of
albizziine (Fig. 1). Thus, if 5-aminouracil arises from the
amination of uracil, then [2-'*C]uracil should specifi-
cally label the carbon of the ureido-carbonyl of albizziine.
The '4C-albizziine from the experiment was therefore
subjected to vigorous hydrolysis with HBr, a procedure
[107 which specifically removes the terminal carbamoyl
group and releases 2,3-diaminopropanoic acid (Fig. 1).
A typical set of results from this experiment (Table 2)
shows that 75% of the original radioactivity in the bio-
synthesized albizziine was lost when the ureido-carbonyl
was removed and that the remaining 25% was in the
residual, unhydrolysed, albizziine. The chromatographic
procedure used in the recovery of '#C-albizziine was
guantitative ( > 95%). These results are consistent with
uracil being converted into albizziine via 5-aminouracil
in the way indicated in Fig. 1 and they confirm the earlier

Table 1. Total radioactivity incorporated from [2-
'4C]Juracil into albizziine by excised shoots and by
enzymic extracts of seedlings of Albizia julibrissin

Total radioactivity

Albizia preparation in albizziine (dpm)

34100
2080

Excised shoots
Enzymic extract

Batches of 40 excised shoots were supplied with
24Ci of [2-'*CJuracil (sp. radioactivity 54 mCi
mmol *). Enzymic extract, prepared as described in
Experimental, was incubated with 2 uCi of the same
'4C-uracil solution. The result shown is for an extract
equivalent to 40 seedlings.
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finding [1] that albizziine is a product of pyrimidine
catabolism.

Attempts to identify 5-aminouracil as a natural con-
stituent of A4. julibrissin seedlings were inconclusive. Al-
though a trace compound could be detected behaving
chromatographically and electrophoretically in a similar
way to an authentic sample of S-aminouracil, there was
insufficient to check further. It was considered probable
that the failure to detect accumulation of this toxic com-
pound follows from the efficiency of the detoxication
mechanism, described earlier [1], i.e. its catabolism to
albizziine. An analogous situation exists with pyrazole
formation by cucumber seedlings in which the rapidity of
the enzymic removal of pyrazole, by condensation with
O-acetylserine, means that the enzyme effectively scav-
enges for this toxic base [17,18] with the result that it
cannot normally be detected in seedling tissues.

The observed direct incorporation of uracil into albiz-
ziine (Fig. 1; Table 1) and the earlier identification of
5-aminouracil as a precursor of albizziine 1] mean that
uracil undergoes amination before being reduced and
ring-opened to albizziine. This raises the question of the
nature of the amination process, which has not pre-
viously been described for any biological system. Both
chemical and biochemical considerations suggest that it
is unlikely to be a direct amination of uracil at the
5-position. A more feasible biochemical sequence would
involve preliminary hydroxylation of uracil at the 5-posi-
tion to form 2,4,5-trihydroxypyrimidine (isobarbituric
acid) and amination of that to 5-aminouracil. Although
isobarbituric acid has not been reported to be a natural
product, its riboside S-hydroxyuridine is a known con-
stituent of yeast RNA [19].

Using a crude enzymic extract of pea seedlings in
Tris-HC1 buffer (50 mM; pH 7.3) containing 2 mM
dithioerythritol, evidence was sought for the possible
direct 5-hydroxylation of uracil. As enzymic hydroxyla-
tion of aromatic ring systems, e.g. phenylalanine and
tyrosine [20-22], requires tetrahydropteridines such as
tetrahydrobiopterin or 6-methyl-5,6,7 8-tetrahydrop-
terin, the latter compound was added to reaction
mixtures, as appropriate. The standard reaction
mixture comprised Tris—HC! buffer (50 mM; pH 7.3),
dithioerythritol (2mM), NAD* (0.2mM), NADP*
(0.2 mM), glucose 6-phosphate (20 mM), glucose 6-phos-
phate dehydrogenase (100 units), MgCl, (1.5 mM), uracil

O % COOH COOH
m,)j/Nﬂz Hjl\ j/NHz +H,0 N \/(an
OJ{N OJ<N e N e o1y
H H H H,
Uracil 5-Aminouracil Albizzine 2,3-Diamino-~

propanoic acid

Fig. 1. Expected location of '*C incorporated from [2-'*C]uracil, via S-aminouracil, into albizziine [1], and its
release as '*CO, by HBr hydrolysis of the latter compound [10].
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(1 mM), [2-*CJuracil (2 uCi; specific radioactivity
54 mCimmol !} and 4 m! of the enzyme preparation.
The final volume was 5 ml. Incubation was at 35° for 3 hr
and reactions were stopped with trichloroacetic acid
(final concentration, 5% w/v). Precipitated protein was
sedimented by centrifuging and trichloroacetic acid was
removed from the supernatant by extraction into diethyl
ether. The supernatant was then concentrated in vacuo
and '*C-isobarbituric acid was isolated by sequential
chromatography in systems (i), (ii) and (iii)) and high-
voltage electrophoresis (see Experimental). In each sys-
tem, the radioactivity co-migrated with an authentic

Table 2. Specific hydrolysis of !*C-albizziine, biosynthesized
from [2-'*C]uracil, to remove the terminal carbamoyl group
and yield 2,3-diaminopropanoic acid

Before After Radioactivity

hydrolysis  hydrolysis  recovered
Compound (dpm) (dpm) (%)
Albizziine 6000 1500 25
2,3-Diamino- — 39 0.6

propanoic acid
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sample of isobarbituric acid. After elution, the radioactiv-
ity of the individual samples of ['*CJisobarbituric acid
was determined; the results are given in Table 3.

The data obtained from this experiment show that the
crude extract was active in hydroxylating [2-*CJuracil
to '4C-5-hydroxyuracil (isobarbituric acid) and that
a 138% stimulation of this process occurs in the presence
of the known hydroxylation cofactor 6-methyl-5,6,7,8-
tetrahydropterin.

The hydroxylation experiments were repeated with
microsomal preparations in place of the crude enzymic
extract, and also both with crude extracts and micro-
somal preparations from seedlings of A. julibrissin (Table
4). The results of these experiments (Tables 3 and 4) show
that hydroxylation of uracil to isobarbituric acid occurs
in all the preparations examined and that it is stimulated
substantially in the presence of 6-methyl-5,6,7,8-tet-
rahydropterin. With microsomal preparations of A. julib-
rissin a stimulation of 544% above the control value was
seen. It is, therefore, concluded that the non-protein
amino acid albizziine arises from uracil via hydroxyla-
tion to isobarbituric acid, followed by amination to 5-
aminouracil, and, as shown previously (1], catabolism of
the latter by the pyrimidine degrading enzymes dihydro-
uracil dehydrogenase and dihydropyrimidinase. The

Table 3. S5-Hydroxylation of [2-!*CJuracil by preparations obtained from seedlings
of Pisum sativum and its stimulation by 6-methyl-5,6,7,8-tetrahydropterin

Total radioactivity

in isobarbituric Stimulation

Preparation Additions acid (dpm) (% of control)
Crude enzymic ~ None (control) 3190 —
extract
6-Methyl-5,6,7,8- 7580 138
tetrahydropterin
Microsomal None (control) 1090 —
preparation
6-Methyl-5,6,7,8- 4710 332

tetrahydropterin

6-Methyl-5,6,7 8-tetrahydropterin was present at a final concentration of 0.4 mM.

Table 4. 5-Hydroxylation of [2-'*C]uracil by preparations obtained from seedlings
of Albizia julibrissin and its stimulation by 6-methyl-5,6,7,8-tetrahydropterin

Total radioactivity

in isobarbituric Stimulation

Preparation Additions acid (dpm) (% of control)
Crude enzymic ~ None (control) 3040 —
extract
6-Methyl-5,6,7,8- 10600 249
tetrahydropterin
Microsomal None (control) 1340 —
preparation
6-Methyl-5,6,7,8- 8630 544

tetrahydropterin

6-Methyl-5,6,7,8-tetrahydropterin was present at a final concentration of 0.4 mM.
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Fig. 2. Biosynthetic route by which albizziine and 2,3-diaminopropanoic acid are produced from uracil by
Albizia julibrissin. E;, microsomal hydroxylase; E,, enzymic amination, E;, dihydrouracil dehydrogenase
(EC 1.3.1.21); E,, dihydropyrimidinase (EC 3.5.2.2); E;, -ureidopropionase (EC 3.5.1.6).

overall biosynthetic scheme for albizziine and 2,3-di-
aminopropanoic acid is outlined in Fig. 2. 2,3-Diamino-
propanoic acid is produced by the action of f-ureido-
propionase [EC 3.5.1.6] on albizziine [1].

It is concluded from the foregoing observations that
the biosynthesis of albizziine and of 2,3-diamino-
propanoic acid represents a further example of the inter-
facing through uracil of pyrimidine primary and second-
ary metabolism.

EXPERIMENTAL

Materials. Seeds of P. sativum cv. Meteor were from
Booker Seeds., Sleaford, Lincs., those of A. julibrissin
from Thompson & Morgan, Ipswich, Suffolk. Before use,
seeds were washed and then soaked in H,O overnight
before sowing. Albizia seeds were chipped before imbibi-
tion. Seeds were germinated in moist vermiculite and
grown at 25° in a light cycle of 16 hr light (6 kix) and 8 hr
dark. Analyt. grade chemicals were from BDH. Py-
rimidines, enzymes and coenzymes were from Sigma.
[2-'*C]Uracil (sp. radioactivity 54 mCimmol ~!) was ini-
tially from Amersham International, and latterly from
ICN, Thame, Oxfordshire.

Uptake of [2-'*CJuracil. Aliquots (0.1 ml) of the radio-
active soln were dispensed into Eppendorf tubes (1.5 ml)
and excised shoots of 14-day-old Albizia seedlings, one
per tube, were allowed to take up this soln under 6 kix
illumination at 25°. The cut ends of the shoots were
washed beforehand to remove exudates. After the soln in
each individual tube had been taken up, 0.1 m! of H,O
was added to rinse and this was allowed to be taken up
by the shoot. In this way, each tube was rinsed 5 times,

and then the shoots were allowed to stand with the cut
ends in H,O for a total of 24 hr under the same condi-
tions of light and temp. before extraction.

Extraction of metabolites. Tissues were finely ground
in ice-cold 0.6 M HCIO, using a prechilled mortar and
pestle. The homogenate was centrifuged at 12 000 g for
20 min at 4° and the supernatant retained. The residue
was re-extracted a further 3 times in the same way and
the supernatants pooled with the first. After adjusting to
pH 7.4 with KOH soln, the extract was held at 4° for
15 min and the KCIO, ppt. was removed by centrifuging
at 5000 g for 10 min at 4°, The supernatant was evapd in
vacuo to dryness and the residue redissolved in 0.5 ml of
H,O for chromatographic and electrophoretic analysis.

Chromatography and electrophoresis. PC on Whatman
No. 1 or 3MM paper employed the solvent systems:
(i) 1-BuOH -HOAc-H,0O (12:3:5); (i) 2- PrOH-agq.
NH;-H,0 (7:1:2); (iii) 2- MePrOH-MeCOEt-
H,0-aq, NH; (4:3:2:1). High-voltage paper electro-
phoresis was carried out on Whatman 3MM paper using
a HCO,H-HOACc buffer at pH 2 [14]. A gradient of
28 Vem ™ ! was applied for 2 hr. Pyrimidines were detec-
ted by viewing in UV and the amino acids by use of
ninhydrin (0.2% w/v in Me,CQ).

Preparation of enzymic extract and microsomal frac-
tion. The enzymic extracts used in these studies were
prepd by homogenizing 14-day-old seedlings of P.
sativum or A. julibrissin in an ice-cold 50 mM Tris-HCI
buffer (pH 7.3) containing 2mM dithioerythritol;
a prechilled mortar and pestle was used. For each g of
tissue 1 ml of buffer was used. The homogenate was
filtered through a double layer of cheesecloth to remove
coarse debris, and the filtrate centrifuged at 12 000 g for
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20 min at 4°. The supernatant was used as a crude en-
zymic prepn. The microsomal fr. used in the hydroxyla-
tion experiments was prepd from the crude enzymic
extract by centrifuging at 100 000 g for 1 hr at 4° and
resuspending the pellet in 2 ml initial buffer.

Hydrolysis of albizziine with HBr. The procedure was
essentially that described in ref. [10] and involved reflux-
ing the albizzine sample in 5 ml (48% v/v) HBr for S hr.
The hydrolysed compound was evapd in vacuo, 3 ml H,O
added, and evapd again. This process was repeated several
times until all traces of HBr had been removed. The prod-
uct, 2,3-diaminopropanoic acid, was purified by sequential
chromatography in solvent systems (i), (ii) and (iii).

Scintillation counting. Radioactivity was determined
by counting samples (0.5 ml) in 5-ml portions of Opti-
phase Ria Luma scintillation cocktail (LKB).

REFERENCES

1. Brown, E. G. and Turan, Y. (1995) Phytochemistry
40, 763.

2. Cheng, C. C. (1969) Prog. Med. Chem. 6, 67.

3. Cheng, C. C. and Roth, B. (1970) Prog. Med. Chem. 7,
285.

4. Brown, E. G. (1995) in Amino Acids and their Deriva-
tives in Higher Plants (Wallsgrove, R. M., ed.),
pp. 119-144. SEB Symposium Series Vol. 56, Cam-
bridge University Press, Cambridge.

5. Kjaer, A. and Olesen-Larsen, P. (1959) Acta Chem.
Scand. 13, 1565.

6. Gmelin, R., Strauss, G. and Hasenmaier, G. (1958)
Z. Naturforsch. 13b, 252.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

1495

Krauss, G. J. and Reinbothe, H. (1973)
istry 12, 125.

Seneviratne, A. S. and Fowden, L. (1968) Phytochem-
istry 7, 1039.

Reinbothe, H. (1962) Flora 152, 545.

Gmelin, R., Strauss, G. and Hasenmaier, G. (1959)
Z. Physiol. Chem. 314, 28.

Ashworth, T. S., Brown, E. G. and Roberts, F. M.
(1972) Biochem. J. 129, 897.

Ahmmad, M. A. S., Maskall, C. S. and Brown, E. G.
(1984) Phytochemistry 23, 265.

Brown, E. G. and Roberts, F. M. (1972) Phytochemis-
try 11, 3203.

Brown, E. G. and Al-Baldawi, N. F. (1977)
Phytochemistry 164, 589.

Brown, E. G. and Mohamad, J. (1990) Phytochemis-
try 29, 3117.

Al-Baldawi, N. F. and Brown, E. G.
Phyiochemistry 22, 419.

Brown, E. G., Flayeh, K. A. M. and Gallon, J. R.
(1982) Phytochemistry 21, 863.

Brown, E. G. and Diffin, F. M. (1990) Phytochemistry
29, 469.

Lis, A. W. and Passarge, W. E. (1966) Arch. Biochem.
Biophys. 114, 593,

Brenneman, A. R. and Kaufman, S. (1964) Biochem.
Biophys. Res. Commun. 17, 177.

Ayling, J. E., Pivson, W. D.; Al-Janabi, J. M. and
Helfand, G. D. (1974) Biochemistry 13, 78.
Gottschall, D. W., Dietrich, R. F., Benkowicz, S. J.
and Shiman, R. (1982) J. Biol. Chem. 257, 845.

Phytochem-

(1983)



