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Abstract—In relation to the biogenesis of pyrimidine-derived secondary products, the relative activities and substrate
specificities of the enzymes of pyrimidine metabolism were determined in extracts of seedlings from a number of
leguminous species. Carbamoyl phosphate synthetase (CPSase) and aspartate transcarbamoylase (ATCase) were 4 to
6 x more active, and 5-nucleotidase and uridine hydrolase were 2 to 3 x more active in the secondary metabolite
producing species examined. As it was also confirmed that UMP is the most effective nucleotide inhibitor of ATCase
activity, these relatively high rates of hydrolysis of UMP to uracil would lessen effective negative feedback control of
pyrimidine synthesis in the secondary metabolite producers and further increase the availability of uracil for
secondary metabolism. The key enzyme of pyrimidine catabolism, NADPH-dependent dihydrouracil dehydrogenase
was shown to use uracil. thymine, lathyrine and 5-aminouracil as substrates and its activity was 2 to 3 x higher in
those species not yielding pyrimidine secondary products. This observation is consistent with the diversion, in the
secondary product-forming plants examined, of significant amounts of uracil away from catabolism and into
secondary product synthesis. The dihydrouracil dehydrogenase of Albizia julibrissin exhibited higher activity with
5-aminouracil as substrate than with uracil or thymine. Dihydropyrimidinase, the next enzyme in the catabolic
pathway, was extracted from the various species and shown to use 5.6-dihydrouracil, 5,6-dihydrothymine and
S-amino-5.6-dihydrouracil as substrates. Using a NADPH-regenerating system, the combined action of the two
enzymes, dihydrouracil dehydrogenase and dihydropyrimidinase, was shown to produce 4-hydroxyhomoarginine
from lathyrine. This was identified by co-chromatography and electrophoresis with authentic samples of 4-hydroxy-
homoarginine. Preparations of -ureidopropionase, the third enzyme in the catabolic pathway, were obtained from
seedlings of Pisum sativum and shown to hydrolyse N-carbamoyl-f$-alanine to 3-aminopropanoic acid, and N-
carbamoyl-2-methyl-3-aminopropanoic acid to 3-amino-2-methylpropanoic acid. Additionally, the preparations
from P. sativum and A. julibrissin hydrolysed albizziine to 2,3-diaminopropanoic acid, identified by co-chromatogra-
phy and electrophoresis with authentic samples. It is concluded that there is a greater production and diversion of
uracil into secondary product formation in the plants producing these compounds than in those that do not. In the
non-producing plants, there is a more active catabolism of uracil. With A. julibrissin, degradation of 5-aminouracil by
the pyrimidine catabolic process was shown to yield the non-protein amino acids albizziine and 2,3-diamino-
propanoic acid. In Lathyrus tingitanus, this process demonstrably produces 4-hydroxyhomoarginine from lathyrine.
The observations described are consistent with the view that production of pyrimidine-derived secondary products is
attributable to the operation of detoxication processes for bioactive pyrimidines.

INTRODU CTION vicine and convicine, which are the 5-O-glucosides of 2,6-
diamino-4,5-dihydroxypyrimidine and 6-amino-2,4,5-
trihydroxypyrimidine, respectively, arises in a similar
way [4]. The third known pyrimidine amino acid,
lathyrine [f-(2-aminopyrimidin-4-yl)alanine], likewise
derives from uracil produced by the orotate pathway

In recent years, the biosynthesis of a number of py-
rimidine secondary products has been investigated. The
isomeric pyrimidinyl amino acids willardiine [f-(2,4-
dihydroxypyrimidin-1-yl)alanine] and isowillardiine [f-

(2.4-dihydroxypyrimidin-3-yljalanine] have been shown
to originate via the orotate pathway with uracil as their
immediate precursor [1-3]. The pyrimidine nucleus of
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[5-7]. The immediate precursor of lathyrine is, however,
not uracil itself, but a uracil metabolite, 2-amino-4-
carboxypyrimidine [7].
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In addition to these pyrimidine dertvatives, it has been
postulated that the ‘non-protein’ amino acids 4-hydroxy-
homoarginine [S] and albizziine {8] may also originate
as secondary products of pyrimidine catabolism. 4-
Hydroxyhomoarginine is a constituent of various
Lathyrus species [9] and was originally suggested to be
a precursor of lathyrine [9]. Subsequent biosynthetic
studies [5-7] showed, however, that lathyrine originates
from the orotate pathway and that the reported small
incorporation of radioactivity from [!*C]homoarginine
into lathyrine [9] was more likely due to a partial experi-
mental reversal of the catabolism of lathyrine via 4-
hydroxyhomoarginine. This possibility was examined
further in the present study.

Albizziine (2-amino-3-ureidopropanoic acid) is a char-
acteristic amino acid constituent of the Mimosaceae [8,
10-14]. All known species of Acacia, Albizia, Mimosa.
and seven of the eight other genera contain this com-
pound; the exception is Prosopis [15]. The occurrence of
albizziine in a plant species not belonging to the Mi-
mosaceae, namely Dialium, has been reported [16], and it
has also been found to be produced by the hyphae of
a wood-rotting basidiomycete, Coniophora puteana [17].
Little information is available concerning the biosyn-
thesis of albizziine although it has been suggested that it
could arise either by ring-fission of a pyrimidine [8] or by
transcarbamoylation of 2.3-diaminopropanoic acid in
a reaction analogous to that in the urea cycle by which
ornithine is carbamoylated to citrulline [13]. This latter
suggestion appeared to be supported by the observation
that 2,3-diaminopropanoic acid is also a common con-
stituent of the amino acid pools of seeds from various
species of Mimosa and Acacia [13, 15, 18]. In a prelimi-
nary biosynthetic study, Reinbothe reported some small
incorporation of radioactivity from [3-!'*C]serine into
albizziine [13, 15].

The present work aimed (a) to study the interface
between primary and secondary pyrimidine metabolism,
especially in relation to control mechanisms, and (b) to
examine the hypothesis that the biogenetic origin of
albizziine and 4-hydroxyhomoarginine lies in pyrimidine
catabolism.

RESULTS AND DISCUSSION

Pyrimidine production

So that a comparison could be made between the
pyrimidine metabolism of plants yielding pyrimidine-
derived secondary products and that of related plant
species not producing compounds of this type, the rela-
tive activities of two key enzymes of the orotate pathway
were determined in groups of seedlings of similar age and
stage of developement. The enzymes assayed were car-
bamoyl phosphate synthetase (CPSase; EC 2.7.2.5) and
asparate carbamoyl transferase (aspartate transcar-
bamoylase; ATCase; EC 2.1.3.2). The secondary product
producers were Pisum sativum (willardiine and isowillar-
diine) and Lathyrus tingitanus (lathyrine). Albizia julibris-
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sin was also examined in this category since it has been
suggested that albizziine maybe product of pyrimidine
metabolism [8]. The non-producers examined for com-
parison were Phaseolus aureus and Glycine max.

The results (Table 1) show that both key enzymes,
CPSase and ATCase, are more active by a factor of 4 to
6 in the secondary product producers than in the non-
producers. Albizia julibrissin was clearly in the high en-
zymic activity group. Previous reports [19, 20] that in
plants both ATCase and CPSase are inhibited by uridine
nucleotides were confirmed in the present study (Table 2).
The results also show that UDP is a more effective
inhibitor of CPSase than in UMP, and that UMP and
UDP are potent inhibitors of ATCase activity. Inhibi-
tions of 88 to 94% resulted with all the plant ATCases
examined.

The implication of these findings is that, subject to
availability of precursors, there is a more rapid synthesis
of pyrimidines in the plants producing pyrimidine-de-
rived secondary products and that this is further elevated
by depletion of UMP and UDP, the negative feedback
controllers of ATCase activity. Such depletion would be
expected to occur because UMP is not only the source of
all the primary products of pyrimidine metabolism, but is
also the source of uracil from which the secondary prod-
ucts willardiine, isowillardiine, lathyrine, vicine and con-
vicine are synthesized [1, 4, 5, 7]. Furthermore, as uracil
is the limiting factor in the biosynthesis of willardiine and
isowillardiine [1] and the biosynthetic mechanisms for
these compounds can immediately handle high concen-
trations of exogenously supplied uracil, up to saturated
solutions [ 1], there is a large metabolic sink for uracil
and hence UMP. Because of its high free energy of
hydrolysis, UDP is metabolically unstable, undergoing
facile hydrolysis to UMP. In the secondary pyrimidine
producers, UMP and UDP are, therefore, unlikely to
accumulate sufficiently to suppress pyrimidine synthesis.

The release of uracil from UMP, for catabolism or
secondary product formation, is catalysed sequentially
by S'-nucleotidase (EC 3.1.3.5), which hydrolyses UMP
to uridine, and uridine hydrolase (EC 3.2.2.3), which
hydrolyses uridine to uracil and ribose. Determination of
the relative activities of these enzymes in the tissues of
plants forming pyrimidine-derived secondary products
and in those of comparable plants not producing such
compounds, revealed significant differences (Table 1).
The producer group showed 5-nucleotidase activities
double those of the latter group, and the activity of
uridine hydrolase was also two to three times higher in
the producer group. These observations also point to the
increased availability of uracil for further metabolism
in the plants yielding pyrimidine-derived secondary
products.

Pyrimidine catabolism

In plants, animals and microorganisms, the reductive
catabolism of pyrimidines is channelled through the
bases uracil and thymine (5-methyluracil). These are en-



Table 2. Effect of nucleotides on carbamoyl phosphate synthase and apartate carbamoyl transferase activity

Pyrimidine secondary metabolism

Table 1. Relative activities of the enzymes of pyrimidine metabolism in some pyrimidine
secondary metabolite producers and non-producers

Specific activity

Enzyme Substrate Enzyme source (nkat x 10> mg ™! protein)
CPSase ATP + NaHCO, P. sativum 133
+ glutamine L. tingitanus 8.6
A. julibrissin 10.0
P. aureus 2.1
G. max 23
ATCase Carbamoyl P. sativum 9.3
phosphate L. tingitanus 10.4
+aspartate A. julibrissin 8.4
P. aureus 2.5
G. max 3.3
5’-Nucleotidase UMP P. sativum 83
L. tingitanus 8.8
A. julibrissin 7.6
P. aureus 5.1
G. max 4.0
Uridine Uridine P. saticum 17.2
hydrolase L. tingitanus 16.1
A. julibrissin nd
P. aureus 53
G. max 8.2
(@ (b) ©
Dihydrouracil (a) Uracil P. sativum 12.5 9.1 83
dehydrogenase (b) Thymine L. tingitanus 6.0 38 5.8
(¢} 5-Aminouracil A. julibrissin 20.1 15.3 214
P. aureus 216 16.6 19.1
G. max 16.1 126 14.5
(d) (e) 9]
Dihydro- (d) Dihydrouracil P. sativum 21.9 10.5 17.6
pyrimidinase {e) Dihydrothymine L. tingitanus 219 10.2 17.5
(f) 5-Aminodihydrouracil A. julibrissin 18.8 9.5 21.3
P. aureus 14.1 5.7 7.8
G. max 13.1 5.2 9.4

Details of substrate concentrations and incubation conditions are given in Experimental.

nd not determined.

Data are a typical set from replicate experiments showing similar trends.

CPSase

Relative activity (%)

ATCase

Addition P.sativum L. tingitanus P.aureus G.max  P.salivum L. tingitanus P. aureus G.max
None 100 100 100 100 100 100 100 100
UMP 937 86.8 928 938 6.2 8.6 6.6 6.8
UDP 58.3 66.0 714 69.2 8.7 11.6 11.5 9.6
UTP 75.0 90.0 85.7 79.2 14.3 17.7 242 15.1
CMP 89.0 90.0 89.2 84.6 98.1 100 103 98.6
CDP 67.7 713 85.7 80.7 100.6 101.6 104 99.2
CTP 83.8 84.9 87.5 83.0 102.5 103.3 107.2 100.6

All nucleotide additions were at a final concentration of 3 mM.
The absolute values (100%) for the controls (no addition} are given 1n Table 1.

Data are a typical set from replicate experiments showing similar trends.
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Table 3. Reduction of lathyrine and uracil by NADPH-dependent dihydrouracil dehydrogenase from
L. tingitanus and P. sativum

Enzyme source

Substrate (0.15 mM)

Specific activity
(nkat x 10> mg ™" protein)

Lathyrus tingitanus Lathyrine
Uracil

Pisum sativum Lathyrine
Uracil

34
6.0

7.7
12.5

The enzyme preparation is described in Experimental.
Data are a typical set from replicate expirements showing similar trends.

zymically degraded by parallel routes (Fig. 1), the first
step in which is reduction of the 5,6-double bond by
NADPH-dependent dihydrouracil dehydrogenase (EC
1.3.1.2). This is the rate-limiting step in pyrimidine
catabolism in most animal tissues (see, e.g. [21-24]), but
relatively little is known of this enzyme in plants, espe-
cially concerning its relative activity and specificity. Dur-
ing the present study, the enzyme was extracted from the
same two groups of seedlings used in the investigation of
pyrimidine production, described in the preceeding sec-
tion, ie. producers and non-producers of pyrimidine-
derived secondary products. Specific enzymic activities
were determined using uracil, thymine, lathyrine and
5-aminouracil as individual substrates. S-Aminouracil
was included because if, as has been suggested [8]. al-
biziine does originate in the catabolism of a pyrimidine,
on structural grounds, this would be expected to be the
precursor. The results (Table 1) showed that the dihy-
drouracil dehydrogenase preparations from all the spe-
cies examined, reduced all three pyrimidine substrates.
The non-producers, P. aureus and G. max, exhibited an
activity two to three times higher than that of the pro-
ducer group of plants. These data are compatible with
the diversion of relatively large amounts of uracil away
from catabolic ring-opening and into secondary product
formation. The scale of this diversion is exemplified by
lathyrine production; lathyrine constitutes >2% of the
dry weight of seeds of L. tingitanus [25] and 20% of the
orotate metabolized by this plant finishes up as lathyrine
[26]. The results with A. julibrissin fall into the same high
dehydrogenase activity range as the non-producers of
pyrimidine secondary products. This is as would be ex-
pected since albizziine is postulated to arise from py-
rimidine ring-opening and not by biosynthetic elabor-
ation of an intact pyrimidine ring. In addition to the
foregoing results, the dehydrogenases from L. tingitanus
and P. sativum were shown to reduce lathyrine at about
half the rate of uracil (Table 3). The other species were
not examined in this respect.

The second enzyme in the pyrimidine catabolic se-
quence (Fig. 1) is dihydropyrimidinase (EC 3.5.2.2), which
catalyses hydrolytic ring-cleavage of the 5,6-dihydro-
pyrimidine product of the first enzyme. All the plants
examined possessed this enzyme and it was active against
all three of the dihydropyrimidine substrates tested, Le.

5,6-dihydrouracil, 5,6-dihydrothymine and 5-amino-5,6-
dihydrouracil (Table 1). With each of the dihydro-
pyrimidinase preparations, except that from A. julibrissin,
5.6-dihydrouracil was the preferred substrate. With the
enzyme from A. julibrissin, however, the preferred sub-
strate was S-amino-5,6-dihydrouracil, from which the
expected product would be albiziine (Fig. 1). To confirm
its identity, the compound was extracted from a parallel
incubation mixture, kept at 37° for 1 hr. The reaction was
stopped by adding trichloroacetic acid (TCA) to a final
concentration of 5% (w/v), and the precipitate was re-
moved by centrifuging. TCA was removed from the
supernatant by extraction into diethyl ether and the
remaining solution was evaporated to dryness in vacuo at
40" After redissolving the residue in 0.5 ml of water, it
was chromatographed in solvents (i), (i) and (iii) and
subjected to high-voltage paper electrophoresis at pH
2 and pH 9 in buffer systems (v) and (vi) (see Experi-
mental). The compound gave a purple colour with nin-
hydrin, and co-chromatographed and migrated elec-
trophoretically with authentic samples of albizziine in the
systems indicated. It was concluded that the product of
the action of dihydropyrimidinase on 5-amino-5,6-dihy-
drouracil is albizziine.

To test the hypothesis that the sequential action of
5,6-dihydropyrimidine dehydrogenase and dihydro-
pyrimidinase in A. julibrissin produces albizziine from
5-aminouracil, and enzymic extract of Albizia seedlings
was prepared using 50 mM Tris—HCI buffer (pH 7.4) and
containing 7 mM 2-mercaptoethanol. The extract was
dialysed overnight against the same buffer. As NADPH,
required by the dehydrogenase to reduce the pyrimidine,
has a relatively short existence in enzymic reaction mix-
tures, an NADPH-regenerating system was included.
Thus, the enzymic incubation mixture consisted of
0.2mM NADP, 10 mM glucose 6-phosphate, ] mM 5-
aminouracil. 50 units of glucose 6-phosphate dehydro-
genase and 9 ml of enzymic extract, in a total volume of
10 ml. In control incubations, NADP, glucose 6-phos-
phate and glucose 6-phosphate dehydrogenase were
omitted. After incubating for 30 min at 2.5°, the temper-
ature was raised to 33° and incubation continued for
a further 2.5 hr. This incubation regime had been found
empirically to give the best conditions. The reaction was
stopped with TCA (5% final concentration), and the
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precipitate and TCA were removed as before. The reac-
tion mixtures were concentrated by evaporation in vacuo
and subjected to high-voltage electrophoresis in buffers
(v) and (vi), and chromatography in solvent systems
(1)-(iti). The presence of albizziine was demonstrated in
the complete reaction mixtures, but not in the controls. It
was apparent that much smaller amounts of albizziine
were produced by this procedure than by using the two
pyrimidine-catabolizing enzymes separately and sequen-
tially. This is attributable to the difficulty in maintaining
the NADPH concentration and also the necessity of
using a compromise incubation pH of 7.4 (the optimum
for dihydrouracil dehydrogenase is pH 7.4-8.0, that for
dihydropyrimidinase is pH 9.5, and for glucose 6-phos-
phate dehydrogenase it is pH 7.4). Repeating the experi-
ment with enzymic preparations from seedlings of P.
sativum gave essentially similar results.

A parallel experiment was carried out with a dialysed
enzymic preparation from L. tingitanus seedlings and
with lathyrine as substrate. The reaction mixture was
similar in composition to that used in demonstrating the
formation of albizziine and included the components of
the NADPH-regenerating system. After incubating for
30 min at 27°, followed by 150 min at 37°, the reaction
was stopped, as before, with TCA, and the precipitate
and TCA, were removed. The extract was concentrated in
vacuo and examined by high-voltage electrophoresis in
buffer (v) followed by sequential paper chromatography
in solvent systems (i)—(iv). In addition to some un-
metabolized lathyrine, the incubation mixture, but not
the controls, were found to contain 4-hydroxyhomo-
arginine. This supports the theory advanced earlier [5]
that 4-hydroxyhomoarginine, a natural constituent of L.
tingitanus seedlings [9] is essentially a catabolite of
lathyrine.

After hydrolytic fission of the pyrimidine ring,
catalysed by dihydropyrimidinase, the ensuing step in the
catabolic pathway (Fig. 1) 1s enzymic hydrolysis of the
ring-opened product to release the carbamoyl group as
CO, and NH; (Fig. 1). With uracil as the initial catabolic
substrate, the product at this stage is 3-aminopropanoic
acid (f-alanine), and with thymine it is the corresponding
methyl derivative, 3-amino-2-methylpropanoic acid. A
preparation of the enzyme responsible for removal of the
carbamoyl group, f-ureidoproionase (EC 3.5.1.6) was
obtained from seedlings of P. sativum and demonstrated
to produce 3-aminopropanoic acid from N-carbamoyl-
f-alanine, and 3-amino-2-methylpropanoic acid from N-
carbamoyl-#-aminoisobutyric acid. The products were
identified by co-chromatography with authentic samples
in solvents (i)-(iii), by high-voltage electrophoresis in
buffer (v), and by their colour reactions with ninhydrin
and Ehrlich’s reagent (see Experimental).

Additionally, enzymic extracts of A. julibrissin and P.
sativum seedlings were shown to catalyse the parallel
reaction with albizziine, yielding 2,3-diaminopropanoic
acid which was identified by similar chromatography and
electrophoresis with authentic samples in systems (iti)
and (v), and by reaction with ninhydrin and with Eh-
rlich’s reagent (see Experimental). 2,3-Diaminopropanoic
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acid is a non-protein amino acid found in various species
of Mimosa and Acacia [13, 15, 18]. Its biogenesis had
hitherto been obscure, but it had been suggested to be the
precursor of albizziine [13]; however, as with the rela-
tionship of lathyrine to 4-hydroxyhomoarginine, the
present work shows that the connection is catabolism
and not biosynthesis (Fig. 1).

It is concluded from the experimental data presented
here that seedlings of A. julibrissin, L. tingitanus and P.
sativum, which accumulate pyrimidine-derived secondary
products, have a greater capacity for uracil production
than do seedlings of G. max and of P. aureus and that this
is mainly attributable to greater relative activity of
CPSase and especially of ATCase, the rate-limiting
enzyme in pyrimidine synthesis [21-24]. Interestingly,
UMP is both the source of uracil for secondary product
formation and the feedback inhibitor of ATCase. Thus,
secondary product synthesis removes the main restraint
on uracil production. As uracil is the limiting factor in the
synthesis of the pyrimidine amino acids [1, 2, 26], this
explains the relatively large accumulations that can occur
of these compounds [1, 25].

The present study shows that the enzymes of py-
rimidine catabolism in A. julibrissin and P. sativum
(Table 1) degrade 5-aminouracil to albizziine as effec-
tively as they do uracil to S-alanine. Similarly, the py-
rimidine catabolic machinery of L. tingitanus and of
P. sativum produces 4-hydroxyhomoarginine from
lathyrine. This latter observation confirms earlier evi-
dence that 4-hydroxyhomoarginine is a catabolite rather
than a mainstream precursor of lathyrine [5-7]. The
findings with albizziine support the theory that this non-
protein amino acid also originates from pyrimidine
catabolism, and this is further strengthened by the ob-
served production of 2,3-diaminopropanoic acid during
catabolism of albizziine by the pathway. In nature, 2,3-
diaminopropanoic acid commonly accompanies albiz-
zline, but its biochemical origin was hitherto unknown.
The precursor of albizziine and 2,3-diaminopropanoic
acid in these experiments, 5-aminouracil, has not been
reported to occur in plants, but the riboside of the corres-
ponding hydroxy compound, S-hydroxyuracil, has [27]
and amination of hydroxyl compounds is biochemically
facile. There are numerous reports, reviewed in refs [28,
29], of the biological potency of 5-aminouracil; e.g. in
plants it blocks the mitotic cycle and inhibits incorpora-
tion of guanosine into nucleic acids, and is both a bacteri-
ostat and a mutagen. Production of albizziine and 2,3-
diaminopropanoic acid may well therefore be another
example of a plant detoxication mechanism yielding non-
protein amino acids [26]. The earlier report of some
small incorporation of radioactivity from [3-'*C]serine
mto albizziine [13, 15] may be explained by the action
of serine dehydratase yielding [3-'*C]pyruvate and,
via oxaloacetate, this producing [!'*C]aspartate, a
pyrimidine precursor.

In summary, the data indicate that, in the plants exam-
ined, the enzymes of pyrimidine catabolism exhibit group
specificiy and that uracil, thymine, 5-aminouracil and
lathyrine can be processed in a parallel biochemical
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fashion (Fig. 1). accounting for the biogenesis of albiz-
ziine, 2,3-diaminopropanoic acid. and 4-hydroxyhomo-
arginine.

EXPERIMENTAL

Materials. Seeds of P. sativum cv. Meteor were from
Booker Seeds Ltd.. Sleaford, Lincs, Albizia julibrissin
seeds were from Thompson & Morgan, Ipswich, Suffolk.
Phaseolus aureus and G. max seeds were purchased
locally and those of L. tingitanus were supplied by the
University Botanic Garden. In all cases, seeds were well
washed and allowed to imbibe for 15 hr before sowing.
Albizia seeds were chipped before imbibition. Seeds were
germinated in moist vermiculite and grown at 25 in
a light cycle of 16 hr light (6 klx) and 8 hr dark.

Analytical grade chemicals and Polyclar AT were from
BDH. Pyrimidines, coenzymes and enzymes, amino
acids, p-nitrophenyl phosphate, p-methylaminophenol
sulphate and p-dimethylaminobenzaldehyde were from
Sigma. [2-'*C]Uracil (sp. radioactivity 54 mCi mmol " ')
and NaH'*CO; (sp. radioactivity 0.1 mCimmol ™ ') were
from Amersham. The Apex II ODS column was supplied
by Jones Chromatography.

CPSase; extraction and assay. Seedlings (10-13 days
old) were homogenized, using a pre-chilled mortar and
pestle, in 0.1 M Tris—HCI buffer (pH 7.6) containing
3 mM glutamine and 10 mM 2-mercaptoethanol, allow-
ing | ml buffer g ! tissue. The homogenate was pressed
through two layers of cheesecloth and the filtrate centri-
fuged at 12000 g for 20 min at 4. The supernatant was
used directly as the crude enzymic prepn. Its activity was
assayed essentially by the method of ref. [30] in which
carbamoyl phosphate is converted into hydroxyurea, but
4 mM ornithine was added to the reaction mixture.
['*C]Hydroxyurea was determined by scintillation
counting 0.5 ml samples in 5 ml of Optiphase Ria Luma
{LKB). Counting efficiency was 86%.

Extraction and assay of ATCase. Seedlings (10-13
days old) were homogenized, using a prechilled mortar
and pestle, in Tris-HCI buffer (0.1 M; pH 8.0), allowing
I mlg ! tissue. After pressing through a double layer of
cheesecloth, the filtrate was centrifuged (as above) and
the supernatant dialysed overnight at 4" against the same
buffer. Enzymic activity was assayed by the procedure of
ref. [31] with minor modifications. Incubation mixtures
contained 0.1 M Tris--HCI buffer (pH 8.0). SmM car-
bamoyl phosphate, 10 mM aspartic acid (pH 8.0), 0.1 ml
enzymic extract, in a final vol. of 1 ml. Incubation was at
30° for 1 hr. The reaction was stopped by adding 3 M
HCIO, (0.1 ml) and the ppt. removed by centrifuging.
Carbamoyl aspartate was determined by the method of
ref. [32].

UM P-5-nucleotidase and uridine hydrolase; extraction
and assay. A nucleotidase preparation was obtained es-
sentially by the procedure described for CPSase, except
that a 0.2 M Tris-HCI buffer (pH 8.0) containing 2 mM
dithioerythritol was used. The supernatant was dialysed
overnight at 4° against the same buffer. For assay of
5-nucleotidase activity, the reaction mixture comprised
0.1 M Tris—HCl buffer (pH 7.5) containing 2 mM MgCl,,
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5 mM NaMoQO, and 10 mM UMP; correction was made
for non-specific phosphatase activity, determined in the
same preparation by a similar protocol, but in which
UMP was replaced by 10 mM p-nitrophenyl phosphate.
For both assays, 0.1 ml of enzymic extract was used in
a final reaction volume of 1 ml; incubation was at 37° for
30 min. Reactions were terminated by adding 0.1 ml 75%
TCA and precipitated proteins were removed by cen-
trifuging. P; released was determined colorimetrically
[33]. Uridine hydrolase activity was determined in the
same enzymic extract using HPLC. The assay mixture
comprised 0.1 M Tris—HCI (pH 7.5), 10 mM uridine, and
0.6 ml extract, in a final vol. of 1 ml. After incubation at
37% for 1 hr, the reaction was terminated by adding 0.1 ml
of 3 M HCIQ,, and the pptd proteins were removed by
centrifuging. The supernatant was neutralized at 4° with
3 M KOH soln. and the pptd KCIO, removed by cen-
trifuging. Phenolics were removed by stirring the super-
natant for 20 min at 4° with insoluble PVP (Polyclar AT)
prepared for use as described in ref. [34] and allowing
500 mg 10 g~ ! tissue extracted. After clarifying the prepn
by centrifuging, the supernatant was filtered through
a Millipore membrane (por. 0.45 uM) for HPLC. A rever-
sed-phase column of Apex II ODS (25 c¢m x 4.6 mm
diam.) was used in a linear gradient of 0-100% 3 M
KH,PO, containing 15% MeOH in 10 min. The initial
soln. was 1.5 M KH,PO, containing 15% Me¢OH, and
the flow rate was 1 mlmin~'. The retention times for
UMP, uracil and uridine were 4.0, 4.8 and 5.6 min,
respectively.

Dihydrouracil dehydrogenase; preparation and assay.
This enzymic activity was obtained by homogenizing
seedlings at 4°, as described above, in K — P; buffer
(50 mM; pH 7.6) containing 5 mM 2-mercaptoethanol
and 5mM EDTA. After centrifuging, the supernatant
was dialysed overnight against the same buffer. Enzymic
activity was assayed spectrophotometrically at 37° by
monitoring AA4140. Reaction mixtures contained 50 mM
K-P, buffer (pH 7.6), SmM 2-mercaptoethanol, 5 mM
EDTA, 0.15mM NADPH, 0.15 mM substrate (uracil,
thymine, 5-aminouracil or lathyrine) and 0.1 ml enzymic
prepn, in a final vol. of 0.6 ml. The reaction was initiated
by adding NADPH,; the reference cuvette contained the
same mixture from which substrate had been omitted.

Dihydropyrimidinase; preparation and assay. Seedlings
were homogenized, as before, but using a 50 mM
Tris--HCI buffer (pH 9.5). After filtration through two
layers of cheesecloth and centrifugation at 12000 g for
20 min, the supernatant was dialysed overnight at 4°
against the same buffer. For enzymic assay, the reaction
mixture comprised 50 mM Tris—HCl buffer (pH 9.5),
3 mM substrate (dihydrouracil, dihydrothymine or 5-
amino dihydrouracil) and 0.1 ml of enzyme preparation,
in a final vol. of 1 ml. After incubating for 1 hr at 37°, the
activity was determined colorimetrically by the method
of ref. [35] with minor modifications.

B-Ureidopropionase; extraction and incubation. For ex-
amination of S-ureidopropionase activity, seedlings were
homogenized, as above, but in 50 mM K-P; buffer (pH
7.3) containing 10 mM MgCl, and 10 mM 2-mercap-
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toethanol. After centrifuging at 12000 g for 20 min, the
supernatant was dialysed for 12 hr at 4 against the same
buffer. The reaction mixtures contained 50 mM K-P,
buffer (pH 7.3). 10 mM MgCl,, 10 mM 2-mercapto-
ethanol. 10 mM substrate (N-carbamoyl-g-alanine, N-
carbamoyl-f-aminoisobutyric acid or albizziine) and the
enzymic extract, in a final vol. of 5 ml. After incubation at
37 for 3 hr, the reaction was stopped with TCA (final
concn 5%, w/v) and the ppt. removed by centrifuging,
TCA was removed by extraction with Et,O and the
remaining soln was coned in vacuo for chromatography
and electrophoresis.

Chromatography and electrophoresis. The PC solvent
systems used with Whatman No. | or 3 MM paper were
(i 1-BuOH-HOAc-H,0 (60:15:25), (ii) 2-PrOH-
aq.NH;-H,0O (70:10:20), (iii) 2-MePrOH-MeCOEt -
H,0-aq.NH; (40:30:20:10), and (iv) H,O. High-
voltage electrophoresis (HVE) was effected on Whatman
3 MM paper. The buffers used were (v) HO,CH-HOAc
at pH 2 prepd by mixing HOAc (50 mi) with HO,CH
(40 ml of 98-100%, v‘v) and making up to a final vol.
(11) with H,0: and (vi) Na,B,0- (50 mM). The voltage
gradient applied was 28 Vem ™! for 2 hr.

Compounds were located either by viewing in UV light
or with ninhydrin (0.2% w/v in Me,CQO). A modified
Ehrlich reagent was also used as appropriate. This
comprised 1% (w/v) p-dimethylaminobenzaldehyde in
Me,CO-HCI (9.5:0.5) [36]. Before using this, the paper
was sprayed with 0.5 M NaOH and allowed to dry. The
modified Sakaguchi reagent used in this study was that of
ref. [37]: it consisted of 0.1% (w/v) 8-hydroxyquinoline
in Me,CO followed by 0.2% Br, in 0.5 M NaOH.

N-Carbamoyl-p-alanine,  N-carbamoyl-$-aminoiso-
butyric acid and S-aminodihydrouracil gave a yellow
colour with Ehrlich’s reagent and under the same condi-
tions, f-aminoisobutyric acid gave a dark orange colour;
albizziine gave a yellow/pink colour. With ninhydrin, all
the amino acids except lathyrine and f-alanine gave the
usual purple reaction. Lathyrine appeared red and
f-alanine blue, gradually turning purple. With the
Sakagushi reagent, lathyrine appeared purple and 4-
hydroxyhomoarginine gave an orange-red colour.

Prepn of compounds. 5-Amino-5,6-dihydrouracil was
prepared by cyclizing albizziine [38]. An albizziine soin.
(0.1 gin 4 ml 15% v;/v HCI) was refluxed for 2 hr, evapd
to dryness, and redissolved in H,O (0.5 ml) for chromato-
graphic purification.

N-Carbamoyl-#-aminoisobutyric acid was prepd by
hydrolysis of 5,6-dihydrothymine (DHT). A soln of DHT
(50 mmol) and NaOH (75 mmol) in 10 ml H,O was
heated to boiling, cooled to room temp. and acidified
with conc. HCl to pH 2. After standing overnight at 4,
the supernatant was removed by centrifuging and the
crystals were recrystallized ( x 3) from MeOH [39].

Lathyrine and 4-hydroxyhomoarginine were extracted
from L. tingitanus seeds by the procedure of ref. [5].
Purification was by sequential PC in solvents (i)—(1v) and
HVE in buffer (v).

Protein determination. Protein concentrations were
determined by the Bradford method [40].
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