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Abstract—From seedlings of Citrullus vulgaris the enzyme B-(pyrazol-1-yl)-L-alanine synthase was purified 200-fold,
when it showed electrophoretic homogeneity (MW 58000) and could be dissociated into identical subunits
(MW 32000) each containing one molecule of pyridoxal 5'-phosphate. The K,, value was 2.5 x 107 3 M for O-acetyl-L-
serine and 7.4 x 10~ 2 M for pyrazole. The enzyme did not catalyse the formation of related S-substituted alanines, such
as L-mimosine and L-quisqualic acid, and significant differences were found between the p-(pyrazol-1-yl)-L-alanine
synthase and f-substituted alanine synthases and cysteine synthase from other sources.

INTRODUCTION

B-(Pyrazol-1-yl)-L-alanine (BPA) was first isolated from
the pressed juice by Shinano et al. [1] and the seeds of
watermelon (Citrullus vulgaris) [2] and has subsequently
been found in several other cucurbit plants [2]. Cucurbit
seeds normally contain significant amounts of y-L-
glutamyl-BPA together with free BPA [3].

In C. vulgaris seedlings BPA has been shown to derive
from pyrazole and O-acetyl-L-serine (OAS) by Murakoshi
et al. [4]. In the course of our work on the enzyme systems
from higher plants catalysing the formation of pg-
substituted alanines, we have demonstrated the enzymatic
synthesis of a number of g-substituted alanines in cell-free
extracts from several higher plants [4-11].

In order to enable more detailed studies of the bio-
synthesis of this group of non-protein amino acids we
have attempted to purify these enzymes to homogeneity.
In this paper the purification and the characterization of
BPA-synthase from one-week-old seedlings of C. vulgaris
is described.

RESULTS

Distribution of B-(pyrazol-1-yl)-L-alanine synthase in
C. vulgaris seedlings

BPA-synthase activity was compared in extracts pre-
pared from the dry seeds and from 2-, 5-, 7- and 10-day-
old seedlings. The activity per mg-total protein present in
the extracts increased progressively with increasing age of
the seedlings over a 10-day growth period. The specific
activity of BPA-synthase in extracts of 7-day-old seedlings

*Parts of this work were reported at the 100th and the 101st
Annual Meeting of the Pharmaceutical Society of Japan at
Tokyo, April 5, 1980 (Abstracts p. 236) and at Kumamoto, April
2, 1981 (Abstracts p. 523) and were included in the dissertation
presented by.F.I at Tokyo University 1981 (in Japanese).

(cotyledons removed) was about 15 times that of coty-
ledons extracts. Virtually no activity was found in extracts
of the dry seeds.

Purification of B-(pyrazol-1-yl)-L-alanine synthase from
C. vulgaris seedlings

The enzyme was prepared from 1.6kgfr.wt of 6 to
7-day-old seedlings (cotyledons removed) using heat
treatment, ammonium sulphate fractionation, gel filtra-
tion on Sephadex G-100 and ion-exchange chromato-
graphy on DEAE-cellulose or DEAE-Sephacel as sum-
marized in Table 1. The enzyme activity was eluted at
0.04-0.06 M KC1 on DEAE-cellulose (DE-52) chromato-
graphy (Fig. 1) and the BPA-synthase band obtained after
DEAE-Sephacel chromatography had a constant specific
activity across the band (Fig. 2). The above procedure
gave a 200-fold purification of the enzyme with a specific
activity of 355 U/mg protein and a yield of 3.9

Properties of the purified enzyme

The purified enzyme was sensitive to freezing even in
presence of 209, glycerol. Freeze-thawing or lyophiliz-
ation inactivated the enzyme rapidly. No enzyme activity
was lost during storage for one month at 0-2°. The MW of
the enzyme was determined by reference to standard
curves obtained by gel filtration on a Sephadex G-100
column according to the method of Andrews [12] and was
estimated to be 58 000 + 2000.

Polyacrylamide gel electrophoresis using 0.1 %, sodium
dodecylsulphate [ 13] showed a single band witha MW of
32000+ 2000. Electrophoresis on gels containing 8 M
urea again exhibited a single band indicating that the
enzyme consists of identical subunits. Thus the native
enzyme appears to consist of two subunits, with the same

The identification of bound pyridoxal 5'-phosphate in
the purified enzyme was demonstrated by direct spectro-
photometric measurements [ 14]. BPA-synthase has one
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Table 1. Summary of purification of f-(pyrazol-1-yl)-L-alanine synthase from Citrullus vulgaris

Volume  Total activity Total protein Specific activity Yield
Purification step (ml) (units)* (mg) (units/mg protein) (%)
1. Crude extractt 2260 10000 5830 1.72 100
2. 55°-heated supernatant} 2240 7070 3290 2.15 70.5
3. Ammonium sulfate precipitate§ 45 4200 340 124 42
4. 1st Sephadex G-100 (peak fractions) 70 2440 56 43.6 24.3
5. 1st DEAE-cellulose (0.04-0.06 M) 35 1490 10.5 142 14.9
6. 2nd Sephadex G-100 (peak fractions) 14 470 1.8 261 47
7. DEAE-Sephacel (0.08-0.09 M) 6 390 1.1 355 39

*A unit of enzyme activity represents 1 nmol of product formed/min at 28°, in 0.03 M K-Pi buffer, pH 7.4.
tStarting from 1.6kg of the fresh seedlings of Citrullus vulgaris (3.6 mg protein/g seedlings).

155°, 2 min.
§40-60 9/ saturation.
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Fig. 1. DEAE-cellulose column chromatography of BPA-

synthase from Citrullus vulgaris. A column (1.3 x 12 cm) was

equilibrated with Buffer A before chromatography. The column

was washed with the same buffer and then eluted with a linear

0-0.35 M KCl gradient (———) in the same buffer, 5 ml fractions

were assayed for BPA-synthase (—@—)and for protein (——)as
shown in Experimental.

molecule of pyridoxal 5'-phosphate bound to each sub-
unit (Table 2). The enzyme exhibited a single pH optimum
at pH 7.3-7.4. It lost half of its activity below pH 6.5 and
above pH 8.5.

The enzyme exhibited typical Michaelis-Menten

kinetics and a Lineweaver-Burk plot gave K,, values of 2.5

x 10~3 M for OAS and 7.4 x 10~2 M for pyrazole. The
K,, value for OAS was less than that determined for L-
mimosine synthase from Leucaena leucocephala[15). The
addition of pyridoxal 5'-phosphate enhanced the alanylat-
ing rate, the increase being maximal (40 %) at 0.25 mM.
Similar requirements have been reported for trypto-
phanases and f-tyrosinases from microorganisms [ 14, 16,
17].

The pyridoxal 5'-phosphate inhibitors, hydroxylamine
and potassium cyanide at a concentration of 50 mM and
10 mM respectively almost completely inhibited the
enzyme activity in a fashion analogous to multifunctional
pyridoxal enzymes.
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Fig. 2. DEAE-Sephacel column chromatography of BPA-
synthase obtained by Sephadex G-100 column. The dialysed step
6 fraction was applied on a column (1.3 x 6 cm) that had been
equilibrated with Buffer B. The column was washed with the
same buffer and then eluted with a linear KCl-gradient
(0-0.35M) in the same buffer (—-—), 2 ml fractions were
assayed for BPA-synthase (—®—) and for protein (——) as
shown in Experimental.

Substrate specificity

Under standard assay conditions the enzyme showed
the highest activity in the presence of OAS as a donor for
the alanyl moiety. Under identical conditions the activity
was 1649 in the presence of O-succinyl-L-serine and
2.5 % in the presence of O-sulpho-L-serine as compared to
OAS. No detectable activity was found with O-phospho-
L-serine or with L-serine.

The enzyme also shows distinct substrate specificity
when a variety of N-heterocyclic compounds were used as
an acceptor for the alanyl group. Table 3 shows the
relative activities of the purified enzyme with different
substrates. The activity was only 10.6 %; in the presence of
3-amino-1,2,4-triazole and 8.79 in the presence of N-
hydroxyurea as compared to pyrazole. BPA-synthase
could not synthesize L-mimosine, L-quisqualic acid, L-
willardiine or L-isowillardiine when suitable substrates
were provided. BPA-synthase also could not synthesize S-
methyl-L-cysteine [23]. The different heterocyclic sub-
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Table 2. Summary of the physicochemical properties and kinetics of
Citrullus vulgaris p-(pyrazol-1-yl)-L-alanine synthase

Property Citrullus vulgaris
ElZ at 280nm 136
Absorption maxima (pH 7.4) 280, 410nm
A0 nm/ A2800m (PH 7.4) 0.59
A410nm/A280nm (PH 7.4) 0074
MW (Sephadex G-100 filtration) 58 000 + 2000
MW of subunit (SDS-disc gel electrophoresis) 32000 + 2000
Number of subunits 2
Pyridoxal 5'-phosphate bound to the enzyme. 2 moles/mole

enzyme

K,, for O-acetyl-L-serine* 25x1073M
K,, for pyrazole* 74x 1072 M

*K,, values were determined from Lineweaver-Burk plots.

Table 3. Relative synthetic rates of -substituted alanines from N-heterocyclic compounds and O-acetyl-L-
serine by p-(pyrazol-1-yl)-L-alanine synthase

N-Heterocyclic compound  Amino acid synthesized Relative velocity of synthesis (%) Optimum pH

g - NH EN,N—CHZ—CH—COOH 100 74 [4]
NH,
N:1 N:
N NH H,NA\NN-CH;-CH-COOH 106 78[7]
NHz
H;N-C-NH-OH H,N-C-NH-O-CH,-CH-COOH
20 2 e 8.7 7.5{11]
o (0} NH,
NH-—FO
OA\O/NH L-quisqualic acid 0 7.4 (6]
HO,
O NH L-mimosine ] 7.8 [4]
H o . ..
N L-willardiine
o< —«NH L-isowillardiine 0 78010]
Me-SH S-methyleysteine ' : 0 - 7.8 [23]

The reaction mixtures containing 2.5 mM of OAS, 12.5-75 mM of N-heterocyclic compounds and 7 ug of
enzyme in 0.4 ml of 0.03 M K-Pi buffer were incubated at each optimal pH for 30 min at 28°. The reaction
mixtures were applied on paper chromatography and on an automatic amino acid analyser and then were
assayed as described before [4-11]. The relative rates of synthesis were compared with that of BPA.
Methylmercaptan was examined in comparison with cysteine synthase [23].

strates were tested at the pH found optimal for alanyl- DISCUSSION
ation of the respective substrates to avoid critical dif-
ferences in the tautomeric conformation of the hetero- In the present investigation a seven-step purification

cycle [4-11]. L-Mimosine synthase is similar to BPA- procedure has been developed to achieve purification to
synthase in its reaction pattern [15]. electrophoretic homogeneity of BPA-synthase from C.
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vulgaris seedlings. While this enzymatic activity had been
described before in crude extracts of the same plant
species [4, 18], this study presents the first detailed
account of the extensive purification of an enzyme
catalysing the formation of a heterocyclic f-substituted
alanine from higher plants.

The progressive increase of enzyme activity during the
seedling growth is commensurate with enhanced concen-
trations of BPA [19]. This observation together with the
fact that the enzyme is barely detectable in dry seeds
suggests that it is synthesized de novo during development.
However, the possibility remains that the enzyme protein
may still be present in the seeds either as inactive precursor
or as subunits.

Among the substrates studied so far (Table 3), the
enzyme has a pronounced preference for OAS and
pyrazole, the activity with other substrates being at least
ten times smaller and often below the limit of detection.
The K,, value of 2.5 x 1073 M found for OAS is distinctly
different from the K,, value of 6.25 x 10~ M reported for
L-mimosine synthase from L. leucocephala under similar
conditions [15]. Furthermore, BPA-synthase does not
show substrate inhibition like L-willardiine and L-
isowillardiine synthase from Pisum sativum [10].

These findings emphasize that BPA-synthase from C.
vulgaris is one of a group of enzymes from higher plants
catalyzing analogous substitution reactions but with
markedly different substrate specificities.

EXPERIMENTAL

Materials. C. vulgaris seeds were purchased from local nur-
series, and were sown in moistened vermiculite and grown
without added nutrients in the dark for 6-7 days at 26-28° unless
otherwise stated. Seedlings were harvested, washed and the
cotyledons were removed; they were then cooled for 30 min at
0-4° before enzyme extraction. Sephadex G-100 and DEAE-
Sephacel were purchased from Pharmacia. DEAE-Cellulose
(DE-52) and polyvinylpolypyrrolidone (PVPP) were obtained
from Whatman and from Sigma, respectively. All other chemicals
used were of the highest commercial grade available.

Activity assay. The routine assay was based on that described
before [4). The enzyme was dissolved in 0.03 M K-Pi bulffer,
pH 7.4 (Buffer A). Substrate concns were 75 mM for pyrazole and
2.5mM for OAS. Incubation was at 28° for 30 min; the total
reaction vol. was 0.4 ml, utilizing up to 0.2ml of enzyme
(corresponding to 7-100 ug of protein). Reactions were ter-
minated by the addition of 0.02 ml of 109, NH,OH and the
formation of BPA measured by the general method described in
ref. [20]. The unit of enzyme activity used in the present paper is
equivalent to 1 nmol of BPA produced per 1 min. Protein was
determined by the method of ref. [21].

Distribution of BPA synthase in C. vulgaris seedlings. The
seedlings were harvested at specified stages and the cotyledons
were removed. These or dry seeds were washed and cell-free
extracts prepared by grinding with 0.1 M K-Pi buffer, pH 7.5
(1 ml/g fresh tissue) containing 10 mM 2-mercaptoethanol in a
chilled mortar and pestle. The homogenates were centrifuged at
25000g for 30 min at 0-2°. The supernatant was applied on a
column of Sephadex G-25 (fine) to separate the protein from low
MW substances and the activities in the solns were assayed.

Purification of BPA synthase from C. vulgaris seedlings. All
operations were carried out at 0-4°. Step 1. 1.6 kg of fresh 6 to 7-
day-old seedlings (cotyledons removed) were homogenized in 2 1.
of 0.1 M K-Pi buffer, pH 7.5, containing 0.25 M sucrose and
10 mM 2-mercaptoethanol with insoluble polyvinylpolypyrro-
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lidone (100g). Homogenization was performed in an electric
mixer at top speed for 2 min. The homogenate was pressed
through nylon cloth and the filtrate centrifuged at 15000g for
30 min. This supernatant was designated as crude extract. Step 2.
The crude extract was placed in a water bath at 80° and stirred
vigorously until the temp. of the preparation reached 55°, it was
then kept in the water bath for an additional 1 min and gently
swirled by hand. At the end of this time it was immediately chilled
to 4° with ice water, and then centrifuged at 10000¢ for 20 min.
Step 3. The step 2 supernatant was subjected to (NH,),SO,
fractionation and the protein precipitating between 40 and 609,
saturation was collected and dissolved in Buffer A. In this buffer,
enzyme activity was stable for at least 7 days at 4°. Step 4.
Sephadex G-100 gel filtration. The resulting solns were then
applied on the Sephadex G-100 column (2.6 x 80cm) pre-
equilibrated with Buffer A and eluted with the same buffer.
Fractions (5ml) were collected and assayed for activity and
protein, measured by A at 280 nm [22]. The elution profile of
BPA-synthase showed a single activity peak and fractions
containing high activity were concd by (NH,),SO, precipitation
and dialysed overnight against Buffer A. Step 5. Column chro-
matography on DEAE-cellulose. The dialysed step 4 fraction was
applied on a column (1.3 x 12cm) of DE-52 pre-equilibrated with
Buffer A. The column was washed with 75 ml of Buffer A and
then proteins were eluted with a linear gradient containing
0-0.35 M KCl in Buffer A. Fractions with significant synthase
activity (0.04-0.06 M KCl fractions) were pooled and were concd
by (NH,),SO, precipitation. Step 6. 2nd Sephadex G-100 gel
filtration. The step § fraction was applied on a column (2.6
x 42 cm) of Sephadex G-100 pre-equilibrated with Buffer A. The
eluate was collected in 2ml fractions and the pooled active
fractions were dialysed overnight against 0.01 M K-Pi buffer,
pH 7.4 (Buffer B). Step 7. Column chromatography on DEAE-
Sephacel. The dialysed fraction was then applied on a column (1.3
x 6 cm) of DEAE-Sephacel pre-equilibrated with Buffer B. The
column was then washed extensively with the same buffer and
was eluted with a linear KCl-gradient (0-0.35 M) in Buffer B. The
enzyme activity was eluted at 0.08-0.09 M KCl, and was dialysed
overnight against a large vol. of Buffer A. The purified enzyme
fraction was a yellow soln and was stable for at least one month at
0-2°. This enzyme fraction was used in all further expts.

Spectrophotometric measurements of BPA synthase. The ab-
sorption spectrum of BPA-synthase was measured at
200-600 nm by using an automatic spectrophotometer (Hitachi).
The protein concn was 1.65 mg per ml of Buffer A for BPA-
synthase. The identification of bound pyridoxal 5'-phosphate in
the purified enzyme was determined by measuring the A4 at
410 nm in comparison with that of standard pyridoxal 5'-
phosphate: bound pyridoxal 5'-phosphate concn was 2.1 mol-
ecules per 1 molecule of BPA-synthase.

MW determination by gel filtration. The MW of the purified
enzyme was determined by gel filtration chromatography using
Sephadex G-100 in a 2.6 x42cm column [12]. The gel was
equilibrated with Buffer A, which contained 0.1 M NaCl. The
enzyme was detected by assaying fractions for activity. The
following standard marker proteins were used: chymotrypsino-
gen A (MW 25000), ovalbumin (MW 45 000) and bovine serum
albumin (MW 68 000). The column void vol. was determined ina
separate run by using Blue Dextran 2000.

SDS-polyacrylamide-gel electrophoresis (with and without 8 M
urea). The purified enzyme was subjected to dodecylsulphate
electrophoresis on 8%, gels at pH7.2 (0.1 M Na-Pi buffer)
according to the methods of ref. [13] and the running time was
2 hr at 4 mA/gel. Gels were stained with Coomassie Brilliant Blue
R-250, followed by destaining in HOAc-MeOH-H,0 (1:5:5).
The enzyme concn was 10-15 ug/gel and protein standards were
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a-lactalbumin (MW 14 400), trypsin inhibitor (MW 20 100), car-
bonic anhydrase (MW 30000), ovalbumin (MW 45000) and
bovine serum albumin (MW 68 000) and bromophenol blue was
marker.

Kinetics and other properties. The pH optimum, curves relating
enzyme activity to pyrazole and OAS concns, etc. were de-
termined under standard assay conditions by using 100 ul
samples of purified enzyme (equivalent to 7 ug of protein).
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