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Abstract— Diamine oxuudase (DAO, EC 1.4.3.6) was purified 135-fold from leaves of subterranean clover ( Trifolium
subterraneum L. cv Seaton Park) and three isoenzymes were identified. The native enzyme has an M, of ca 150000 and
comprises two subumuts both having an M, of 80000. Clover DAO has a broad specificity range and 1s inhubsted by
copper ligands and reagents reactive towards carbonyl groups. Copper is essental for enzyme acuvity with the apo-

being reactivated specifically by copper. The enzyme has a broad pH optimum from pH 7-8 and an acuvauon

energy of 47 kJ/mol with 1,4-diamunobutane as substrate.

INTRODUCTION

Duamine oxidases (DAO, EC 1.4 3.6) are widespread i1n
nature and have been punfied from several anumai (1] and
plant [2-11] species. All of these contain copper as a
cofactor, unlike the amine oxidases of cereals (12, 13)
DAOs oxidize amines by the following reaction.

RCH)NH; + Ox + H)O — RCHO + on) + NH)

Inclover, DAO synthesis occurs during carly leaf develop-
ment and its synthess appears to be regulated by copper
(14) We have now purified and characterized clover
DAO extending the carlier work of Werle and Hartung
(15) DAOs punfied from some legume species have
shown muluiple forms consisting of one major and one or
several minor forms S, 7.8] It 15 not established that
these were 1soenzymes and they may have resulted from a
proporuon of the enzyme being modified by the extrac-
tion procedure, protease action or pheoolics. In addition,
ditferent parts of the same plant can possess DAOs with
different properues (16] and thus may explain why some
workers have found muluple DAO forms when using
whole tops of seedlings as the staring materal (7.17).

Io this paper we report that three 1soenzymes of DAO
were co-punfied from a defined plant part (young folded
leaves of clover) with the two major forms being of about
equal abundance

RESULTS AND DISCLSSION

Purtfication of DAO

DAO was purified 135-fold from a leaf bomogenate of
clover leaves (Table 1) and judged pure by nauve gel
electropboresis at two pHs and SDS-gel clectropboresis.
In native gel electropboresss, both the protan and enzyme
stains showed the presence of three 1soenzymes of DAO
that migrated closely to one another and consisted of one
munor bend scparating two major  bands
(R,0.19-0.24, pH 9, 7 %,gel) The following observations
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Table | Punfication of DAO (rom clover leaves

Speaific activity
Protan  Acuvity (ukaymg
Step (mg) {ukat) proten) , Yrekd
Crude homogenate 990 80S 0008 10V
{NH,), SO, 47 $98 0014 74
30-70"", fracuon
Phosphoceliulose 435 438 101 54
chromatography
Hydroxylapsute 338 I 110 4
chromatography

confirm that the mulupie DAO bands were 1soenzymes
and had not resulted from the action of proteases or
phenolics leading to a fracuon of the DAO being mod:-
fied: (1) polyvinylpolypyrrolidone was included in the
extraction buffer to bind phenolics released when the
leaves were homogenwzed. (1) a sample of freshly pre-
pared crude homogenate clectrophoresed at pH 9 yielded
the muluiple bands even when the protease ishibator
phenyimethylsulphonyl fluoride {1 mM) was added and
also when bovine serum albumin was added to the
extraction buffer at 10 umes the concentration of total leaf
protein in the extract. The excess bovine serum albumin
would have protected the leaf proteins from both protease
action and phenolics, (1) the relatve amounts of DAO
1soenzymes i1n nalive gels did not change with each step of
the punfication and was reproduced when DAO was
punfied from ditferent batches of leaves.

Properties of clover DAO

Clover DAO had similar properties to other legume
DAOs [4-11] with regard to substrate specificaty, copper
content, absorpuon spectra, amino acid composiuon and
M,. The enzyme catalysed oxidation of a wide range of
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amunes but acted preferentially towards 1.4-damino-
butane. 1.5-duminopentane and spermidine and had K,
ot 38, 19 and 74 uM, respectively, tor these substrates. The
range of substrates oxxdized by clover DAO was sumular to
that of pea DAO [4] but was less specific than that of
Euphorbia 3] and lenul DAO [10] Copper hgands
(NaN,, Na dethyldithiocarbamate. NH, pyrrohidined:-
thiocarbamate) and reagents that react with carbonyl
groups (phenylhydrazne, semicarbazide, hydroxylamine)
inhubited the enzyme. With 1. 4-duminobutane as a sub-
strate, clover DAO showed a broad pH optimum from pH
7t081n 67 mM KPy and had an activation energy ot 47
kJ:mol as calculated trom the Arrhenius plot (DAO
assayed in range of 640 )

The spectrum of clover DAO showed a broad absorp-
tion band centred at 490 nm (EM,, = 2 x 10*)and a band
at 280nm (EM_ =129x10%) The band at 490 nm
disappeared after adding phenylhydrazine but was rep-
laced by a larger peak at 446nm (E}', =39 x 10%)
Titration of clover DAO with phenylhydrazine showed
the presence of one carbonyl group per enzyme dimer as
tound for other copper DAOs [1.2.9.10, 18]

Although three 1soenzymes could be identified from
native gel electrophoresis, only a single band withan M, ol
80000 resulted from gel electrophoresis run under de-
natuning conditions This indxated that all three 1s50-
enzymes consisted of the same subumit size. Since the
native M, as determined by gel filtration was ca 150000
the enzyme can be described as a dimer of dentically sized
subunits

The copper content of clover DAO was found to be
0.063 °, which, based on an M, of 150000 for the enzyme,
suggests | Scopper atoms per dimer Other copper DAOs
contain 2 copper atoms per dimer [1.3,8-10] Copper
may have been lost during the punfication of DAO or the
amount ol DAO overestimated in the protein assay Apo-
DAO prepared :n titro was reactivated specifically by
Cu’* with reacuvation being maximal after 20 min when
ca 807, of the onginal activity of the holoenzyme was
regained Table 2 shows the amino acid composition ol
clover DAO which 1s similar to that of other legume
DAOs in that a high proportion ol acidic residues are
present

EXPERIMENTAL

Plant matenal Subterranean clover (] rifolium subterraneum L
¢v Seaton Park) was grown 10 soln culture with all nutnents
supphied a3 descnibed in ref (19] except that copper as CuSO,
was supplied at | kM Young lolded leaves were colkected
because they contained the highest DAO actiniy per mg protein
(14] Leaves were stored at - 80

Purification of DAO The whole purihcation procedure was
carrred Out at 4

Step 1| About 100 g ol young leaves were powdered using a
food prooessor To the powdered kaves UIM KPi pH?
contmning 25 mM mercaptoethanol was added with polyvioyl-
polypytrolidone (5 g 100 mi)and acxd-washed sand The muxture
was ground with a mortar and pestle. filtered through cheese
cloth then centnifuged at 10000y 1or 40 min Step 2 Sold
INH();SO, was added 10 the supernatant of step | Ppts that
tormed st 30- 70 ', satn were collected and dissolved in 10 mM
KP1 pH 64, then dualysed agunst 41 of the same bulfer
overnight Step 3 The dialysed soin was clanfied by centnfug-
ation before being appled to s phosphoceilulose column (2

Table 2 Amino acid compostion ol
clover DAO

Number of resxdues

Amino acd relative to Met
Asp 4]
The 28
Ser p{)
Glu 34
Gly 22
Ala 14
Val 24
Met |
lle 24
Leu 27
Ty 12
Phe 16
His 24
Lys 23

Arg 13

x 10 cm) previously equilibrated with I0 mM K Py pH 6 4 When
A o had dropped 10 zer0. DAO was eluted with & continuous
convex gradient of | M NaClin 10 oM KPy pH 64 Step 4 The
active Iractions of step 3 were combined and concentrated, and
after overrught dulyus aguost 41 of 10mM KPi pH 7, the
sample was applied 10 8 hydroxylapatite column (1 6 x 20cm)
equilibrated with 10 mM KPy pH 7 Protean was eluted with 8
continuous convex gradient where the imit bufler was0 4 M K Py
pH 7 The fractions conuuning DAO actimity were combined.
concentrated and used as the pure enzyme The purified enzyme
in KPPy (01 M, pH 7) was stable at - 20 for many months

Polyacrylamide gel elecirophoresis Native and SDS gel elec-
trophoress were carried out as descnbed in ref [20] To stain for
DAO acuvity, the gel was incubated at 30 1n 67 mM KPipH 7
with 100 ug horseradish peroxidase. 50 M guaiacol and S mM
1. 4-diaminobutane Regions of the gel with DAO activity stained
brown

Copper analysis Samples of pute DAO in soln were analysed
for copper by atomx absorptson spectrophotometry with a
heated graphite atomuzer Analymns was performed using the
3247 nm spectral Line together with a deutennium lamp for
correctron of background absorpton

DAO assay DAO was assayed by measuring the uptake ot O,
For routine assays. DAO in 2 ml of 67 mM K P buffer pH 7 was
preincubated for 2 min at 30 1n 3 Hansatech O, clectrode The
reaction was started by adding 10 umol | 4-dwminobutane
dissolved in S0 ul butler

Amuno acid analysis About0 S mgof DAO was sealed 1n 8 glass
tube with 6 M HCl and hydrolysed by incubsting overnight at
110 After the HC) was evaporated with a stream of N,;. the
sample was made up to | ml with water 1or analyss using a
Varan 5560 HPLC equipped with Varan amino acid analysis
columns

Preparation of apo-DAO Apo-DAO was prepased by over-
mght dislysss of pure DAO agunst 001 M Na diethyldithuocar-
bamate The dualysed soln wascentrnifuged at 20000 g for 40 min.
then redaalysed overnught against K Pi buffer (10 mM, pH 7) that
had been purihied on a Chelex-100 column  Alter dualymis the
sampk was centnifuged at 20000 g tor 40 min and used for re-
activasuion studies

Gel fltration The M, of nauve DAO was estimated by gel
filtration on a Sephacry) S-300 column (1 6 x 100 cm) cahibrated



Dramine ousdase from clover leaves 643

with proteins of knowo M, The column was run at 20 mihr with
a KPPy buffer (01 M. pH 7) contmniag 0 S M KQ1

Proten assay Protein was assayed as described in ret [21)
usung bovine serum albumin as standard
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