
FURTHER PROPERTIES OF THE POLYAMINE 
OXIDASE OF BARLEY LEAVES 

TERENCE A. SMITH and DAISY A. BICKLEY* 

Long Ashton Research Station (University of Bristol), Long Ashton, Bristol. BS18 9AF 

(Received 19 April 1974) 

Key Word Index-Hordrum uulgare; Gramineae; barley; Pisunt satiuun~; Leguminosae; pea; polyamine; diamine; 
oxidases; putrescine; spermidjne; spermine; met~~~glyoxal-bj.~g~~n~~~~~~~zone); N-method-2-benzothiazolone 
hydrazine. 

Abstract-Polyamine analogues have been studied as potential inhibitors or substrates of barley leaf polyamine 
oxidase. NH,(CH2)3NH(CH,),,NH, was particularly effective as an inhibitor of spermine oxidation at pH 4.5 
(Ki = 5 x lo-’ M). Methylglyoxal-bis(guanylhydrazone) inhibited spermine oxidation only slightly (Ki = 
lo-“ M). Activity with the polyamine analogues as substrates was generally 10% or less of the activity with sper- 

mine. The K, for oxygen was 3 x III-~NI. The K, for spermine oxidation was independent of oxygen con- 
centration. Using the N-methyl-2-benzothiazolone hydrazine reagent, 1-(3-aminopropyl)pyrroline was shown to 
be formed stoichiometrically by the enzyme on oxidation of spermine. The enzyme will not function as a dehydro- 
gcnase in the presence of oxygen with either potassium ferricyanide or dichlorophenolindophenol as electron 
acceptors. Activity in the leaves increased with age, up to 4 weeks. In the leaves of 1 l-week-old plants activity 
was lower than in leaves of l-week-old plants. The enzyme was mainly associated with an easily-sedimented par- 
ticulate fraction, and relatively small proportions were found in the cell wall or soluble fractions. 

INTRODUCTION 

ENZYMES capable of oxidizing polyamines occur in widely separated groups of animais, 
plants and micro-organisms.’ The polyamine oxidase characterized in barley and maize 
(E.C. 1.5.3.3), and probably occurring in other members of the Gramineae, attacks the 
secondary amino groups of the naturally-occurring polyamines spermidine and spermine, 
to give l-pyrroline and I-(3-aminopropyl)pyrroline respectively.2 With both substrates, 
1,3_diaminopropane is also formed. This enzyme differs in many of its characteristics from 
the ptea see&@ atime ~i~bse jX.C.3 .%,3,@ w’n% ?i%-&i~ %e _D?+~IDY -Am& _~&XXIJB 6 
a wide range of amines, especially the diamines putrescine and cadaverine, but also includ- 
ing spermidine and spermine; indeed, the barley leafpolyamine oxidase has greater affinities 
with eTqm&s &F&+& from <+i~ +a&&~ N&s~~s-ti “@s, -4QX c& f&Z%3p4K~~s $VX&j%<K- 
zae which oxidize spermidine and spermine,3 and with an enzyme in Micrococcus rubens 
which is very active with putrescine as substrate but which will also attack cadaverine and 
spermidine.4 A polyamine dehydrogenase from Serratia marcescens splits spermidine and 
possibly spermine at the same bond which is attacked by the barley leaf enzyme.5 A further 
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similarity between the polyamine oxidases of the Gramineac and those at least of Micro- 

coc~‘14.s and Ser~.crria. may be found in the apparent presence of flavin adenine dinucleotide 
as a cofactor in both of these microbial emymes.‘.” and also in the polynmine oxidasc 
found in maize.- :L plant closei) related to bat-Icy. 

Since enzymes Lvhich split polyamines are the only known source of 1,3-diaminopro- 
pane, the presence of this diamine in the urine of man8,9 and in bovine brain “’ suggests 
the operation of similar enzymes in higher animals. Further properties of the polyamine 
oxidase from barley leaves have now been studied and compared with those of the diamine 
oxidasc from pea seedling cotyledons. 

Analogues of spermidine and spermine. in which the length of the tetramethylene chain 
was shortened or lengthened. caused competitive inhibition of spermine oxidation (Table 
1). The Ki for the spermidine series decreased progressively with chain length from s = 2 
to x = IO (where .Y is the number of methylencs substituted for the tetramethylene chain). 
For the spermine series. Kj decrcascd from .Y = 2 to .Y = 6. and with Y = 6. X and 10 the 
Kis were similar. The spermidine anaiogues .Y = X and .Y = 10 were particularly efiective 
inhibitors (Ki = lO_ ’ and 5 x IO-” M respectively). This is probably related to the chain 
length. which is similar to that of sperminc. Inhibition of spermine oxidation by the fillly 
;\~-methylated spermidinc was high (K, = 5 x I()~- ’ M). The effect of all these analogues 
on spcrmidine oxidation was complicated by their ability to act as substrates for the 
enzyme at higher pH. and this interaction was not further investigated. In the present series 
of experiments. spcrmine at pH 4.5 was oxidized 40:~ faster than spermidine at pH 7.5. 
In previous work.’ spermine at pH 4.5 was oxidized 14 x faster than spermidine at pH 8. 
By contrast, the enzyme from maize leaves’ oxidizes spermidine (optimum pH 6.3) at a 
rate which is 50’!/:, greater than the oxidation ofspermine (optimum pH 5.5). At pH 7.5 acti- 
vity of the barley leaf enzyme with diaminodipropylamine (.Y = 3) was slightly less than 
activity with spcrmidine. and activity with spermine was about l”,, of that at pH 4.5. The 
latter value is somewhat greater than that previousI> found (0.2”;). possibly due to conta- 
mination of the sperminc by spermidine in the present study. Similarly. values presented 
tor oxidation of the spermine analogues at pH 7.5 ma)’ be over-estimated. since the analo- 
gues were contaminated with small quantities of the spcrmidine analogues which were dif- 
ficult to eliminate. Activity of the enzyme at pH 4.5 was more se&tile than at pH 7.5. 
Compared with spermine ( = lOO”,,). the spermine analogue with the next highest activity 
(.u = 8) had only 26”,, activity. At pH 4.5 all the spermidinc analogues had a very low acti- 
vity. spermidine itself was about 26x more active at pH 7.5 than at 3.5; previously this 
factor was found to be 35.’ 

The enzyme from N~~i.s.scria p+mrJ oxidizes spermidine and sperm& by a similar 
mechanism to that demonstrated for the barley leaf en/ymc. At pH 7. the optimum for 
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spermine oxidation, the bacterial enzyme oxidizes spermine at about twice the rate of sper- 
midine.3 Sym-homospermidine, which occurs naturally in leaves of the sandalwood tree,‘l 
was co>iAk2ebb,v %he haI3Qy 3eti enqme al >T& ciI %X ra’re vki13-1 ?Dertime a> #3 4.5. anb 
at pH 7.5 the rate of oxidation was about 50% of the rate with spermidine; the K, for sper- 
mine oxidation at pH 4.5 was greater than 5 x lop3 M. 

M ~~~~~?~~~~~?~~~~~~~%~~,~~~~~~I f ) ‘%fEW~ w4&, ?fa.3 Yi5 ‘CT& -pf+ym+x l!cmkYga +A 1 u 
the inhibition of S-adenosylmethionine decarboxylase I2 had a Ki of lo- 4 M for the inhibi- 
tion of spermine oxidation by the barley leaf polyamine oxidase. The Ki for spermidine 
oxidation at pH 7.8 was 2 x 10d4 M. No evidence was found for the oxidation of MGBG 
at pH 4.5 or 7.8. 

TABLE 1. EFFECTOF POLYAMINE ANALOGUES, METHYLATEDAMINESAND DIAMINES AS INHIBITORS OK SUBSTRATES OF 
BARLEY LEAFPOLYAMINEOXIDASE 

K,(M) 
spermine as 

substrate 

(PH 4.5) 

r/, Activity at 10m3 M 
(spermme at pH 4.5 = lOOy/,) 
pH 4.5 pH I.5 

Spermidine analogues 

NH,(CHZ),NH(CHZ)~NHZ 
.X=2 5 x 10-Z 0.2 0.2 
x = 3 2 X 10-4 0.3 2.3 
x = 4 (= Spermidine) 7 X 10-5 0.1 2.6 
s = 6 2 x 1o-5 <O.l 1.3 
X=8 I X 1o-5 <@l 1.7 
Y = 10 5 x 1o-6 0.3 1.7 

Spermine analogues 

NH,(CH2),NH(CH,),NH(CH,)3NH, 
x = 2 5 X lo-4 <O.l 1.2 
.Y = 3 2 X 1o-4 <O.l 7.6 
.Y = 4 (= Spermine) 100 1.2 
2=6 9 X 1o-5 0.4 6.4 
Y = 8 I X 1om4 2.6 11.1 
.X = IO 9 x 1o-5 1.3 1.7 

N-Methylated amines 

(kk,& NtCH&F&H, LNJMeL 5 X LO+ 10.1 04 
(kk,& N~CK,~~NKtC-~~~,N(MeZ, 4 X co-* <@l 0.6 
(Me),N(CHJ,NH2 1 X 1o-3 <O,l 0.5 

Diamines 
Diaminopropane >s X 1om3t <0,5 < 0.5: 
Putrescine 4 X 1om3*f <0.5 <0,5: 
Cadaverine >5 X 10-V <0.5 <0,5: 

* At pH 4.5 inhibition by putrescine appears to be partly non-competitive. 
t With spermidine as substrate at pH 7.8 no inhibition could be detected. 
: p]H 7.8 
Th~e’nirilti~%Dn 05 spETti]ne Dkba%Dn ~%p% %.~‘DY %XpX+XniX ‘~XilD~BXn~?n% X%X%VBX~X 6% %X&D- 

gues zas s~w%raIes aI .BB 4% an& 3.5 weT< wLs,,&\w us,+ ,I> P ,‘> . +nA 1, ;n 1 tLe ~~~~+V.~,~~,~~ F~~~~~&~_~~~&~~ .&SI$q \>U.,XX X.X\ > ,\I _ 
(see Experimental). 

Michaelis constantfbr oxygen 

Oxygen concentration mzs measured by the Clark electrode with a constant initial sper- 
mine concentration (I OF3 M). The O2 tension was pre-determined before addition of sub- 

‘I KuTTAN,R.~~~ RADHAICKISHNAN, A. N.(1972)Biochen1.J. 127,61. 
" WILLIAMS-ASIIMAY. H. G. and S(w.voNt'. A. (1972) Bioc~hm. Biophys. Rcs. Corww~~. 46. 288. 
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reduce the redox dyes with putrescine as substrate. This indicates that none of these higher 
plant enzymes will function as dehydrogenases in the presence of oxygen. 

Comparison oj oxygen electrode the spectrophotometric jbr polyaminr 
dase assay 

the oxygen the increment with 50 of putrescine oxi- 
dation the pea at maximum was equivalent 500 $vr ( 1 Ocm on the 

1 mvrecorder chart). With the same calibration system, the increment (AA,(,) obtained with 

the spectrophotometric guaiacol/peroxidase system was 0.12 (12 cm on the recorder chart). 
The sen&in$,v OS Yne ox_v$en &e&r&e system was’nmnehhv Ihe hope o‘i Ibe ‘mar& Irace 
due to oxygen consumption at the electrode surface.l In air-saturated buffer total output 
was 12 .QY anA >l?is &&x& at b0+?+,$mizz. Due 1~ .?>le >Q~ZZQ.%~ZJ ~5 reacri~ ~U~.XXX.F by 
peroxidative oxidation of the guaiacol, the spectrophotometric method might provide 
results which are less reliable than those obtained with the oxygen electrode.* 

Estimation of the aldehyde products 

Trie iQ Imer~~llL?denzor~one rlyat-azure tlyatocrIforioe <tPBTi%~~ mettioa’ ot’>%~lciLL 

et al.” has been used to estimate the aldehydes produced by plasma amine oxidase,’ ‘j and 
in the present study the aldehydes 1-(3-aminopropyl)-4-aminobutyraldehyde and 4-amino- 
butyraldehyde were determined with ihis reagent. The$e aidehydes are formed on o-xi- 
dation of spermine and spermidine respectively by the barley polyamine oxidase and are 
in feguiYYmium with respectrve’ly ‘1 -I3_aminopropy~~~~roline anb l-pyrroline. None o5 Yne 
three amines putrescine, spermidine or spermine gave a colour with this reagent at twice 
the concentration used in the assay. However, the colour obtained with the aldehydes was 
suypressed tjy a uarri:ty 0Einor~anic and or&Xnri- aniorrs. iff&u5Tgc~‘?rzle. scce~zfck,, qWtz- 
late and phosphate. Buffers at pH 45-48 containing these anions at 0.1 M suppressed the 
final colour by %&SOY/,, though no suppression was caused by Tris-HC1 buffer (pII 7.5). 
Neither HCl (01 M) nor NaCl (1 M) caused colour suppression. In order to detect the 
aldehydes in the reaction mixture after amine oxidation. the anions were removed with 

Dowex 1. A high blank was experienced with the pea extracts. and this was overcome by 

rechncn>Yne ammnn 6 e~yrn~‘m%e’m~&&e. 
‘The close agreemenr tJie&veen r?ie exrincrion coei%cien& I’ir rhe aiQehyc?es formed re- 

specliv& Srom spermi&ne by ?ne pea enzyme jEbzO = 12% .x 56) an& Ercrm 3ptTminE by 
thebane.. enz_ymeJ’i&, = ‘12.2 x YS) jT a%= 2) is Enr?r1e1 euihe-nce %X 1nt s’ld%!~~me’;ry 
of these two enzyme systems, shown earlier by GLC estimation of the corresponding cyclic 

amine 1-(3-aminopropyl)pyrroline. I7 The extinction coefficient for the aldehyde derived 

frcm the oxidation of putrescine {4-aminabutyraldehydej is about 3-5 x greater than for 
l-(3-aminopropyl)-4_aminobutyraldehyde, and acetaldehyde was found to have an E,,, of 
71 x 103, i.e. about 6 x greater. Sawicki et al.” give the Ehh6 for acetaldehyde as 51 x 
l@. The results for ox@en consummfion overax were s~pra-st~lchiometilcby about b>J. 

This could be accounted for by loss of hydrogen peroxide in peroxidative reactions. 
1-Pyrroline may be estimated with o-aminobenzaldehyde as the yellow quinazolinium 

complex.‘8,19 but pyrroline has not hitherto been separated by GLC. Although 1-(3- 

Is SAWICKI, E., HAL,SLK, T. R., STANLI:Y, T. W. and ELL~:K~, W. (1961) A~~trl. Cheul. 33, 93. 
” BACHRACH, U. and RECHES, B. (1966) Anal. Biochrm. 17, 3X. 
” SMITH, T. A. (1972) Ph~tochernistr~ 11, X99. 
I8 HASSE, K.. RATY~F~, 0. T. and SALNIKOW. J. (1967) 2. Physiol. Chrm 348, 843. 
” MANN. P. J. G. and SMITHII s. W. R. (1955) Biocl~cvu. .I. 61. X9. 
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aminopropyl)pyrroline can be separated by GLC. this substituted pyrroline will not react 
with o-aminobenzaldehyde.” The NBTH reagent provides a means for estimating both 

aminoaldehydes at high sensitivity. 

After l---4 and 1 I weeks’ growth the polyamine oxidase activities in the green laminae 
were respectively 0.18. 0.33. 0.57. 0.72 and 0.014 units/g fr. wt and 2.1, 3.5, 4.2. 6.9 and 
0.07 units/g dry wt. In 14-day-old seedlings, the ratios of activities in the roots, grain (un- 
sown), petiole (colourless stem and lower leaf sheath), lower leaf and upper leaf were re- 
spectively 13: 16: 130: 100:61 (activity of lower leaf = loo’:,). In 1 l-week-old plants activi- 
ties in stem (including leaf sheaths) and in immature grain were respectively 007 and 
0.003 units;g fr. wt. 

An earlier experiment I7 indicated that polyamine oxidase activity was associated pri- 
marily with a particulate fraction sedimenting at low centrifugal fields (IOOOg), and that 
activity associated with cell wall material was insignificant. However. the presence of the 
insoluble cell wall material during the enzyme assay complicated the interpretation of this 
experiment- since under these circumstances the spermine added as substrate may have 
been adsorbed to the carboxyl groups in the pectic acid and become unavailable for the 
enzyme, leading to an apparently low value for the activity of this fraction. In order to 
overcome this, in the present work activity of sodium chloride eluatcs of the particulate 
and cell wall fractions were estimated. 

In four determinations the mean ratio of distribution of total activity in supernatant: 
particles:cell walls fiTas 0.6:2.6: 10 The ratio for total chlorophyll in these three fractions 
was 0:4.3: 1.0. and extraction as estimated by chloroplast release was therefore about SOY,, 
efficient. Activity retained on the muslin used for filtration was less than 5”; of the total. 
Since most cell wall material was retained by the muslin. activity is mainly associated with 
the particulate fraction. The ratio of activity in particles to cell wall material may range 
from 12: 1 to 3.2: 1 depending on whether the NaCl respectively removes or dots not 
remove the enzyme in the unfractured cells found in the cell wall material. In previous 
workl’ this ratio was 3: 1. Even so, in the present study the activity retained by the cell 
walls is twice as great as would be expected on the basis of incomplete extraction. 

EXPERIMENTAL 

hlnteria!s. Pea cotyledon diamine oxidase and barley leaf polyamine oxidase were prepared as before.’ The 
barley leaf enzyme was used without prior dialysis to remove NaCI. The substrates and inhibitors’” were used 
as the hydrochlorides. Citrate buffer was used at pH 4.5 and Tris- HCI buffrr at pH 7.5 and 7.8. 

E,q~nc> N.SJ(IV. O2 uptake was measured with a Clark electrode which fed a 1 mV recorder through a potential 
divider.” The electrode cuvctte held 2.5 ml. For O2 saturation. OL gas was bubbled for 2 min. Extending this 
time to 10 min gave no loss of enzyme act&ity. ‘The spcctrophotometric guaiacol peroxidase method for HzOz 
production’ was also used. Protein precipitation on adding the polyamines and on diluting NaCl-containing 
preparations of the barley leaf enzyme created slight turbiditv which increased with time and complicated the 
spectrophotometric estimation. Corrections were applied for t<is error. All activities were determined at 25 The 
K, values were determined as before.’ 

n~,~c,,‘rl~i,ltrtior~ of’tr/?zij~> cr/dt~ir~~/cs. Pea extract (01 ml) or barley extract (0.2 ml) was placed in the cuvette of 
the Clark electrode with 0.1 ml of catalase and 2.25 ml of pH 7.5 0.1 M Tris-HCI buffer (pea). or 3.15 ml of pH 4.5 
0.1 M citrate buffer (harlcyl. After saturation with 0,. 50 1~1 of 15 mM substrate was added. and the increment 
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of O2 consumption was determined. The entire sample was then shaken with 0.5 ml (wet vol.) of Dowex 1 x 4 
(OH- form) for 5 min, and 0.5 ml samples of the supernatant were added to 0.5 ml of 24 mM NBTH. After 30 min 
at 25”, 2.5 ml of 75 mM FeCl, was added, and 10 min later the vol. was made up to 10 ml with acetone. After 
centrifuging (2000 y. for 5 min), Ah,0 nm was determined, which was the i,,,, for the three aldehydes studied. The 
values were corrected by subtraction of the blanks. in which amine was omitted. Good recovery of known quanti- 
ties of acetaldehyde added to the blanks indicated that the resin treatment eliminated the suppression of colour 
formation due to the presence of 

Enzyme activity was estimated in the various tissues of barley plants grown for up to 4 weeks at 22” under 
fluorescent lamps (110001x, 16 hr day) and up to 11 weeks in a greenhouse. Duplicate samples (10 g). which 
had not been pre-frozen, were macerated in a cooled Virtis homogenizer in 40 ml 0.5 M NaCl in 0.1 M citrate 
buffer (pH 4.5). After standing for 30min and centrifuging at 250009 for 5 min at O”, 0.2ml of the supernatant 
wars asse&i’o~v ‘i>ne ~utiae+iXro%hase m&&X. %a,?&es :<2_& & ‘ine%XiYes were ‘&XXr %+r &<Y &&Q es&it+ 
ticns. Fur rlre determination oEabsolute acridity, rhe recorder was calibrated &,&mo1 substrate:) by com- 
p&&j ?Xi&%& %Pr?7d d ~Lf’l~?&R +‘A rb 1~11 I,& -IX& “s?%%+r& tTiZ*TlIt ‘fA -- Pll Rv < 13. GTlt Yid d %Wh+ij ‘Wfa 

defined as that amount which would catalyse the transformation of 1 pmol of substrate/min under the conditions 
of the assay. 

Subcellular distribution. Frozen leaf samples (4 samples; 10 g each) of 15-day-old seedlings were macerated with 
20 ml H,O for 3 min in the Virtis homogenizer. On filtration through muslin, the filtrate was frozen for 1 hr 
and centrifuged (3000 g for 15 min) on thawing. The sediment and the cell wall material retained by the muslin 
Wtr-,%&i&+r.~S 5 Td ‘~X?QK~ +rr&+rgYQ +lpr ~vzr:.nJr-lK!l,~~ %nr:. *%G ,;e+n %*; T;‘, %yn’rrillifTJ ‘w”,% r‘eZrn+ 
fuged and activity of 0.2 ml aliquots of each sample was determined without removal of the NaCl which is with- 
out effect on the assay at this concentration. Chlorophyll estimates (Ab5,,) were also made on each fraction in 
order to determine the degree of breakage of the cells. Since protein precipitation occurred on diluting the super- 
natant, @5 ml of the extract was diluted with 5 ml of buffer and centrifuged after 30 min at 25”. 2.2 ml of this 
soln was used for assay. 
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