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Abstract—Polyamine analogues have been studied as potential inhibitors or substrates of barley leaf polyamine
oxidase. NH,(CH,);NH(CH,),,NH, was particularly effective as an inhibitor of spermine oxidation at pH 4-§
(K; =5 x 107°M). Methylglyoxal-bis(guanylhydrazone) inhibited spermine oxidation only slightly (K; =
10~ * 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 107 * M. 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-
genase 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 11-week-old plants activity
was lower than in leaves of 1-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 animals,
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 i-pyrroline and i-3-aminopropyljpyrroline respectively.? With both substrates,
1,3-diaminopropane is also formed. This enzyme differs in many of its characteristics from
the pea seeding amine oxibase 201,559 Whith w1atks Yhe primory dimmo Ioups
a wide range of amines, especially the diamines putrescine and cadaverine, but also includ-
ing spermidine and spermine ; indeed, the barley leaf polyamine oxidase has greater affinities
with enzymes deserided fom (e Sackria Nedsserin perflava and Hemophilus parainflucs
zae which oxidize spermidine and spermine,® and with an enzyme in Micrococcus rubens
which is very active with putrescine as substrate but which will also attack cadaverine and
spermidine.* A polyamine dehydrogenase from Serratia marcescens splits spermidine and
possibly spermine at the same bond which is attacked by the barley leaf enzyme.> A further

* Present address: Department of Pathology, Southmead Hospital. Bristol.
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similarity between the polyamine oxidases of the Gramineae and those at least of Micro-
coccus and Serratia, may be found in the apparent presence of flavin adenine dinucleotide
as a cofactor in both of these microbial enzymes.®® and also in the polvamine oxidase
found in maize.” a plant closely refated to barley.

Since enzymes which split polyamines are the only known source of 1,3-diaminopro-
panc, the presence of this diamine in the urine of man®?® and in bovine brain '® suggests
the operation of similar enzymes in higher animals. Further properties of the polyamine
oxidase from barley leaves have now becn studied and compared with those of the diamine
oxidase from pea seedling cotyledons.

RESULTS AND DISCUSSION

Effect of polyamine analogues as inhibitors or substrates of barley leaf polyamine oxidase

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 K, for the spermidine series decreased progressively with chain length from x = 2
to x = 10 (where x is the number of methylenes substituted for the tetramethylene chain).
For the spermine series. K; decreased from x = 2 to x = 6, and with x = 6, 8 and 10 the
K;s were similar. The spermidine analogues x = 8 and x = 10 were particularly effective
inhibitors(K; = 10" ° and 5 x 107" M respectively). This is probably related to the chain
length, which is similar to that of spermine. Inhibition of spermine oxidation by the fully
N-methylated spermidine was high (K, = 5 x 1077 M). The effect of all these analogues
on spermidine 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, spermine at pH 45 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 of spermine (optimum pH 5-5). At pH 7-5 acti-
vity of the barley leal enzyme with diaminodipropylamine (x = 3) was slightly less than
activity with spermidine, and activity with spermine was about 19, of that at pH 4-5. The
latter value is somewhat greater than that previously found (0-2%,).7 possibly due to conta-
mination of the spermine by spermidine in the present study. Similarly, values presented
tor oxidation of the spermine analogues at pH 7-5 may be over-estimated. since the analo-
gues were contaminated with small quantities of the spermidine analogues which were dif-
ficult to eliminate. Activity of the enzyme at pH 4-5 was more selective than at pH 7-5.
Compared with spermine (= 100",), the spermine analogue with the next highest activity
(x = 8) had only 2-6° activity. At pH 4-5 all the spermidine analogues had a very low acti-
vity. spermidine itself was about 26 x more active at pH 7-5 than at 45; previously this
factor was found to be 35.~

The cnzyme from Neisseria perflava® oxidizes spermidine and spermine by a similar
mechanism to that demonstrated for the barley leaf enzyme. At pH 7. the optimum for

“ Yamava, H. Apacnl O. and Ocata, K. (1965) Agr. Biol. Chem. (Tokyo), 29, 1145.

" SuzukL Y. and Hirasawa. E. (1973) Phytochemistry 12, 2863,

® BREMER, S., KOuNE, E. and Fxpres. W. {1971} Clin. Chini. Acta 32, 407.

T Waree. T.(1973Vin Polvamines in Normal and Neoplastic Growth pp. 335 365 (D). H. RussiLL. ed.). Raven,
New York.

" NakAIMa, T WorrGram, Foand Crars, W. G (1967) J. Newrochem. 14, 1113,
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spermine oxidation, the bacterial enzyme oxidizes spermine at about twice the rate of sper-
midine.® Sym-homospermidine, which occurs naturally in leaves of the sandalwood tree,*
was @x\ithzed by Ihe ‘paney e enzyme 21 I, ©) Toe 1aie wiln spermme @ B 5D, 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 1073 M.

M R AU AR B Gty a iR G B C) WHih S 3 U PATEHITIR WHURER T
the inhibition of S-adenosylmethionine decarboxylase!? had a K; of 10~ * M for the inhibi-
tion of spermine oxidation by the barley leaf polyamine oxidase. The K; for spermidine
oxidation at pH 7-8 was 2 x 10 * M. No evidence was found for the oxidation of MGBG
atpH 45 or 738.

TABLE 1. EFFECT OF POLYAMINE ANALOGUES, METHYLATED AMINES AND DIAMINES AS INHIBITORS OR SUBSTRATES OF
BARLEY LEAF POLYAMINE OXIDASE

K;(M)
spermine as o/ Activity at 107° M
substrate (spermine at pH 4-5 = 100%,
(pH 4:5) pH 45 pH 75
Spermidine analogues
NH,(CH,);NH(CH,),NH,
x=2 5% 1073 02 02
X =3 2x 1074 03 23
X = 4 (=Spermidine) 7% 1077 01 2:6
x=6 2x 1073 <01 13
x=38 1x 1073 <01 17
x =10 5x 107¢ 03 1-7
Spermine analogues
NH,(CH,); NH(CH,),NH(CH,);NH,
x =2 x 107 <01 12
X =3 2 x 1074 <01 7-6
X = 4(=Spermine) — 100 1-2
x=6 x 1073 04 64
x=3 1 x107% 2:6 11-1
x=10 9 x 1073 13 17
N-Methylated amines
Me
(Mel, N(CHL 1, N(CH,, }, N(Me ), S x 07° <01 04
(Me), N(CH, |, NE(CEL 1, N(Me), 4 x (0% <O1 a6
{(Me), N(CH,);NH, 1 x 1073 <01 05
Diamines
Diaminopropane >5 x 107 <05 <0-5%
Putrescine 4 x 107 3%+ <05 <053
Cadaverine >5x 10734 <05 <0-5%

* At pH 4'S inhibition by putrescine appears to be partly non-competitive.

+ With spermidine as substrate at pH 7-8 no inhibition could be detected.

IpH T8

The mniomon o) spermme oHAHOD 71 P H5'py Tne puvanine unhozves and Ik dieviventss o) Ik amdho-
gues @S STBSRIEs 81 PN 43 and TS wore investpeied uHnE Yot SpRernsiTHneuie peneatprienadust ansy
(see Experimental).

Michaelis constant for oxygen

Oxygen concertration was measured by the Clark electrode witn a constant initiat sper-
mine concentration (10”2 M). The O, tension was pre-determined before addition of sub-

' KuTTaN, R. and RADHAKRISHNAN, A. N. (1972) Biochem. J. 127, 61.
12 WirLiams-Asniman, H. G. and SCHENONE, A, (1972) Biochem. Biophys. Res. Conmun. 46, 288.
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strate by passing O, into the reaction solution containing enzyme. buffer and catalase (see
Experimental). From the Lineweaver- Burk plot. the K,, for O, was found to be 31 x
107*M (95% confidence limits 2-3 x 10"*M and 46 x 10°*M). which is close to the
O, concentration found in air-equilibrated buffer (ca 2:6 x 10~* M). By saturating the
solution with O,. the rate of spermine oxidation may be doubled. and this was confirmed
using the guaiacol/peroxidase system in air-saturated and O,-saturated incubates. The K, s
for spermine oxidation at two oxvgen levels (21 and 80%, saturation) were 55 (+04) x
107 Mand 37(+04) x 107°M respectively (s.c. in brackets). Since the slope of the lines
of the Lineweaver-Burk plot at the two O, levels differed signiticantly (P < 1) and con-
verged to give similar K, values, it appears likely that the mechanism for spermine oxi-
dation is “sequential™.'* A ternary complex of O,. spermine and enzyme may therefore
be necessary for spermine oxidation by the polyamine oxidase from barlev. unlike the
enzyme from pea seedling cotyledons'* for which the mechanism is “ping pong™.'* In the
present experiment the K,s {or spermine at the two oxygen levels were greater than found
previously by a factor of about 2. This was probably due to the high level of NaCl (0-1 M)
in the incubates. With lower salt levels at 219, O, the K, was 23 x 10" ° M. as determined
with the Clark electrode. In earlier work” using the guaiacol/peroxidase assay. the K, for
spermine was 3 x 107 M at 21% O,.

TaBLE 2. STOICHIOMETRY OF OXYGEN CONSUMPTION AND ALDEHYDE FORMATION FOR PFA AND BARLI'Y AMINE

OXIDASES
Oxygen
consumption Eq-0 for
in gatom aldehyde-
Cyclization for [-25 pmol NBTH-reac-
Enzyme Substrate Aldehyde product of umine tion product
Pea seedling  Putrescine 4-Amino- 1-Pyrroline 1-38 40 = 108
butyraldehvde
Pea seediing  Spermidine [-(3-Aminopropyl)- I-(3-Aminopropyh- 129 126 x 10°
4-aminobutyraldehyde pyrroline
Barley leaf Spermine I-{3-Aminopropyl)- [-(3-Aminopropyl)- 1-34 122 % 107
4-aminobutyraldehyde pyrroline

Oxygen was estimated by the Clark electrode and the aldehvdes with the N-methyl-2-benzothiazolone hydra-
zine (NBTH) reagent (see Experimental).

Effect of redox dyes

The similarity of the oxidative mechanism of the barley cnzyme to that of the spermidine
dehydrogenasc of Serratia™ and also the high K, for oxygen found for the barley enzyme,
suggested that the barley enzyme might donate electrons to redox dyes. However. addition
of potassium ferricyanide, and of dichlorophenolindophenol with or without phenazine-
methyl sulphate (all at 107* M) to the Clark electrode cuvette had no significant effect on
oxygen consumption by the barley leaf enzyme with spermine as substrate. Suzuki and
Hirasawa’ similarly found that the maize leaf polyamine oxidase would not reduce a var-
iety of artificial electron carriers. In the present work. the pea seedling enzyme would not

Y amasakl, B F.Swinoeie, R.and Reen. DL 1 (1970) Biochemistry 9. 1206,
'* Creranp. W. WL (1963 Biochin. Biophys. 4cta 67, 104,
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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 of the oxygen electrode and the spectrophotometric method for polyamine oxi-
dase assay

Using the oxygen electrode the increment obtained with 50 nmol of putrescine on oxi-
dation by the pea enzyme at maximum sensitivity was equivatent to 560 vV (10 cm on the
I mVrecorder chart). With the same calibration system, the increment (A 45,) obtained with
the spectrophotometric guaiacol/peroxidase system was 0-12 (12 cm on the recorder chart).
The sensimivity o The oxygen decirode sysiermn was hmiied 'by the siope o Yoe ‘Piank Yrace
due to oxygen consumption at the electrode surface.! In air-saturated buffer total output
Was 22 % 208 1005 QeLNNeH QF BY &V jrran. ONe 1 10e Sormanon O3 reasnive QUInores vy
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

Tie Nrmetdvi- Sdenzottidzolone dyatazine dyatocdotio IRBTTLY metdoa’ ot Sawickt
et al.*® has been used to estimate the aldehydes produced by plasma amine oxidase,'® and
in the present study the aldehydes {-(3-aminopropyl)-4-aminobutyraldehyde and 4-amino-
butyraidehyde were determined with this reagent. These aldehydes are formed on oxi-
dation of spermine and spermidine respectively by the barley polyamine oxidase and are
in epuiiprum with respectively Y4d-aminopropyhpyrronne and Y-pyrrohne. None of the
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
supgressed 4y 4 vare iy of TIorgdnic 40d’ OrLdine dios. KCldiTg Clad e, deetdde., giid-
late and phosphate. Buffers at pH 4-5-4-8 containing these anions at 0-1 M suppressed the
final colour by 80-90%, though no suppression was caused by Tris-HCL bufler (pH 7-5).
Neither HCI (01 M) nor NaCl {1 M) caused colour suppressiont. 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
rechting Tne amnoui t enzyine mine medvdre.

The close agreement between ¢ extincrion coefficients O tic didetiydes Ormed re-
spechve)y Srom spermdine 'by The pea eNzyme 1B, ., = 120 % 1O and from spermine 'oy
the 'pariey enzyme iTu, = 122 % YOHTT a0k 2)1s foriner evidente So1 10t SITICmMOIETY
of these two enzyme systems, shown earlier by GLC estimation of the corresponding cyclic
amine 1-(3-aminopropyl)pyrroline.’” The extinction coefficient for the aldehyde derived
frcm the oxidation of gutrescine (d-aminobutyraldeliyde! is about 3-5x greater thaa for
1-(3-aminopropyl)-4-aminobutyraldehyde, and acetaldehyde was found to have an E4-, of
71 x 103, ie. about 6 x greater. Sawicki et al.'® give the E, for acetaldehyde as 51 x

1(®>. The resudts Jor oxygen consumpiion overall were supra-sioichiometric hy about 8%,

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.'®1® but pyrroline has not hitherto been separated by GLC. Although 1-(3-

15 Gawickl, E., Hauser, T. R., STANLEY, T. W. and ELBERT, W. (1961) Anal. Chem. 33, 93.
16 BACHRACH, U. and RecHES, B. (1966) Anal. Biochem. 17, 38.

Y7 Smith, T. A. (1972) Phytochemistry 11, 899.

18 Hassk, K., Ratych, O. T. and SALNIKOW, J. (1967) Z. Physiol. Chem. 348, 843.

19 MANN. P. J. G. and Smithis, W. R. (1955) Biochem. J. 61, 89.
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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.

Polyamine oxidase activity in various tissues in relation to plant age

After 1-4 and 11 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, 42, 69 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 leafl were re-
spectively 13:16:130:100:61 (activity of lower leaf = 100%,). In 11-week-old plants activi-
ties in stem (including leaf sheaths) and in immature grain were respectively 0-07 and
0-003 units/g fr. wt.

Subcellular distribution

An earlier experiment'’ indicated that polyamine oxidase activity was associated pri-
marily with a particulate fraction sedimenting at low centrifugal fields (1000g), and that
activity associated with cell wall material was insignificant. However, the presence of the
msoluble 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 eluates 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 was 0-6:2:6:1-0. 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 809
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 does not
remove the enzyme in the unfractured cells found in the cell wall material. In previous
work!'” 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

Materials. Pea cotyledon diamine oxidase and barley leaf polyamine oxidase were prepared as before.> The
barley leaf enzyme was used without prior dialysis to remove NaCl. The substrates and inhibitors?® were used
as the hydrochlorides. Citrate buffer was used at pH 4-5 and Tris~-HCI buffer at pH 7-5 and 7-8.

Enzyme assay. O, uptake was measured with a Clark electrode which fed a t mV recorder through a potential
divider.”! The electrode cuvette held 2:5 ml. For O, saturation, O, gas was bubbled for 2 min. Extending this
time to 10 min gave no loss of enzyme activity. The spectrophotometric guaiacol-peroxidase method for H,0,
production® was also used. Protein precipitation on adding the polyamines and on diluting NaCl-containing
preparations of the barley leaf enzyme created slight turbidity which increased with time and complicated the
spectrophotometric estimation. Corrections were applied for this error. All activities werce determined at 25°. The
K values were determined as before.?

Determination of amino aldehydes. Pea cxtract (001 ml) or barley extract (0-2 ml) was placed in the cuvette of
the Clark electrode with 0-1 mt of catalase and 2:25 ml of pH 7-50-1 M Tris-HCl buffer (pea). or 215 ml of pH 4'5
0-1 M citrate buffer (barley). After saturation with O,. 50 il of 25 mM substrate was added. and the increment

29 Brown. D. and Woobncock, D. (1973) Pest. Sci. 4, 485.
21 RIKMENSPOEL, R. (1969) Anal. Biochem. 30, 292.



Polyamine oxidase of barley leaves 2443

of O, 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° 2:5ml of 75 mM FeCl; was added, and 10 min later the vol. was made up to 10 mi with acetone. After
centrifuging (2000 g, for 5 min), A¢44 . Was determined, which was the 4,,,, 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 citrate.

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 0-5M NaCl in 0-1 M citrate
buffer (pH 4-5). After standing for 30 min and centrifuging at 25000 g for 5 min at 0°, 0-2 m! of the supernatant
waas assavel sy {ne gualactiperonihase melnok. dampies 15 23 ¢ Ineieaves were wWren 1or Sy weghi estima-
ticas. For the determination of absolute activity, the recorder was calibrated (A 4qof/pmotl substeate} by cout-
plerly vwdizng Sl o puntstnr with e pRa seeding Trizyie A = <o G425, ik uTil U Aty was
defined as that amount which would catalyse the transformation of 1 ymol 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
20ml H,O for 3 min in the Virtis homogenizer. On filtration through muslin, the filtrate was frozen for { hr
and centrifuged (3000 g for 15 min) on thawing. The sediment and the cell wall material retained by the muslin
WER WIIRA 118 S MOl 4 Synadenig o TIR WA A Uh 1 F8ma. Afrs 1845 i 27, LGRS WRR R
fuged and activity of 0-2 mi aliquots of each sample was determined without removal of the NaCl which is with-
out effect on the assay at this concentration. Chlorophyll estimates (A 45,) 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, 0-5 ml of the extract was diluted with 5ml of buffer and centrifuged after 30 min at 25°. 2-:2 ml of this
soln was used for assay.
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