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Abstract—The membrane-bound peroxidase activity of excised maize scutellum is inhibited by putrescine, spermidine
and spermine and activated by guanidino-acetic acid, guanidino-butyric acid, guazatine and dodine as a result of their
binding to the membranes. The inhibition of polyamines is reversed by guanidino compounds but the activation by
guanidines is not reversed by polyamines. Other guanidino compounds like arginine, agmatine, creatine and creatinine
have no effect by themselves but they reverse the effect of polyamines, except in the case of creatinine which does not
have a free guanidino group. Peroxidase present in the soluble fraction or the jonically bound peroxidase from
particulate fractions solubilized by Ca?* is not affected by polyamines or guanidines. The sulfhydryl reagents
iodoacetate and p-chloromercuri-benzoate (p-CMB) activate peroxidase activity and compete for the polyamine

binding site. The effect of dodine is potentiated by sulfhydryl reagents.

INTRODUCTION

Polyamines, which occur ubiquitously in all living organ-
isms, are believed to be involved in growth processes
through their interaction with nucleic acids [1,2]. In
plants, however, they are also involved in the control of
several stress-related processes such as senescence [3-8],
wounding [9] and temperature and salt stress [10]. The
protective effect of polyamines in these processes may be
associated with the stabilization of membrane structure.
This has been demonstrated, for instance, in the stabiliz-
ation of protoplasts from oat leaf mesophyll cells [11],
thylakoid membranes of barley chloroplast [12] and
reduction of betacyanin efflux from beet root discs
[9, 13-16]. Guanidino compounds, which are structurally
related to polyamines, are known to destabilize the
membranes [16-18], and to interfere with the mitochon-
drial metabolism [19] and transport of ions [20, 21].
Recent studies have shown that the destabilization pro-
duced by guanidines could be reversed by polyamines
[16,17].

Peroxidase, which is widely distributed in plants [22],
has been implicated in growth and development [23, 24],
hormonal balance [25], fruit ripening [26, 27], senescence
(28-30] as well as in membrane integrity [ 31 |. Peroxidase
has also been used as a parameter for various physio-
logical conditions such as stress by salt [32-34], water
[35,36] and temperature [37], senescence [28-30],
wounding [ 38], air pollution [ 39], infection by pathogens
[40-42] and y-irradiation [43]. Since polyamines appear to
protect plants against some of these conditions, it was of
interest to investigate if peroxidase activity is affected by
amines and guanidines. The results of these studies in
excised maize scutellum are reported in the present paper.

*To whom correspondence should be addressed.

RESULTS AND DISCUSSION

When scutella were excised from seedlings germinated
for different periods and assayed for peroxidase in slices
on the day of excision (0 day incubation) (Table 1), the
enzyme activity increased with germination up to 8 days
and then remained constant. If the excised scutella were
kept for incubation for different periods, the peroxidase
activity increased continuously until it reached a maxi-
mum level (ca 200 units/g tissue). The development of
enzyme was more rapid in the scutella excised and
incubated rather than in the freshly excised scutella from

Table 1. Development of peroxidase activity in excised maize
scutellum

Peroxidase activity (units/g tissue)

Scutellum excised in excised scutellum incubated for

from seeds (days)
germinated for
(days) 0 1 2 3 4 5
1 5 17 77 92 145 156
2 25 92 135 150 160 172
3 61 97 137 163 184 190
4 77 116 140 173 186 196
5 112 143 163 176 185 195
6 131 151 173 182 197 201
7 140 162 175 196 201 202
8 148 162 182 196 202 201
9 151 173 198 201 202 200
10 152 173 190 200 202 201

Scutella were excised from seedlings germinated for different
days, starting from the day of transfer to Petri dishes, and
incubated for up to 5 days. The peroxidase activity was assayed in
the slices.
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the seeds germinated for the same period. Increased
oxygen availability during incubation of the excised
scutella may account for the early development of per-
oxidase activity.

Scutella from seedlings germinated for 4 days were used
for most of the studies reported below. Peroxidase activity
in these scutella was 77 units/g tissue when assayed in
slices. However, when assayed in the homogenate, the
total activity was ca 300 units/g tissue showing that only
259, of the total activity had been assayed in slices. Later
studies (Table 5) showed that the membrane fraction
(40000 g) had 309, of the total activity present in the
homogenate suggesting that only membrane-bound per-
oxidase was assayed in the slices.

Preincubation of scutellum slices from seedlings germi-
nated for 4 days with amines and guanidines showed
(Table 2) that among the diamines the inhibition of
peroxidase activity increased with chain length up to
diaminobutane (putrescine), which gave 809, inhibition,
and then decreased with further increase in diamine chain
length. The polyamines spermidine and spermine gave
maximum inhibition among all the amine compounds.
Out of the guanidino compounds tested, arginine, ag-
matine, creatine and creatinine had no effect, but
guanidino-acetic acid (GAA), guanidino-butyric acid
(GBA) and the two guanidino-fungicides dodine and
guazatine [ 44, 45] showed 40-45 ¢, activation. In a similar
experiment with scutella excised from 8-day germinated
seedlings, none of the compounds had any effect. These
results indicated that with increase in the period of
germination from 4 to 8 days, which may result in
disintegration and loss of membrane integrity, the effect
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of amines and guanidines was abolished. The compounds
thus appear to affect peroxidase activity by altering the
membrane structure. This was further evident when a
homogenate was used instead of slices. These compounds
had very little effect in the homogenate due to the
breakdown of membrane structure during homogeniz-
ation (data not given). The compounds showing an effect
on enzyme activity were then tested at different concen-
trations with slices or homogenates. The results showed
(Table 3) that in slices the inhibition of peroxidase by
putrescine, spermidine and spermine increased with con-
centration and activity was completely inhibited with
3 mM spermidine and spermine. With GAA and dodine,
however, the activity increased up to 2-3 mM and then
decreased to the control level with increasing concen-
trations. With homogenate the inhibition by putrescine,
spermidine and spermine and the activation by GAA and
dodine was considerably reduced. The guanidino com-
pounds even showed some inhibition at higher
concentrations.

The question whether polyamines and guanidines com-
pete for a common binding site on the membrane to
produce their effect on peroxidase activity was studied by
preincubating the slices with one compound followed by
the other after washing, and the activity was compared
with a control group treated with water for the same
period. When the preincubation was carried out with
water first and followed by different compounds. putre-
scine, spermidine and spermine showed inhibition but
GAA and dodine showed activation, whereas arginine,
agmatine, creatine and creatinine had no significant effect
(Table 4). However, if the slices were first incubated with

Table 2. Effect of amines and guanidines on peroxidase activity in maize scutellum slices

Peroxidase activity in scutellum

slices ( %, of control) from
seedlings germinated for
(days)

Compound 4 8
1,2-Diaminoethane 2HC1 88 98
1.3-Diaminopropane 2 HCI 66 100
1.4-Diaminobutane 2HCI (putrescine) 21 9%
1,5-Diaminopentane 2HCI (cadaverine) 63 100
{,6-Diaminohexane 2HCI 7 98
1,8-Diaminooctane 2HCI 86 98
1,10-Diaminodecane 2HCI 88 98
1,8-Diamino-4-azaoctane 3HCI (spermidine) 18 97
1,12-Diamino-4.9-diazadodecane 4HCI (spermine) 16 96
2-Amino-5-guanidino-n-valeric acid HC1 (arginine) 109 102
1-Guanidino-4-aminobutane H,SO, (agmatine) 104 1w
N-Guanyl N-methyl glycine (creatine) 90 100
2-Imino-N-methyl hydantoin (creatinine) 101 100
N-Amidino-glycine (guanidino-acetic acid) 138 104
4-Guanidino-ethyl acetic acid {guanidino-butyric acid) 133 103
Guanidino-n-dodecane HOAc (dodine) 140 108
1.17-Diguanidino-9-azaheptadecane 3HOAc (guazatine) 145 105

Scutellum slices from 4- or 8-day germinated maize seedlings were incubated with the
compounds {2 mM)} for | hr. After incubation, the slices were washed with water and used for
enzyme assay. Control activity on the fourth and eighth days was 75 and 150 units.g tissue.

respectively.
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Table 3. Effect of concentration of polyamines and guanidines on peroxidase activity in maize scutellum
slices and homogenate

Peroxidase activity (%, of control) with

Concentration
(mM) Putrescine Spermidine Spermine GAA* Dodine
Slices
0.5 83 43 58 114 113
1 67 25 29 125 136
2 34 18 16 138 140
3 24 7 3 121 146
4 15 2 2 97 128
5 15 2 2 94 107
Homogenate

0.5 99 94 91 117 113
1 96 85 89 119 123
2 93 78 84 120 121
3 85 73 78 97 86
4 80 69 74 86 80
5 71 62 62 84 73

Scutella from 4-day germinated seedlings were used. Slices and homogenates were preincubated at 37°
with the compounds at different concentrations for 1 hr. Control activity in the slices and homogenate

was 75 and 305 units/g tissue, respectively.
*GAA, Guanidino-acetic acid.

Table 4. Interaction between polyamines and guanidines for peroxidase activity in maize scutellum slices

Treatment* Peroxidase activity (%)

2nd Ist Water Putrescine Spermidine Spermine Arginine Agmatine Creatine  Creatinine GAAt Dodine
Water 100

Putrescine 36 123 123 110 37 145 164
Spermidine 21 120 114 111 21 142 156
Spermine 20 110 102 100 19 140 150
Arginine 119 120 115 122

Agmatine 112 115 112 109

Creatine 108 112 108 107

Creatinine 102 40 24 21

GAA 147 140 139 135

Dodine 163 153 140 153

*Scutellum slices from 4-day germinated seedlings were preincubated (first treatment) for 1 hr in polyamines and guanidines (2 mM)
at 37°. After washing in water, the polyamine-treated slices were again incubated in guanidines, and guanidine-treated slices were
incubated in amines (second treatment) for 1 hr. The slices after the second incubation were washed in water and used for enzyme assay.
A control group incubated in water for the same period was included and its activity (76 units/g tissue) was taken as 1009;.

+GAA, Guanidino-acetic acid.

putrescine, spermidine and spermine and then with the
guanidino compounds, the inhibitory effect of the poly-
amines was completely abolished by all the guanidino
compounds except creatinine. GAA and dodine then
activated to the same extent as without the amines’ pre-
treatment. Further, if the pre-treatment was carried out
first with the guanidino compounds and then with
polyamines, the polyamines could not reverse the effect of
the guanidino compounds. These results suggested that
the binding of polyamines was reversed by compounds
having free guanidino groups, but the guanidine binding
was not reversed by polyamines. It is interesting to note

that although arginine, agmatine and creatine had no
significant effect by themselves, they prevented the bind-
ing of polyamines to the membrane. Creatinine, which has
no free guanidino group and had no effect by itself, was
unable to prevent the polyamine binding and con-
sequently the inhibitory effect.

Peroxidase has been reported to be present in soluble
as well as in membrane fractions [38, 40, 46]. The
membrane-bound enzyme may be bound ionically or
covalently and the ionically-bound enzyme could be
solubilized by Ca?* [46]. In order to investigate whether
polyamines and guanidines affect the membrane-bound



2684

or the soluble enzyme, the subcellular fractions were
prepared from scutella of seedlings germinated for 4 days.

The fractions 1000 g, 10000 g, 40000 g, 105000 g and
the soluble fraction had 11, 25, 30, 1 and 339, activity,
respectively. These fractions were then incubated with
polyamines and guanidines (Table 5). None of the com-
pounds had any effect on the enzyme activity present in
the soluble fraction. The polyamines inhibited all the
particulate fractions to varying degrees, the maximum
effect (ca 70°,) being in the 40000 g fraction. GAA and
dodine activated the 1000 g, 10000 g and 40000 g frac-
tions but had no effect on the 105000¢g fraction. In
another experiment the particulate fractions 10000 g and
40000 g which had 25 and 30 %, of the total activity were

Table 5. Effect of polyamines and guanidines on peroxidase
activity in subcellular fractions of maize scutellum

Peroxidase activity (“, of controf)
in fractions
Compound 1000g 10000y 40000y 105000y Soluble

Putrescine 75 60 44 84 100
Spermidine 67 54 39 84 100
Spermine 61 52 30 81 100
Arginine 99 108 102 103 100
Agmatine 101 99 103 108 100
Creatine 104 101 100 95 99
Creatinine 102 102 99 97 101
GAA* 120 128 122 105 100

Dodine 123 151 147 103 102

Subeellular fractions from scutella of 4-day germinated seed-
lings were prepared. These fractions had 11, 25, 30, | and 33°,
activity of the homogenate (306 units/g tissue). The fractions were
incubated with polyamines and guanidines (1 mM)for  hrat 37
before the addition of other assay compongnts for the enzyme
activity test.

*GAA, Guanidino-acetic acid.
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treated with calcium chloride, Triton X-100 and deoxy-
cholate to solubilize the membrane-bound enzyme. After
treatment with these compounds the fractions were
centrifuged to separate the soluble and residual fractions
which were then incubated with spermine or dodine and
assayed for enzyme activity. The results {Table 6) showed
that Ca** could solubilize ca 80", of the enzyme from
both the 10000 g and 40000 ¢ fractions whereas Triton
and deoxycholate did not solubilize the enzyme. The
enzyme which remained in the residual fractions was
inhibited by spermine to ¢a 50 and 65°_ in the 10000 ¢
and 40000 g fractions, respectively. The activation of the
residual enzyme by dodine was ca 45 and 30¢, in the
10000 g and 40000 y fractions. respectively. The enzyme
solubilized by Ca’" was not affected by spermine or
dodine, indicating that polyamines and guanidines modu-
late peroxidase activity only when it is bound to the
membranes. The effects produced by these compounds
are not due to their direct binding to the peroxidase
enzyme but are a result of alteration in membrane
structure. The differential response obtained with the
subcellular fractions may be associated with the dif-
ferences in the composition of their membranes.
Sulfthydryl groups appear to be important for mem-
brane function. For instance, the non-permeant sulfhy-
dryl reagent p-chloromercuri-benzene sulfonate inhibited
membrane transport in beet leat discs [47]. They also
affect permeability of red blood cells [48]. Interaction
between sulfhydryl groups and polyamines has been
demonstrated in beet root discs [15]. The sulfhydryl
reagent p-chloromercuri-benzoate (p-CMB) enhanced be-
tacyanin efffux in beet root discs. The stabilizing effect of
polyamines in beet root discs was abolished but the toxic
effect of guanidines was potentiated by p-CMB [16].
Since membrane-bound peroxidase of maize scutellum is
affected by polyamines and guanidines, and peroxidase
has also been reported to be inhibited by cysteine [49], it
was of interest to study the interactions between poly-
amines and guanidines with cysteine and sulfhydryl
reagents. When the slices were incubated with iodoacetate
and p-CMB. they activated peroxidase by 37 and 77°,.

Table 6. Effect of spermine and dodine on peroxidase activity in the 10000 g and 40000 g fractions
treated with calcium chloride, Triton X-100 and sodium deoxycholate

Peroxidase activity (units/g tissue) in

Residue Supernatant

Fraction Treatment* Control  +Spermine + Dodine Control  +Spermine -+ Dodine

10000 ¢ 73 39 105 4 4 5
CaCl, 13 9 17 60 57 58
Triton X-100 73 38 108 4 4 4
Deoxycholate 67 36 99 9 9 9

40000 g — 86 30 113 4 5 5
CaCl, 12 4 14 78 77 81
Triton X-100 85 29 109 4 4 5
Deoxycholate 78 27 101 9 8 9

*The 10000 g and 40000 g fractions from scutella of 4-day germinated seedlings were treated with
calcium chloride (0.8 M), Triton X-100 (1 %,) and sodium deoxycholate (1 %) in the grinding medium for
1 hr at 4" and then centrifuged at 10000 g and 40000 g, respectively, to separate the supernatant and
residue fractions. These fractions were then incubated for 1 hr at 37” with sperminc or dodine {1 mM)
before the addition of other assay components for the enzyme activity test.
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Table 7. Interaction between iodoacetate, p-chloromercuri-benzoate (p-CMB), cys-
teine, spermine and dodine for peroxidase activity in maize scutellum slices

Treatment Peroxidase activity (%)

Ist
2nd s Water  lodoacetate p-CMB  Cysteine  Spermine Dodine
Water 100
lodoacetate 137 122 153
p-CMB 177 134 194
Cysteine 68 79 77 29 81
Spermine 23 22 38 18
Dodine 138 170 190 81

Scutellum slices from 4-day germinated seedlings were preincubated (first treat-
ment) for 1 hr in iodoacetate (0.5 mM), p-CMB (0.5 mM), cysteine (0.5 mM), spermine
(2 mM) and dodine (2 mM) at 37°. After washing in water, the iodoacetate- and p-
CMB-treated slices were incubated in cysteine, spermine and dodine, while the cysteine-
treated slices were treated with spermine and dodine. Similarly, the spermine- and
dodine-treated slices were then incubated with iodoacetate, p-CMB and cysteine
(second treatment) for 1 hr. The slices after the second incubation were washed with
water and used for enzyme assay. A control group incubated in water for the same
period was included and its activity (73 units/g tissue) was taken as 1009,

respectively, whereas cysteine inhibited the enzyme by
329, (Table 7). Incubation of slices first with iodoacetate
or p-CMB and then with cysteine after washing com-
pletely prevented the increase by sulfhydryl! reagents and
showed inhibition to the same extent as with cysteine
alone. Similar results were obtained with spermine.
However, incubation of the slices with dodine after the
sulfhydryl reagents gave an additive effect. The inhibitory
effect of spermine was not evident if the slices were treated
with it first and then with sulfhydryl reagents, but showed
22 and 34 % activation, respectively. Incubation of slices
with dodine first followed by sulfhydryl reagents showed
more activation compared to sulfhydryl reagents and
dodine alone. p-CMB and iodoacetate had no effect on the
enzyme present in the soluble fraction, whereas cysteine
inhibited it by 629%,. Also the presence of p-CMB or
iodoacetate along with cysteine did not change the
inhibition pattern of cysteine (data not given).
Polyamines are known to affect several membrane-
bound enzymes such as ATPases [50-53], acetylcholine
esterase [54, 55] and glucose-6-phosphatase [56]. It is
suggested that they may bind directly to the regulatory
sites of the enzyme as in the case of acetylcholine esterase
[55] or to the negatively charged phospholipids of the
membrane, thus neutralizing the charge which could lead
to a change in the membrane-bound enzyme. Membrane
permeability changes appear to result from their binding
to membrane lipids [9, 13, 16]. Sulfhydryl groups of
membrane proteins also play a role in membrane function
[15,47, 48]. The present studies suggest that polyamines,
guanidines and sulfhydryl reagents modulate membrane-
bound peroxidase due to their binding to the membrane,
and not to the enzyme itself since the soluble and the
ionically-bound enzyme solubilized by Ca?* was not
affected by these compounds. Polyamine binding was
reversed by guanidines and sulfhydryl reagents whereas
guanidine binding was not reversed by polyamines but
was potentiated by sulfhydryl reagents, indicating that
there must be some common binding sites on the mem-
brane between polyamines and guanidines and between

polyamines and sulfhydryl reagents. However, the non-
reversibility of guanidine binding by polyamines or
sulfhydryl reagents and the additive response between
guanidines and sulfhydryl reagents would indicate the
presence of additional sites for guanidines. The inhibition
produced by cysteine may be associated with its metal-
binding property.

EXPERIMENTAL

Plant material. Maize seeds (Zea mays L. var. Ganga-2) were
obtained from the National Seed Corporation, Baroda. The seeds
were soaked in running tap H,O for 24 hr and then kept in Petri
dishes on 2 layers of moist filter papers and aliowed to germinate
in the dark at 22°. The scutella were excised from the seeds and
after removal of the embryo, they were cut transversely into thin
slices with a razor blade. The slices were washed in cold H,O until
the wash H,O remained clear and then were blotted on filter
paper. In the case where homogenate rather than slices was used,
a 1% homogenate was prepared with 0.95%, KCl, pH 7, using a
chilled pestle and mortar. In expts where scutella were incubated
for a further period after excision, they were kept in Petri dishes
with 2 layers of moist filter papers for specified periods at 22°
before preparation of slices for enzyme assay. The time when the
seeds were kept for soaking was considered as zero time.

For treatment with amines and guanidines, the scutellum slices
from 4- or 8-day germinated seedlings were incubated for 1 hr at
37° in specified concns of these compounds. After incubation the
slices were washed thoroughly with H,O and assayed for enzyme
activity. Incubation of slices in H,O for over a 4 hr period did not
change peroxidase activity present in freshly prepared slices. In
the case of homogenates, the compounds were added to the
homogenate and incubated at 37° for 1 hr before the other assay
components were added. For expts where amines, guanidines and
sulfhydryl reagents were used to investigate their interaction, the
scutellum slices were incubated at 37° with either amines,
guanidines or sulfhydryl reagents first, followed by the other
compounds after washing with H,O.

Isolation of subcellular fractions. Scutella (30 g) from 4-day
germinated seedlings were homogenized with 120 ml 0.25M
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sucrose in 25 mM Tris—maleate buffer, pH 7.2. The homogenate
was strained through 4 layers of cheesecloth and centrifuged at
1000 g for 10 min, 10000 g for 15 min, 40000 g for 30 min and
105000 ¢ for 60 min. Pellets obtained from these fractions,
representing crude nuclear, mitochondrial, membrane and
microsomal fractions, were suspended in the grindinrg medium.
The fractions without any further purification were used for
enzyme assay with or without preincubation with amines and
guanidines for 1 hr as described above for slices.

Enzyme assay. Peroxidase activity was assayed essentially
according to the method of ref. [ 57]. The assay system consisted
of 25ml 50mM acetate buffer, pH 5.5; 0.1 ml 0259 o-
dianisidine; 0.1 ml 3¢, H,0, and enzyme (0.1 ml homogenate or
40 mg slices) in a vol. of 4 ml. After incubation for 30 sec at room
temp., the reaction was terminated with 0.5 ml 5 N H,SO, and
the A of the coloured complex was measured at 400 nm. Enzyme
unit is defined as the amount of enzyme giving 1 A unit change per
min under the assay conditions.

Chemicals. The homologous series of diamines, spermidine,
spermine, guanidino-acetic acid and guanidino-butyric acid were
purchased from Sigma. Guazatine was donated by KenoGard
AB, Swezden and dodine (Melprex Tech) was donated by
Cyanamid of Great Britain, London. Other chemicals of analyti-
cal grade were purchased locally.
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