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The polyamines are low molecular weight, polycati-
onic, nitrogenous compounds, and normal constitu-
ents of prokaryotic and eukaryotic cells. They have
been implicated in a wide range of metabolic proc-
esses in plants ranging from cell division and organ-
ogenesis to protection against stress. Genes for
several key biosynthetic enzymes like arginine de-
carboxylase, ornithine decarboxylase and S-adenosyl
methionine decarboxylase have been cloned from
different plant species. They have been found to be
regulated by developmental cues and also by differ-
ent kinds of stress. Both over expressed and antisense
transgenic approaches of polyamine biosynthetic
genes have Turther supported that these compounds
are essential for normal plant growth and develop-
ment. Recent generation of polyamine biosynthetic
mutants of Arabidopsis also suggests the importance
of polyamines as cellular metabolites. The current
development in the knowledge of polyamine biosyn-
thesis, particularly molecular genetic analysis, has
been discussed in this review that will help to open
up new avenues of investigation for the researchers.

POLYAMINES (PAs) (putrescine, spermidine and sper-
mine), a class of aliphatic amines are ubiquitous, non-
protein, straight chain, polycationic metabolites present
in both prokaryotic and eukaryotic cells. They have been
tmplicated in several important cellular processes like
replication, cell division, protein syntheéisl, protein—
DNA interactions’, and plant responses to abiotic
stress®>. Polyamines can form conjugates that can ac-
count for 90% of the total PA’. PAs have been localized
in various organelles including the vacuole, mitochon-
dria, nuclei and chloroplast'®, In the latter they have
been detected from thylakoid membranes associated
with PS-II and light-harvesting complex in spinach'',
The apoproteins of the chlorophyll a/b antena complex
and RuBISCO (ribulose-bis-phosphate carboxylase)
large subunit have been identificd as substrates for a
plastidic transglutaminase, which catalyses the incorpo-
ration of PAs into both thylakoid membrane and stromal
proteins in Helianthus tuberosus'®, The biosynthesis and
regulation of PA level in animal cells are well character-
ized and are controlled primarily by two enzymes: orni-
thine decarboxylase (ODC), responsible for the direct
production of putrescine (Put), and S-adenosyl-l-
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methionine decarboxylase (SAMDC), for the synthesis
of spermidine (Spd) and sperniine (Spm)"’. The activi-
ties of Spd-synthase and Spm-synthase are rather consti-
tutive, depending on the availability of precursor
molecules. The decarboxylating enzymes are remarkable
for their rapid rate of turn over. Their activities are
modulated by a wide array of hormonal, developmental
and cell growth-related factors'*'. In higher plants and
some bacteria, there is an additional biosynthetic en-
zyme, arginine decarboxylase (ADC), which represents
an alternate, indirect pathway to ODC for the synthesis
of Put, through agmatine’*'®, A variety of physiological
and stress stimuli are known to affect the activity of
polyamine biosynthetic enzymes in plants and the two
pathways are regulated quite differently'®*™1?,

The 1nformation related to the mechanism of regula-
tion of PA biosynthesis or the subcellular localization of
their biosynthetic enzymes is limited®***!. This knowl-
edge is critical to understand the various functions of
PAs in the physiology of higher plants. Although studies

~of various inhibitors of PA biosynthesis have provided

some useful information regarding plant growth and de-
velopment, some of the inhtbitors are non-specific, and
not well characterized for their permeability and stabil-
ity in cells. Figure 1 shows that the enzymes ADC and
ODC can be irreversibly inhibited by the inhibitors in-
cluding DL-o-difluromethyl arginine (DFMA) and DL-ot-
ditfluromethyl ornithine (DEMO), respectively. Methyl-
glyoxal-bis-guanil hydrazone (MGBG) and cyclo-
hexylamine (CHA) are reversible inhibitors of SAMDC
and spermidine synthase, respectivelylﬁ‘m‘n. They are
generally effective only in reducing the cellular levels of
PAs. The use of molecular approach including the
cloning of genes for PA biosynthetic enzymes, produc-
tion of transgenic plants, isolation and characterization
of mutants defective in PA biosynthesis will provide a
better understanding of the role of PAs in higher plants.
New tmpetus to polyamine research has come with the
cloning of many PA biosynthetic gencs and the cellular
perturbation of PA levels and studying its cffect on plant
developmental processes and stress using transgenic and
molecular genctic approaches,

The present review brie{ly updates our knowledge of
ccllular and molecular biology of PA biosynthesis in
hipher plants,

17



REVIEW ARTICLE

NH;~ CNH{CHZJ:, CHNH,
0 éoon

2 \CARBAMOL
{P)

T [ARGNINGGOCCINATE )
L ] HOOC- CH CHN-G- NH (CH I3 CH-COOH
NPT P IR Ny CooH Hz NH3
COOH
i UHE‘RATE
L

[ORNITHINE]
NH, r:HIJ-ﬁ: HCOOH

UREA HHZ

““”2’2

y &
2 ]
7

ARQIMINE
Ha N-C~NHICHy}5CH-COOH

‘t NH:
DFMA
[acMarne]

NHZ™ E=NHICHIL HHy {
HHlB |
1 [ N-CARBAMOYL PUTRESCINE J*—]———-

[cAD AVERINE]
NMy [CH & NH, "”2'5‘“” (CHy)~NH,

b

N—
=
T
o

o

——— e = - e o v

10
(PuT RESCNE[S—TX
HHZ ICI:IEJ,_ NH, 0; HP;
= CHA
02 H>07 +PYRROLINE

-—ERHID mE]-—--&-/

— — > APYRROLINE

PP

ATP

N
SAM

BG ldSAM|

METHONINE

[CALDOPENTAMINE]

[ETHYLENE]

Figure 1. Schematic representation of polyamine metabolism and their interrelationships with the
ethylene biosynthesis in higher plants. Inhibitors are indicated in abbreviated forms. DFMQO, «-
difluromethyl  ornithine; DFMA, o-difluromethyl arginine; MGBG, methylglyoxal-bis-
(guanylhydrazone); CHA, cycloheximine. The enzymes involved in the metabolic pathways are indi-
cated in numbers (1-18). (1) Arginase, (2) Ornithine carbomoyl transferase, (3) Arginino succinate
synthase, (4) Arginino succinate lyase, (5) Citrulline decarboxylase, {(6) Ornithine decarboxylase, (7)
Arginine decarboxylase, (8) Agmatine iminohydrolase, (9) Lysine decarboxylase, (10) N-carbamoyl
putrescine amidohydrolase, (11) S-adenosyl methionine decarboxylase, (12) Spermidine synthase,
(13) Spermine synthase, (14) Diamine oxidase, (15) Polyamine oxidase, (16) Aminopropyl trans-
ferase, (17) 1,amino 1-cyclopropane 1-carboxylic acid synthase, (18) Ethylene forming enzyme. The
major pathway 1s indicated by continuous lines, while the side branches are indicated by broken and
dotted lines.

Molecular biology and expression of PA
brosynthesizing enzymes

Arginine decarboxylase

Arginine decarboxylase (ADC), the first key enzyme in
the alternate pathway, plays a pivotal role in the bio-
genesis of precursor Put. The enzyme has been purified
and charactenzed from several systems like oat®™,
rice’®?’ Lathyrus®®, mung bean® and Brassica®®. It re-
quires a thiol compound and pyridoxal phosphate for its
activity but metal dependency has not been detected.
Earlier reports indicate that ADC is a cytosolic en-
zyme”*’. However, Borrell and coworkers®' report Its
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spectfic association with the thylakoid membranes of the
oat chloroplast by cell fractionation and immunocyto-
chemistry. In recent years, ADC gene has been cloned
from oat™, tomato?, pea*>, Arabidopsis®® and soybean.
Each of the cloned ADC genes is similar to the biosyn-
thetic Escherichia coli ADC and encodes proteins con-
taining the conserved, putative substrate-binding site
that has been found in all eukaryotic ADCs and ODCs
reported so far. This fact suggests a similar catalytic
mechanism’®. It has been observed from phylogenetic
distance analysis that the Arabidopsis gene is more
closely related to tomato or pea than E. coli or oat™

The regulations of ADC gene expression are rather
complicated and require de novo protein synthesis® .
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Bell and Malmberg?® first obtained the ¢cDNA clone of
ADC from oat. The open reading frame (ORF) encodes
a 66 kDa protein, but the purified ADC polypeptide has
an apparent molecular weight of 24 kDa and is encoded
by the carboxy-terminal region of the ORF. Subse-
quently, Malmberg and coworkers®>”° demonstrated that
the enzyme is post-translationally cleaved and processed
into N-terminal 42 kDa and 24 kDa C-terminal frag-
ments and this step i1s necessary as a part of the activa-
tion of ADC enzyme activity in oat. These two are
linked together to form the 66 kDa protein by a disul-
phide linkage. The 24 kDa fragment consists of the
DFMA binding site and may contain at least part of the
active site of the enzyme which is prevalent in the solu-
ble fraction®®”,

In tomato, ADC mRNA levels increase from the imma-
ture green stage to the breaker stage’’. Whereas in pea,
ADC expression is higher in young developing tissues
and early stages of fruit growth than in mature organs’”.
However, in these two cases, ADC activity does not ap-
pear 1o correlate with the mRNA levels, suggesting that
expresston may be subject to translational and/or post-
translational regulation. In fact, pea and soybean
mRNAs have long 5’-untranslated regions, which may
be involved in the processing™".

In K*-deficient A. thaliana, Watson and Malmberg™*
could not detect any change in ADC mRNA level or
protein level correlating with the increase in ADC en-
zyme activity. They cannot detect any evidence of
regulation by post-translational proteolysis, either by
existence of pre-protein or clipped polypeptides. In our
experimentsm, 498 bp ADC, PCR amplified oat genomic
DNA (OAD1) shows strong hybridization with different
rice cultivars by Southern blot analysis and reveals the
presence of a single copy gene and restriction fragment
length polymorphism (RFLP) of ADC gene. A compari-
son of Northern blot analysis in salt-tolerant and salt-
sensitive cultivars shows differential accumulation of
ADC mRNA level during salinity stress, correlating well
with the differences in ADC enzyme activity.

The most interesting results are obtained by Borrell
and coworkers®*!"*? in a series of experiments with os-
motically stressed, dark induced senescing oat proto-
plasts. Under senescence-inducing conditions, in
presence of 0.6 M sorbitol and in absence of exogenous
Spm, the ADC mRNA level shows a significant increase
after 1 h, then a rapid decrease after 2 h of incubation in
dark, But under presence of Spm, there is a more
marked increase in ADC mRNA level and the level re-
mains high even after 2 h. Western blot analysis with the
polyclonal antibodies from the C-terminal region, re-
veals a significant increase in the level of 24-kDa
polypeptide (ADC processed and active form) in the
soluble fraction of the osmotically stressed oat lcaves,
However, the presence of exogenous Spm leads to a
dramatic decrease in the level of 24 kDa polypeptide
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after 4-24 h of incubation and it cannot be detected at
all after 24h of incubation. But an unprocessed
polypeptide of 66 kDa mol.wt. appears which corre-
sponds to the decrease in ADC enzyme activity.

Ornithine decarboxylase

Ornithine decarboxylase (ODC) is also a pyridoxal-
phosphate-dependent enzyme and has been purified
from cytoplasm and nucleus of germinating barley seed
where it is tightly bound to chromatin®**. It has been
partially purified from wheat*’ and jute embryo*®. The
regulation of ODC in higher plant system has not been
studied in detail. In animals and yeast, it is regulated in
a complex manner by antizymes and proteosomes and
there are reports of polyamine dependent translational
frame shifting of ODC antizyme*’**. In animal systems,
ODC has been reported to be under transcriptional**°
as well as translational control’’. The turnover rate of
ODC 1s highly variable with a half-life ranging from as
short as 5 min to several hours; this is at least partially
due to the PEST (Pro-Glu-~Ser-Thr) sequence in the C-
terminal region’?. Phosphorylation may also play a role
in the regulation of ODC by PAs>"*. Role of antizyme
in the control of ODC from jute has also been revealed
by Pandit and Ghosh™.

The cDNA clone representing ODC from Datura has
been obtained recently by Michael and coworkers’®. It is
similar to other eukaryotic ODCs, but lacks long 3’ and
5’ untranslated regions that are present in mammalian
ODC mRNAs, and are probably involved in translational
efficiency. A decarboxylase amino acid motif with a
consensus sequence, XX [D/N] X GGG X [G/T], where
X represents a small hydrophobic residue, is found in all
cukaryotic ADCs and ODCs cloned so far (between
345-353 nt in pea sequence). The putative pyridoxal
phosphate binding domain from nt position 161 and 552
in pea ADC sequence has also been detected™.

S-adenosyl methionine decarboxylase

S-adenosyl methionine decarboxylase (SAMDC) is
probably the rate-limiting enzyme that provides the
amminopropyl moicty used by Spd and Spm synthases to
convert Put to Spd and Spm respectively. SAM is also a
precursor for ethylene biosynthesis. SAMDC has been
observed in carrot®’, oat™® and tobacco’®, In tobacco it is
a 35 kDa polypeptide as revealed by SDS-PAGE analy-
sis®,

Genes for SAMDC have been cloned from potato®,
spinach®, periwinkle®, carnation™ and Tritordeum®,
There 15 a strong (70%) sequence similarity, at the level
of deduced amino acid scquences among the plant
SAMDC genes, but they have only 30-35% and 20-26%
sequence identity with the mammalian and bacterial
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SAMDC***"*, Inspite of a low overall sequence simi-
larity, plants share some regions of similarity between
all SAMDC genes analysed so far including a putative
PEST sequence, characteristic of peptides having high
turnover rates and a pre-enzyme cleavage site. Indeed,
SAMDC in potato and periwinkle is synthesized as a
precursor molecule or as a pre-protein and it is post-
translationally self-processed to form two subunits (a,
£), which then together constitute the functional enzyme.
As a result of this modification, a covalently linked
nrosthetic pyruvate group is generated from the N-
terminal Ser-residue at the cleavage site®®-%°. A third
important feature is their long (approximately 500 bp) 5’
untranslated lcader sequence which contains untrans-
lated open reading frame®. Potato SAMDC is highly
expressed 1n actively dividing and differentiating tissues
of both vegetative and reproductive organs®. In Tritor-
deum SAMDC mRNA accumulates in wounded tissues
and the level follows a circadian rhythm, suggesting its
expression in the absence of cell division®. Genes en-
coding spermidine and spermine synthase have not been
cloned from plant system till date.

Transgenic plants expressing PA
biosynthesizing genes

Initially, due to the non-availability of native genes from
plant sources, the polyamine biosynthesis genes from
non-plant sources like yeast, mice and human are engi-
neered in transgenic plants. The genes are linked to
cauliflower mosaic virus 35S RNA promoter, thus pro-
ducing high levels of constitutive expression. The yeast
ODC gene overexpressed in tobacco hairy root cultivar
produces up to 3-fold increase in ODC activity and
doubles the nicotine content®®. DeScenzo and Minocha’
transform tobacco with mouse ODC and obtain 2-3 fold
increase in Put in the leaves and 4-12 fold increase in
the callus cells. Most of the transformants appear nor-
mal, although the ones having highest ODC and Put
levels display stunted growth, wrinkled leaves and flow-
ers with reduced stems. The tobacco transgenic with the
human SAMDC"! shows a 2—4 fold increase in SAMDC
activity, reduced Put levels, and 2-3 fold increase in
Spd level.

The controlled expression of a transgene is always
better in comparison with constitutive over-expression.
For example, potential over-expression of a homologous
SAMDC gene in potato being reported to be lethal. The
Tet repressor system has been designed to regulate the
gene 10 sense and antisense orientation’”. In the sense
orientation, SAMDC/Tet construct results in a 2-6 fold
increase in the SAMDC transcript level, following Tet
induction in leaf explants, along with an increase in
SAMDC activity and Spd, Spm and intriguingly Put
levels. The plants having antisense SAMDC construct
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display a variety of phenotypes including stunted
growth, short internodes, stem branching and small
leaves, concomitant with the reduction in the levels of
SAMDC mRNA and activity and Put, Spd and Spm
content, along with a 46-fold increase in ethylene con-
tent.

Recently, ADC gene of oat has been over-expressed in
tobacco under the control of an inducible promoter; the
Tet-repressor system and this shows a significant change
in the levels of ADC transcript and activity, and the Put
content upon tetracycline-induction’”. Some transgenic
plants display abnormal phenotypes inciuding short in-
ternodes, small stems and leaves, chlorosis and ad-
vancement in the flowering period’.

The root induction and morphological abnormalities,
due to the presence and expression of the Ri TL-DNA
(Agrobacterium rhizogenes, T-DNA lett border) are
linked to an altered metabolism of polyamines™*”. A
range of phenotypes including short internodes, highly
branched stems, with small leaves have been obtained in
plants transformed with RiTL-DNA of Agrobacterium
rhizogenes’®, this correlates well with the reduced PA
level, suggesting that the products of the Ri TL-DNA
encoding genes may be involved in repressing PA bio-
synthesis. In tobacco root, a correlation exists between
the expression of the rol genes from the TL-DNA (rolA,
rolB, rolC) of A. rhizogenes and PA metabolism. The
higher PA contents found in roots transformed by rolA
parallel with higher ODC and ADC activities as well as
higher nicotine contents’®"".

More recently, activation T-DNA tagging has been
used to create MGBG-resistant tobacco cell lines’’. Re-
generated plants display characteristic leaf and f{loral
malformation as well as parthenocarpy. One line shows
increase in activity of SAMDC whereas in another line
this 1s coupled with elevated levels of Put and Spd al-
though transcript levels of the respective enzymes re-
main unchanged. The tagged plant genomic DNA 1s
isolated and has been used to detect a functional
cDNA’®,

Mutational analysis

Several efforts have been made to select polyamine mu-
tants. In petunia and tomato, floral-morphology mutants
have been shown to havc increased Put content and
ADC activity; however, the molecular analysis of the
mutants has not been carried out in detail’”*°. The mu-
tants from MGBG and DFMO-resistant tobacco show an
array of phenotypic characteristics including dwarfing
and floral abberations. Recently, Malmberg and
Watson®' after screening 25,000 EMS-M, seedlings of
Arabidopsis for ADC and ODC mutants have identified
a number of alleles defective in ADC, which fell into
two loci. One of these, Spe 1, represents the ADC
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structural gene and the other represents a regulatory lo-
cus involved in post-translational regulation at the pro-
tein level (Spe 10). These mutants show minor root,
stem and floral morphogenesis. The allele deficient in

ODC activity (Spc 2) is generally hypomorphs, with low
but non-zero levels of enzyme activity and the Put con-
tent. In another genetic approach, the SAMDC gene of
potato has been mapped to chromosome 5 and shows
genetic linkage with the tuberization process’.

Concluding remarks

From the above discussion, it can be concluded that the
molecular evidence essentially supports the biochemical
data. Although mRNA accumulation seems to be impor-
tant in the control of polyamine biosynthesis pathway, it
is quite clear in all the cases other regulatory mecha-
nisms also exist, which function at the level of transla-
tion, enzyme processing and assembly levels.
Accumulating evidences from the analysis of the trans-
genic plants show that PA metabolism can be manipu-
lated as well as changes in PA biosynthesis appear to
have a reciprocal effect on ethylene biosynthesis. The
analysis of transgenic plants, together with results from
mutant analysis, indicates that changes in levels of PAs
can affect leaf and floral morphology. Finally the avail-
ability of molecular probes for the biosynthetic enzymes,
covpled with mutational analysis to knockout genes, the use
of antisense technology and activation T-DNA tagging shall
prove to be useful in understanding the role of polyamines
in plant metabolism and control of dormancy, fruit ripening,
senescence and responses of plants to stress.
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