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Polyamines (PAs) are positively charged amines that are present in all organisms. In addition to their functions

specific to growth and development, they are involved in responding to various biotic and abiotic stress tolerance

functions. The appropriate concentration of PA in the cell is maintained by a delicate balance between the

catabolism and anabolism of PAs, which is primarily driven by two enzymes, namely diamine oxidase and

polyamine oxidase (PAO). 

polyamine  abiotic stress  enzymes

1. Introduction

Polyamines (PAs) are small aliphatic amines with four to ten carbon chain lengths and are ubiquitously present

across the kingdoms, from prokaryotic to eukaryotic organisms. Polyamines may exist in multiple forms, such as

free-polyamines, covalently conjugated, or non-covalently conjugated (NCC-PAs) forms . The largest pool of PAs

is constituted by free polyamines conjugated with phenolic compounds, such as hydroxycinnamic acid, coumaric

acid, caffeic acid, or ferulic acid via amide linkage . In the physiological state, the free PAs exist as fully

protonated and positively charged, and hence make a complex with macromolecules, such as nucleic acids,

proteins, or lignin via ionic interaction or hydrogen bonding . The most common polyamines in higher plants are

putrescine (Put, a di-amine), spermidine (Spd, a tri-amine), and spermine (Spm, a tetra-amine) . In contrast,

in lower plants, like algae and mosses, the unusual PAs, namely norspermidine (NorSpd) and norspermine

(NorSpm), constitute the bulk of PAs . Structurally, NorSpd and NorSpm are similar to their more commonly

present PA siblings Spd and Spm respectively, except they have one methyl group less in the carbon chain .

Lately, these unusual polyamines have also been identified in low concentrations in higher plants like Medicago

sativa , Arabidopsis thaliana , and Zea mays . Another tetra-amine, thermospermine (T-Spm), has

been identified both in the lower plant, a diatom (Thalassiosira pseudonana), and in the higher plant A. thaliana .

Another secondary diamine similar to Put is cadaverine, which has been reported in Glycine max seedlings .

Studies pertaining to PAs such as T-Spm, NorSpd, NorSpm, and cadaverine are still scarce in the literature.

Traditionally, there are three major PAs present in plants: Put, Spm and Spd. However, with more and more data

being made available, a fourth PA, namely T-Spm, has also been added to this category. All the PAs have been

implicated to have both some common and specific functions. In plants, PAs have been suggested to be involved

in a wide range of functions, starting from embryogenesis to flowering and senescence . Their role in biotic

and abiotic stress tolerance has also been documented . T-Spm, which has been demonstrated to be
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required for stem elongation in A. thaliana, has also been considered a major PA in higher plants , while the

secondary diamine cadaverine has been reported to be required for root growth in G. max seedlings .

PA concentrations in cells fluctuate, and they are governed by a dynamic balance of anabolism and catabolism.

Polyamine oxidases (PAOs) play a significant role in PA metabolism and they are therefore of much importance in

maintaining the cellular pool of polyamines. PAOs are primarily present in the cytosol and apoplast; however, lately,

their peroxisomal localization has also been reported in various plant species. Peroxisomes are an important

organelle for abiotic stress responses.

2. Catabolism

The two important enzymes involved in polyamine catabolism are diamine oxidase (DAO) and polyamine oxidase

(PAO) . DAO uses Cu  and pyridoxal phosphate as cofactors. It acts upon Put and converts it to 4-

aminobutanal with concomitant production of H O  and NH . The 4-aminobutanal is acted upon by the

pyrrolinedehydrogenase (PYRR-DH) enzyme and is converted to γ-aminobutyric acid (GABA), followed by

conversion to Krebs cycle intermediate, succinate. In comparison to monocots, dicot plants contain higher amounts

of DAOs; however, their encoding genes have been cloned from very few plant species .

PAO is a flavin adenine dinucleotide (FAD)-dependent enzyme and catalyzes the oxidative deamination of PAs at

both the secondary amino groups . Unlike DAOs, they have been found to remain present in monocots at

high levels . PAO enzymes are of two types: terminal catabolism (TC) and back conversion (BC) type. TC

type leads to the breakdown of PAs into corresponding aldehydes: 4-aminobutanal and N-(3-aminopropyl)-4-

aminobutanal, for Spd and Spm, respectively, along with concomitant production of 1,3-diaminopropane and

hydrogen peroxide (H O ), while the BC-type PAO leads to conversion of tetramine to triamine, and in certain

circumstances, of triamine to diamine, leading to an increase in the cellular concentration of PAs .

The H O , which is produced as a byproduct of PA catabolism, has been demonstrated to act as a second

messenger in biotic and abiotic stress signal transduction pathways  (Figure 1). It also affects the closure of

stomata mediated by abscisic acid . It has also been speculated that PAs lead to the accumulation of

another second messenger, nitric oxide , which has also been deemed necessary for plant growth and

development aside from its involvement in biotic and abiotic stress signaling .
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Figure 1. Diagrammatic representation of PA catabolism, anabolism, and their links with the TCA cycle. Grey and

blue highlighted boxes represent biosynthesis and catabolism, respectively. Enzymes are represented by bold text.

Green texts and arrows represent back conversions. Red texts and arrows represent catabolism. Dotted arrow

represents the multi-step conversion. ACL—ACAULIS, ADC—arginine decarboxylase, AIH—agmatine

iminohydrolase, CDC—citrulline decarboxylase, DAO—diamine oxidase, GABA—γ-aminobutyric acid, NCPAH—N-

carbamoylputrescine amidohydrolase, ODC—ornithine decarboxylase, PAO—polyamine oxidase, PCD—

programmed cell death, SPDS—spermidine synthase, SPMS—spermine synthase, TCA—tricarboxylic acid,

TSPMS—thermospermine synthase.

3. Biosynthesis

The diamine, Put, is the central compound of PA biosynthesis. In plants, Put is synthesized from two different

precursors—ornithine and arginine. Ornithine is converted to Put by the enzyme ornithine decarboxylase (ODC) in

a single-step reaction . Arginine is converted to Put in a three-step enzymatic reaction, where arginine

decarboxylase (ADC) converts arginine to agmatine and carbon dioxide. In the second step, agmatine is converted

to N-carbamoylputrescine (NCPA) and ammonia by the enzyme agmatine iminohydrolase (AIH). In the last step the

N-carbamolylputrescine amidohydrolase (NCPAH) hydrolyses N-carbamoylputrescine to Put, CO  and NH  .

This is the primary Put biosynthesis pathway in plants . There lies another alternate pathway, where arginine

is converted to Put via an intermediate, citrulline, by the enzyme citrulline decarboxylase (CDC) . The

biosynthesis of Put via citrulline is limited in occurrence and has been reported in Sesamum indicum plants only

. It has also been observed that the gene ODC has been lost from A. thaliana and many other members of

Brassicaceae during the course of evolution , suggesting that the ODC-dependent pathway may not be

absolutely necessary for normal growth and development . The diamine Put is converted to triamine Spd by the

enzyme spermidine synthase, which has been found to be localized in cytosolic fractions . The latter is further

converted into tetra-amines Spm and T-Spm by spermine synthase (SPMS) and thermospermine synthase (T-
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SPMS), respectively, reviewed in . These enzymes catalyze the addition of a fourth amine group. In A. thaliana,

ACAULIS5 (ACL5) has been demonstrated to be a thermospermine synthase ortholog, which synthesizes T-Spm

from Spd  (Figure 1).

The BC-type PAOs also contribute to the accumulation of the cellular PA pool. The recombinant AtPAO1 has been

found to catalyze the back conversion of tetramine Spm and NorSpm to triamine Spd and NorSpd, respectively .

In the case of rice, all the three peroxisomal PAOs (OsPAO3, OsPAO4, and OsPAO5) and one cytosolic isoform

OsPAO1, carry out PA back conversion from Spm and T-Spm to Spd and Spd to Put . The BC-type PAO has

also been reported in the lower plant, Selaginella lepidophylla, where it (SelPAO) catalyzes the back conversion of

Spm and T-Spm to Spd and NorSpd, respectively. Usually, NorSpd is synthesized from 1,3-diaminopropane (DAP)

by the action of aminopropyl transferase (APT). SelPAO synthesis of NorSpd from T-Spm reveals a novel pathway

for NorSpd synthesis . From the back-conversion property of the PAO, it may be envisioned that PAO enzymes

play a crucial role in maintaining the cellular concentration of polyamines as they are involved both in the

catabolism and anabolism of PA, thereby regulating the PAO enzymes, which could be instrumental in the

polyamine-dependent stress adaption of plants.
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