
Gene expression is regulated at the critical steps: a regulatory event occurs at the step which has a criti-
cal effect and is responsible for the limiting rate. Enzyme activity can be regulated at several different
levels: transcriptional, translational or post-translational. In this review we describe (and illustrate with
experimental data) plant stress which induces regulatory mechanisms at the translational and post-trans-
lational levels.

We found evidence for autorepression regulatory system of ferritin biosynthesis. Based on the knowl-
edge of the molecular mechanism of regulation, we believe that ferritin protects the environment against
heavy metal ions and supplements biological system(s) with iron.

The quinolizidine alkaloids� (QA) biosynthesis is lysine decarboxylase (LDC)-dependent. The avail-
able pool of LDC limits the conversion of lysine to cadaverine. The amount of LDC depends on tran-
scriptional and translational efficiency. However, in the light of the presented data, we have evidence for
a post-translational regulatory system, i.e. the activation of LDC from low to high activity enzyme
through the conversion from higher to lower molecular weight form.

The plant protection system is very efficient. Understanding of the defence systems such as plant
response to stress, should provide us with a possibility of applying this knowledge in practice and find-
ing novel applications.
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INTRODUCTION

There are two forms of stress in the plant world, i.e. biotic and abiotic. Translation of
mRNA may be regulated by stability (e.g. rapid degradation of mRNA reduces its
translatability), availability of messenger (e.g. mRNA engaged in specific ribonucle-
oprotein complex may not be available for translation), stimulation (e.g. changes of
conformation or the presence of a specific effector regulate the speed and efficiency
of mRNA reading). The (pre-existing) presence of translatable mRNA or the
enhancement of its translatability makes the protein biosynthesis more rapid and
more efficient. Usually, intensive synthesis of mRNA is associated with a signal from
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cytoplasm to the nucleus, which initiates the enhanced transcription of the corre-
sponding gene. Consequently, we observe enhanced protein biosynthesis. Stress-
induced enhanced biosynthesis of specific proteins represents a rapid response of the
transcriptional and translational machinery to the specific conditions. Response to
the specific conditions is faster and, consequently, more effective at the translation
level.

Events naturally occurring during the development of the plant are often very sim-
ilar to those induced by environmental conditions. Stress induced by chemical or
physical factors can be considered as such a stimulus, similar to wound-induced
changes.

We would like to focus on specific examples of stress induced protein biosynthe-
sis in plant system, i.e. ferritin and LDC (lysine decarboxylase). These two proteins
can be used as models for studying the regulatory mechanisms induced by stress con-
ditions. For both of them we developed simple and efficient procedures of isolation
and we performed general characterisation [published elsewhere: 2, 21, 48].

Stress-induced gene expression can be studied in many ways. One of them is the
construction of cDNA libraries from the respective mRNA isolated from stressed tis-
sue. An alternative approach is the study of a particular gene responsible for the
biosynthesis of protein in response to wounding. The possibility of blocking of
mRNA translation using antisens strategy is also taken into account. The interaction
of regulatory fragments with antisens can be used for their identification.

FERRITIN PROPERTIES � AS AN EXAMPLE
OF ABIOTIC STRESS PROTEIN

Ferritin should be discussed as an abiotic stress protein. In Fig. 1, the autorepression
regulatory mechanism of ferritin biosynthesis is shown [according to 28, with minor
modifications].

Ferritin is a protein responsible for the housekeeping of iron in the cell [16, 43].
Iron is highly toxic � it hydrolyzes nucleic acids. However, it is also a necessary com-
ponent for several enzymatic processes occurring within the biological systems.
Ferritin consists of two subunits: the light one (MW 26,5 kDa) and the heavy one
(MW 28 kDa) and the active molecule charged with iron has a molecular weight of
about 450 kDa [21, 22, 23]. The subunits form a shell which surrounds up to 6000
divalent iron ions per a ferritin molecule [J. Smól � unpublished]. The smaller sub-
unit has a lower molecular weight probably as a result of deletion of some (about 20)
amino acids from the C-terminal end. Based on our sequence analysis, searching
through the data base and testing by polyacrylamide gel electrophoresis, we think
that in case of ferritin the subunits are not programmed by different mRNAs but they
are a result of post-translational modification [38]. Ferritin biosynthesis is regulated
at the transcriptional and translational levels [37, 38]. The autoregulatory mechanism
at the translational level is dependent on iron concentration (mechanism of autore-
pression and derepression of mRNA specific for plant ferritin � shown in Table 1). It
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is evident from the literature that a conservatory regulatory structure iron responsive
element (IRE) exists exclusively in animal systems [12, 14, 18, 19, 24, 33, 45]. IRE
is localised upstream of the reading frame (UTR). This element is responsible for the
regulation of ferritin biosynthesis in animal systems by interaction with cytosolic
IRE � binding proteins (IRE � BP). This interaction depends on iron concentration in
cells. Binding of these proteins by IRE leads to translation inhibition due to inhibi-
tion of translation initiation. However, the N-terminal sequences showed high simi-
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larity in plants, especially the sequences between the 101�160, and 210�300 amino
acids [37, 38, 46].

Having learned the molecular mechanism of plant ferritin biosynthesis we suggest
two functions of this protein: 

� protection of the environment against heavy metal ions;
� supplementing higher vertebrates with iron.
The first function offers a great potential for environmental protection. It turned

out that ferritin is also able to protect plants against the oxidative damage. Deák et
al. [6] showed that tobacco plants transformed by alfalfa ferritin cDNA gained the
resistance to the oxidative damage caused by reactive oxygen forms. It is well known
that iron has got a key role in free radicals generation (especially OH). Therefore, fer-
ritin as the agent controlling the concentration of free (potential toxic) iron plays the
protective function against the oxidative effect which evokes necrotic symptoms
[6, 7]. Besides, overproduction of alfalfa ferritin in transgenic tobacco plants creates
the tolerance to the damage caused by viral (for example tobacco necrosis virus) and
fungal (Alternaria alternata, Botritis cinerea) infections [6]. The second function
mentioned above could be of interest to pharmaceutical industry. The introduction of
ferritin gene to rice in order to increase iron concentration in this plant is noteworthy
of at this point [13, 15, 35].

Based on the knowledge of ferritin properties we postulate that the plant system
(for example yellow lupine) could be used for the protection of the environment and
as a source of iron (Fe+2) for higher vertebrates [16, 28]. Biosynthesis of ferritin stim-
ulated by abiotic stress (induced by the excess of metal ions) is followed by the bind-
ing of these ions by ferritin. In this way, stimulated synthesis of the ferritin may help
protect the environment. In addition, plant ferritin rich in iron ions (Fe+2) can also be
a source of iron for anaemic higher organisms. The procedure of isolation of iron rich
plant ferritin has already been submitted for patent application [36].

The knowledge of molecular properties of ferritin offers new opportunities of
using plants with engineered metabolic regulations for the protection of environment
and/or the supplying of the necessary component.

LDC PROPERTIES � AS AN EXAMPLE
OF BIOTIC STRESS PROTEIN

Formation of the secondary metabolites, e.g. alkaloids, is one of the key issues for
many aspects of plant biochemistry, such as food production and regulatory mecha-
nism of many metabolic pathways. The understanding of biochemical changes occur-
ring during the metabolic pathway is extremely important. Several factors affect
alkaloid formation. They include the availability of components, stress conditions
and the biological activity of key enzymes of metabolic pathway. 

Lysine decarboxylase is a key enzyme in the quinolizidine alkaloid (QA) biosyn-
thesis pathway, which takes place in many plants. LDC (lysine decarboxylase) can
be regarded as a biotic stress protein. Some quinolizidine alkaloids, like sparteine and



lupanine, are well-known allelochemicals. Lysine decarboxylase is responsible for
decarboxylation of lysine during the biosynthesis pathway of these alkaloids in plant
systems. In Fig. 2, biosynthesis of quinolizidine alkaloids and the function of LDC
are shown [according to 32]. LDC activity is difficult to detect in any plant system.
Besides, there are very few reports and no data on homogeneous plant LDC or
sequences in data bank are available [17, 20, M. Astriab � unpublished]. In order to
alter the alkaloid biosynthesis in plants the bacterial gene of LDC was used [32,
47, 49].

There are at least two reasons for the difficulties in highly active LDC isolation:
low specific activity of this enzyme and its instability [as reported by Wink: 47, 48].
LDC activity is a rate-limiting factor for biosynthesis of many alkaloids [9].
Overproduction of cadaverine may be the result of genetic manipulation and
increased number of LDC gene copies and/or of the activation of the enzyme. The
�low LDC level� observed by Fecker et al. [9] could be a misinterpretation: the level
of LDC-protein was high but with low specific activity of LDC-enzyme. We can
speculate about the possible mechanism(s): conversion of pre-enzyme to enzyme or
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activating function of chaperons [8]. Of course, the interpretation presented by
Fecker that low transcription and/or translation level is due to the specificity and effi-
ciency of codon usage in plant with bacterial system has to be taken into account as
well.

POST-TRANSLATIONAL REGULATION OF GENE EXPRESSION
IN CASE OF STRESS

Posttranscriptional regulation of the protein activity is possible at several distinct
levels: by the activation of a specific messenger and de novo translation of this pro-
tein or by the activation of protein from inactive storage form [as is described in text
books, e.g. 1 and in research papers 5, 10, 11, 42]. For rapid translation, the available
pool of temporarily inactive mRNA, which may be activated by the stress conditions,
is of key importance. However, activation of a �silent� enzyme, which is in an inac-
tive storage form, is another possibility of inducing plant response to stress. It is
worth of notion that the latter is the fastest way and it requires minimum energy con-
sumption. Evidently, the answer to the stress signal at the translational level is faster
and requires less energy from the cell than at the transcriptional level. However, the
latter has practically unlimited capacity in the production of new proteins.

There are numerous data concerning the transport of LDC molecules within the
plant, from the green parts (leaves) to the roots and seeds [32, 48, 49 and references
cited herein]. The increase of specific activity (followed by increased of total activi-
ty) of LDC may be a result of the de novo biosynthesis or of the removal of the
endogenous inhibitor from the (protein � inhibitor) complex. In case of LDC, acti-
vation of the enzyme is strictly related to the association of the inhibitor. The chem-
ical structure and biological function of this molecule have not yet been clarified.
This association of the protein with a specific inhibitor is clearly a key element for
the understanding of the biosynthesis pathway of alkaloids. Regulation through
reversible modification offers unlimited possibilities for the functioning of the plant
system (induction, repression, autorepression).

We propose a hypothesis that activation through the release of inhibitor occurs
during the metabolic pathway of QA synthesis. The cut-out small polypeptide could
play a vital role of a signalling peptide. The function of the small peptide in this case
could be the activation of LDC through changing of the conformation from low to
high activity. The correct conformation of LDC is dependent on the amino acid
sequence but limited by information blocked by this peptide. This finding is highly
similar to a well-established allosteric steric chaperones effects [7]. According to
another hypothesis, the small peptide is covalently but transiently attached. As it is
described by Plaxco and Gross [29] changing the conformation from unfolded to its
native state is a key process in the regulatory mechanism of protein activity. In a few
cases, examples of folded and unfolded enzymes are available [see ref. given there-
in, 29]. The folding process is usually viewed as a complicated, multistep process
with sophisticated intermediates. Evidently, proteins are in a �dynamic milieu�,



which is sensitive to exogenous signals, induced by stress. The LDC case is an exam-
ple of such situation.

It is commonly believed that in order to participate in the metabolic pathway, a
secondary metabolite must be rapidly synthesised and transported to the target site.
An endogenous fragment of a polypeptide may play the same function. However, it
does not have to be de novo synthesised. Indeed, the answer to stress conditions may
be much faster and much more efficient [31].

As far as ferritin is concerned, there are two different ways of post-transcription-
al regulation:

� Autorepression mechanism; which is � in fact � the activation of inactive spe-
cific mRNA from the storage (protein-mRNA) complex by stress conditions.
Translatability is limited by binding of the specific protein to ribonucleotide.
This mechanism is well established in the literature [5].

� Hitherto unknown biological function of the different lengths of the polypep-
tide chains of the protein (the so-called heavy and light subunits) have not yet
been recognised. According to our results, as it was earlier mentioned, a
polypeptide is most probably reduced from the C-terminal. 

We found the following amino acid sequences for both subunits of ferritin: PNVS-
LARQNY and for the LDC: PNDXDDLLXIIE. Based on the determined N-termi-
nal sequences we analyzed the sequence data bank and we found similarities. Based
on these data it seems that in case of ferritine, the subunits are not programmed by
different mRNAs but they are a result of post-translational modification. The small-
er subunit has a lower molecular weight probably because of deletion of some (about
20) amino acids from the C-terminal end [38].

We believe that application of antisense strategy could be very useful and advan-
tegous for solving the problem of how protein biosynthesis under stress conditions is
regulated. There are following basic approaches for antisense strategy:

� triplex � attachment of the third oligomer to DNA helix,
� heteroduplex � formation of a complex between RNA and oligodeoxymer,
� ribozymes, oligoribomer with catalytic activity,
� aptamers, binding of oligomers to proteins.

� There are several variations and modifications of the basic concepts. For exam-
ple: oligozymes, chemical modificationes, etc.

The most convincing evidence for the action of antisense oligomer is blocking of the
action of enzymatic system, which is observed in in vitro biosynthesis of specific
protein on mRNA. Antisense oligomer binding to the control region of mRNA
inhibits protein biosynthesis at the translational level. This is exemplified by the inhi-
bition of ferritin biosynthesis in vitro by unexpected conformational changes as the
function of biological activity of the oligomer complementary to the IRE structure of
ferritin mRNA [TT, preliminary, unpublished data]. The regulatory structure IRE is
located in 5´ UTR (untranslated region).

The mechanisms of the post-transcriptional regulatory steps are far from being
understood. In case of both proteins, the shortening of the polypeptide chains still
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remains an open question. The characteristics of these molecules are the most
intriguing questions. The elucidation of the nature of these phenomena, their mode
of function, should help to unravel the mechanism(s) of translational control of bio-
logical activity of these two proteins.

CONCLUSIONS

The transcriptional regulatory mechanism provides an opportunity for the �produc-
tion� of large amounts of a particular protein [4, 27]. However, being relatively slow,
the transcription is in a way �delayed� in relation to the stress signal. The transla-
tional regulation allows the system to answer to the stress signal much faster, but
with a limited capacity in terms of the amount of produced protein. Posttranslational
regulation of the protein activity offers a possibility of an immediate answer to the
signal. The aforementioned cases provide examples of specific translationally and
post-translationally regulated gene expression. Contrary to the described specific
regulations, the regulation at ribosomal level is an ideal candidate for a universal
mechanism, unspecific for any given protein, at translational level. It is interesting
that both described mechanisms are highly specific and similar. In a simplified way
we may say that these are conversions from pre-enzymes to enzymes. We think that
activation by the conditions is of key importance. The understanding of these
processes is crucial for biotechnological applications.
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