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In plants, two kinds of specific metal-binding peptides or proteins are synthesized. Plant
metallothioneins (MTs) and MT-like proteins are cysteine-rich translation products of genes
inducible in tissue-specific manner during embryogenesis and plant development. In addi-
tion, differential expression of MT-like protein genes could be due to variation of external
heavy metal concentrations (especially of Cu?* and Fe?*), influence of various stress factors
(heat shock, sucrose starvation, oxidative stress, wounding, plant pathogens). The principal
role of plant MTs and MT-like proteins seems to be in homeostasis of essential transition
metals rather than in metal detoxification. Phytochelatins (PCs) have general structure
(y-Glu-Cys),-Xaa, where n = 2-11 and Xaa amino acids Gly, B-Ala, Ser, and Glu which de-
pend on the species; the des-Xaa forms of PC also exist. PCs are synthesized in plants and
some yeasts by a constitutive enzyme phytochelatin synthase (active only in the presence of
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free heavy metal ion) from glutathione or its anologue. Despite the PC capability of forming
complexes with transition metal ions (their role in metal homeostasis could not be ex-
cluded) and virtually prominent role in Cd?* detoxification within plant cell, there is no ev-
idence that elevated production of PCs may contribute to differential tolerance and/or could
be responsible for the resistance to toxic metals. A review with 172 references.

Key words: Metallothioneins; Metallothionein-like proteins; Phytochelatins, Metal binding;
Metal tolerance; Metal homeostasis; Metalloproteins.

1. INTRODUCTION

Heavy metals are bound in many metalloproteins by electrostatic forces
and coordination bonds. Essential heavy metals act in catalytic sites of
metalloenzymes and enable specific folding of many other metalloproteins.
Examples of their importance for metalloprotein folding are many DNA
binding proteins. The conformation of these proteins is stabilized by tetra-
hedral coordination of Zn?* in “zinc finger” DNA binding domains via
cysteine and histidine residues. Cadmium or other nonessential transition
metals as well as the essential metal ions in excess levels can act as poisons
because of their high affinity to amino acid residues involved in important
biological functions.

The poisonous levels of free heavy metal ions are detoxified in many or-
ganisms via binding to intracellular ligands. A group of such ligands of par-
ticular importance was named metallothioneins!3. The name
metallothionein (MT) was first used by Margoshes and Vallee? for a cad-
mium-binding protein from mammalian kidney. Metallothioneins, isolated
subsequently from other sources, were subdivided into classes on the basis
of structural similarities. Class-1 MTs are defined as polypeptides whose pri-
mary structure is related to mammalian MTs, while those of class 11 display
none or only a very distant sequence similarity to mammalian MTs (ref.3,
Fig. 1). Mammalian MTs are usually composed of 61 amino acids, lacking
aromatic amino acids and histidine. Their molecular weight is 6-7 kDa.
Two distinct domains of MTs co-ordinate 7 divalent or 12 monovalent
metal ions by 20 Cys residues, which are shared along the sequence. The
Cys-X-Cys (where X is an amino acid residue other than Cys) and Cys-Cys
sequence motifs are characteristic of and invariant for both class | and class
Il MTs. Divalent transition metals are in mammalian MTs bound in tetrahe-
dral tetrathiolate clusters®.

Expression of mammalian MTs is induced not only by metal ions, but
also by certain hormones, cytokines, growth factors, tumor inducers and
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MT of class I

. . 3
Human, Homo sapiens sapiens (MT-2)
MDPNCSCAAGDSCTCAGSCKCKECKCTSCKKSCCSCCPVGCAKCAQGCICKGASDKCSCCA

* * * * * ok x Kk K *k kK * x * * *kk

MT of class IT

Yeast, Saccharomyces cerevisiae (CuP®
MFSELINFQNEGHCQCQCGSCKNNEQCQKSCSCPTGCNSDDKCPCGNKSEETKKSCCSGK

* ok ok * * * x * * ok **

Wheat, Tricium aestivum (E¢)"’
MGCNDKCGCAVPCPGGTGCRCTSARSDAAAGEHTTCGCGEHCGCNPCACGREGTPSGRANRRANCSCGAACNCASCGSTTA

Maize, Zea mays (similar to Eo)"
MGCDDKCGCAVPCPGGKDCRCTSGSGGQR . . EHTTCGCGEHCECSPCTCGRATMPSGRENRRANCSCGASCNCASCASA

* * % * * ok * x * ok x x * x * ok *

MT-like protein of type 1

Pea, Pisum sativum (PsMTA)*
....MSGCGCGSSCNCGDSCKCNKRSSGLSYS .EMETTETVILGVGPA . KIQFEGAEMSAASEDG . GCKCGDNCTC . DPCNCK

Mimulus guttatus™

.. .MSSGCSCGSGSKCGDNCSC.SMYPDM. . . .ETNTTVIMIEGVAP.LKMYSEGSEKSFGAEGGNGCKCGSNCKC . DPCNC
Arabidopsis thaliana (MT1a)*>*
. .MADSNCGCGSSCKCGDSCSCERNY & 4 v vt ittt it ittt ceeiaeeneneenn NKECD.NCSCGSNCSCGSNCNC

*  * * x * % (*) * x * % * %

MT-like protein of type 2

Tomato, Lysopersicon esculentum (LeMTB)43
MSCCGGNCGCGSSCKCGNGCGGCKMYPDMSYTESSTTTETLVLGVGPEKTSFGAMEMGESPVAEN . GCKCGSDCKCNPCTCSK

Arabidopsis thaliana (MT2a)*>
MSCCGGNCGCGSGCKCGNGCGGCKMYPDLGFSGETTTTETFVLGVAPAMKNQYEASGESNNAESD . ACKCGSDCKCDPCTCK

Arabidopsis thaliana (MT2b)30
MSCCGGSCGCGSACKCGNGCGGCKRYPDL. . . .ENTATETLVLGVAPAMNSQYEASGETFVAEND . ACKCGSDCKCNPCTCK

* % *  x * x *  x * x * x x *

MT-like proteins different from type 1 and 2

Douglas-fir, Pseudothsuga menziesii®®

MSSDGKDCGCADPTQCDKKGNSLGVEMVETSYDYNMNMSFGFEYEMETVA. . ..o v v v n et AEN.GCKSGASSKYSN.RCN
Kiwi fruit, Actinidia deliciosa™
MSDKCGNCDCADSSQCVKKGNSIDIVETDKSYIEDVVMGVPAAESGGK . « v v v v e e vt e e ee e e e CKCGTSCPCVNCTCD

(%) * * * * (% * ok K)ok

MT of class III — phytochelatins (PCs)

PC, are abundant in plants and some yeasts
PCs: YECYECYECG;  isoPC; (BAla): YECYECYECPBA  isoPC; (Glu):  YECYECYECE
des-Gly-PC;: YECYECYEC; isoPC; (Ser): YECYECYECS;

Fic. 1
The amino acid sequence of metallothioneins (MTs) and MT-like proteins. The class-111 MTs
named phytochelatins (PCs) are also included. The dots are included for optimum align-
ment of homologous sequences and asterisks emphasize the cysteine distribution. The first
eight amino acids which are cleaved from CUPL1 after translation are italicized. The PC,, are
generally of n = 2-11. Note that glutamic acid of glutamylcysteinyl repeats provides y-car-
boxyl for the peptide bond (for details see the text and Fig. 2)

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



1060 Kotrba, Macek, Ruml:

chemical and physical stress®°. Induction of MTs is transcriptionally regu-
lated and cis-acting metal regulatory elements and trans-acting factors are
known in animals, yeasts and cyanobacteria®. A large number of factors in-
ducing synthesis of MTs and variation of their levels during organism de-
velopment, regeneration and reproduction, suggest that they act not only
in detoxification of harmful chemicals® but have other, likely primary, roles
in metal homeostasis and formation of pool of essential heavy metals.

Metallothioneins isolated from other than animal sources such as yeasts
(Saccharomyces cerevisiae, Candida glabrata, Candida albicans — ref.”), algae
(ref.8) or cyanobacteria (Synechococcus sp.%10) are of class Il. The only species
of lower organisms synthesizing MT of class | reported so far is ascomycete
Neurospora crassall. The geometry of metal coordination by class-1l MTs
shows a close similarity to that of mammalian MTs.

The class Il of metallothioneins was established as well. As MTIII were
classified polypeptides called cadystins, y-glutamyl peptides, poly(y-glut-
amylcysteinyl),, glycine, y(EC),G or phytochelatins. These peptides of
nontranslation origin posessing y-Glu-Cys repetitions are in this review re-
ferred as phytochelatins (PCs) since this name has become most widely ac-
cepted, indicating the general abundance of PCs in the plant kingdom (i.e.,
in higher plants and fungi) and the fact that glycine is not the only
C-terminal amino acid of PCs. In addition to PCs, plants produce also
metallothioneins of class Il and proteins showing in some features similar-
ity to MTs of class | and Il in both primary structure and predicted function
— metallothionein-like (MT-like) proteins.

Here we present the overview of current understanding in the developing
field of plant MTs and MT-like proteins of plants and summarize knowl-
edge of synthesis and function of PCs in plants. We would also like to turn
the reader’s attention to previous reviews®12-15 on the two topics published
in 1990-1996.

2. METALLOTHIONEINS AND METALLOTHIONEIN-LIKE PROTEINS OF PLANTS

2.1. Plant Metallothioneins

The only well-characterized plant MT of class Il, designated E. protein, has
been isolated from wheat (Tricum aestivum) germ®7. In contrast to mam-
malian MT genes, which are organized in multigene clusters, E- genes are
in single copies localized on chromosomes 1A, 1B and 1D of hexaploid
wheat!’. E. genes are expressed during embryogenesis in developmental-
stage-dependent manner. The highest levels are detected at the earliest
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stages when rapid cell division and differentiation occurs. Upstream the se-
quence coding the E. protein, which binds Zn?* with stoichiometry of 5
metal ions to 1 E. molecule!®, sequences homologous to abscisic acid-
(ABA)-responsive elements were identified but there was no homology with
known metal-responsive elements!’. Indeed, on addition of ABA but not of
Zn?* to germination media increased the level of Ec mRNA. The role of E¢
protein in homeostasis of Zn?* and regulation of zinc-dependent
metalloproteins during development but not for storage of Zn?* in mature
wheat embryos (only 5% of Zn?* associated with E;) has been thus pro-
posed®17.

The cDNA of gene encoding a protein showing high similarity to wheat
Ec protein (Fig. 1) was isolated from maize!® (Zea mays). To our knowledge,
these peptides from wheat and maize are the only plant MTs of class Il de-
scribed so far.

2.2. Metallothionein-Like Proteins

Although the E; protein of wheat and its maize homologue are the only
plant proteins classified as MTs (of class Il) the occurrence of
“metallothionein-like” (MT-like) proteins showing high similarity to mam-
malian MTs is reported since the early 90’s. According to classic definition,
MT-like proteins are rather peptides because their relative molecular
weights are lower than 10 kDa (see below). However, as they are referred as
MT-like proteins in literature, this name will be used here either. Discovery
of this family of proteins originally resulted from screening of cDNA librar-
ies in search for ethylene-regulated genes, root-specific mRNA’s, transcripts
repressed by elevated Cu?* or induced by iron depletion®. The cDNA se-
quences corresponding to MT-like proteins have been found in many
plants of both monocots and dicots?®®, The name “metallothionein-like”
(MT-like) is due to the fact that these proteins do show (at least on the pri-
mary structure level) some features distant from that of MTs (Fig. 1 and the
text below).

A computerized comparison of amino acid sequences predicted from the
earliest discovered cDNA sequences corresponding to MT-like proteins from
Pisum sativum?® and Mimulus guttatus?! revealed their high similarity to MT
I and Il which is due to Cys-rich domains at the N- and C-termini of MT-like
proteins (Fig. 1). Analysis of cDNAs isolated subsequently from other
sources revealed that bulk of plant MT-like proteins exhibit more than 50%
sequence homology and could be sorted on the basis of predicted location
of Cys residues into two groups®. In type 1, there is exclusively Cys-X-Cys
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motif whereas in type 2 there are Cys-Cys and Cys-X-X-Cys motifs abun-
dant within N-terminal domain. However, some recently described se-
quences could not be grouped with either type as Cys distribution at
N-terminal domain (mMRNAs isolated from kiwi fruit Actinidia deliciosa®®, pa-
paya fruit Carica papaya®®, apple Malus domestica*?, banana Musa
acuminata?®, citrus fruit Citrus unshiu*®) or that of both C- and N-terminal
domains (sequence found in Douglas-fir Pseudotsuga menziesii®®) differs
from the Cys arrangement of types 1 or 2 (Fig. 1).

Most of plant MT-like proteins consist of about 63-83 amino acids. Ter-
minal Cys-rich domains of plant MT-like proteins are separated by a central
region without any Cys residues. The presence of this region is the princi-
pal difference from mammalian and fungal metallothioneins as well as
from wheat E: protein and its homologue from maize (Fig. 1). The size of
the central region usually varies around 40 amino acids (e.g. A. deliciosa: 32
amino acids?8, M. guttatus: 39 amino acids?!, Vicia faba: 45 amino acids*!)
and contains also aromatic amino acids, which are “forbidden” in MTs. The
importance of central region for protein folding or its targeting was hy-
pothesized®47 in light of the fact that the 42-amino-acid central region of a
recombinant MT-like protein from pea P. sativum (product of PSMT, gene)
was cleaved both in Escherichia coli and in vitro by proteinase K. The metal
binding ability of both cysteine-rich cleavage products was retained. How-
ever, similar proteolysis of this protein has not yet been proved in plants.
Moreover, the recombinant MT-like protein of Arabidopsis thaliana (type 2
named MT2a), possessing the central region which is of 50% homologous
to that of pea (Fig. 1), was shown to remain intact in cyanobacteria
Synechococcus PC 7942 as well as in E. coli“®. Later, Murphy et al.*° isolated
MT2a from various tissues of A. thaliana as a fraction of 8 kDa correspond-
ing to full-size protein as should be predicted from its mMRNA sequence. Be-
sides “long” MT-like proteins, also short MT-like proteins (45 amino acids)
are abundant in plants (with lower frequency). These MT-like proteins (Fig. 1)
possess “full-size” Cys-rich domains, but the “central spacer” containing
one aromatic amino acid (usually Tyr) is reduced to 7 amino acids (A.
thaliana2®:3°, Brasica napus2®). The general role of the large central region in
MT-like protein folding or targeting thus seems to be unlikely at present.

2.2.1. Regulation of Expression of MT-Like Genes
and Metal Homeostasis

The information on the expression of MT-like genes are based mostly on
detected levels of mMRNA'’s as the corresponding proteins are difficult to de-
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tect with the comparable sensitivity in plant tissue at present. However, it
was shown that the level of translated product in Arabidopsis reflected the
extent of MT-like protein mRNA transcription*®. No general conclusions on
expression of various MT-like proteins even within given plant species
could be ruled but the transcription of type 1 of MT-like proteins is consid-
erably stronger (but not exclusive) in roots than in aerial portions of the
normally growing plants?0-22:24.29.30,36,41,49.50 The gpposite pattern could be
followed with type 2 MT-like proteins2®:30:41.43,

The organization of structural genes of MT-like proteins is not unique:
they are either clustered?®:3¢ similarly to mammalian MTs, or appear at dif-
ferent genetic loci even on different chromosomes?®44. The structural genes
of MT-like proteins usually contain one or two introns. The enhancer func-
tion of intron from rice (Oriza sativa) MT-like protein of type 1 gene was
demonstrated by in vitro experiment®l. The identification of upstream ABA
as well as ethylene-responsive elements from the genomic clones of MT-like
protein genes*3:50-52 confirmed a direct connection between the plant ger-
mination, development and/or tissue type and MT-like protein gene tran-
scription observed in vivo32:39.53.54 With developing Arabidopsis seeds, the
level of type 2 MT-like protein (MT2) transcript remained unchanged
whereas temporal variations indicating possible regulation of metal pool
showed the type 1 MT-like protein (MT1) mRNA (ref.5%). In transgenic A.
thaliana bearing GUS (B-glucuronidase) gene from E. coli fused with up-
stream promoter region of pea PsMT, gene, a high level GUS activity was
detected in the roots as it could be expected for type 1 MT-like protein®°.
In-soil grown plants, where the GUS expression was generally low, the GUS
activity was absent in the more mature root regions indicating putative role
of PsMT, during cell differentiation. The 298 bp region of PsMT, upstream
sequence bearing ethylene-responsive element appeared to be crucial for
gene transcription in roots. The specific accumulation of MTs in animals
was reported to be linked with the differentiation of embryos®® when a vari-
ety of metal (Zn?*)-dependent in trans-acting DNA binding factors is re-
quired. A similar role of MT-like proteins in homeostasis of essential heavy
metal ions is in light of the aforementioned findings thought to be ad dis-
pute. However, their ability to modulate the action of metal-dependent fac-
tors must be demonstrated.

The transcription of MT-like genes by plants grown in excess of heavy
metals is organism- and metal-specific. The most pronounced effect has
Cu?*. For example, in response to elevated external Cu?*, the level of type 2
MT-like mRNA was decreased in Brassica juncea whereas Zn2* had a reverse
effect®”. In some cases, the exposure of plants to increased environmental
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concentrations of heavy metals showed a very small or no effect on the lev-
els of particular MT-like protein transcripts?-3241, A complex metal-
induction pattern was observed with MT-like gene family of A. thaliana. In
original study?®, Zhou and Goldsbrough reported that there were two
MT-like protein mRNAs found in A. thaliana. The MT1 transcripts were
present predominantly in roots and dark-grown seedlings of Arabidopsis,
whereas mRNA of MT2 accumulated more in leaves, as it is characteristic of
type-1 and -2 MT-like proteins. On exposure to Cu?*, the MT2 mRNA level
increased strongly but Cd?* and Zn2* had only a slight effect. The effect of
external Cu?* on MT1 mRNA levels was not observed in roots and seed-
lings, where it was abundant at high levels, but the MT1 transcript level in-
creased in leaf discs submerged to media supplemented with Cu?*. A
detailed study showed that Arabidopsis genome contains at least 6 different
MT-like genes3%4° (1 of them inactive) which are expressed in tissue-
dependent manner being specifically influenced by Cu2*. The transcription
of one of type-1 genes, of MT1a, normally occurred in roots, germinating
embryos, leaf vascular tissue and trichomes and flowers. The MT1la mRNA
accumulated also in leaf mesophyl and in vascular tissue of developing
siliques and seeds of Cu?*-treated plants®®. The MT2a but not MT2b mRNAs
synthesis in seedlings was shown to be strongly induced by Cu?* (ref.20).
Differential transcription due to exposure to heavy metal ions was reported
with rice seedlings where the MT-like protein of type 1 mRNA was en-
hanced in shoots by an addition of Cu?*, Zn?*, Cd?*, Fe?*, Pb2*, and AI®*,
whereas decreased in roots by metals other than Cu2*. The enhanced tran-
scription of pea PsMT, gene as a consequence of elevated copper accumula-
tion due to iron starvation®2® jis another argument for proposed
metalloregulatory function of this class of proteins and their role in metal
homeostasis. However, of the known relevant genomic clones, the only
(putative) element showing homology to the known metal-responsive ele-
ment was identified in tomato (Lysopersicon esculentum)*3. The relation be-
tween MT-like protein induction and heavy metals at the molecular level
thus remains to be clarified.

The MT-like protein gene transcripts were also detected in response to
various stress conditions. The cDNA encoding MT-like protein of type 2 re-
sponding to sucrose starvation and heat shock, but not to excess metals was
isolated from rice32. The same rice cultivar transcribes type-1 MT-like pro-
tein gene in response to Cu?* (ref.31). Besides the metal-influenced tran-
scription pattern, the MT-like protein genes of tomato are induced also by
oxidative stress**. Such induction pattern parallels the proposed antioxi-
dant role of animal MTs (ref.5). For example, the evidence that DNA dam-
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age by oxidative stress is reduced in the presence of MTs but enhanced if
MTs are suppressed in Chinese hamster cells®® supports such protective
ability of thiol-rich peptides or proteins.

The finding that transcription of tobacco (Nicotiana glutinosa) MT-like
gene would be exclusively induced by wounding and tobacco virus infec-
tion®” enhances the number of known factors increasing expression of
genes of this family. The question which should be answered is whether or
not a relatively large number of factors affecting expression of MT-like pro-
tein genes, the presence of quite a large number of different MT-like protein
genes in genome of particular plant as well as the ability of proteins of this
family to bind metals (see below) correspond to their role in regulation of
genes dependent on metal-requiring DNA binding proteins.

2.2.2. Metal-Binding Properties of MT-Like Proteins
and Their Role in Tolerance to Heavy Metals

The indirect evidence of metal-binding abilities of type-1 MT-like proteins
came from increased Cd?* and copper (as Cu?* or Cu*; ref.5) accumulation
due to expression of recombinant pea PsMT, gene in E. coli*”5% Over-
accumulation of copper by transgenic A. thaliana in which constitutive syn-
thesis of PsMT, was driven by CaMV 35S promoter was also reported®®. The
Cd?*-to-PsMT, stoichiometry was estimated to range from 5.6 to 6.1 Cd®*
ions per mole of purified recombinant protein. The extent of metal ion dis-
placement by H* could be used as a measure of the binding constant®®. The
pH of 50% Zn?*, Cd?*, and Cu* dissociation was estimated to be 5.25, 3.95,
and 1.45, respectively, i.e., the values comparable with that of equine renal
MT (ref.51).

The ability of MT2 of Arabidopsis to complement the CUP1 knock-out in
Saccharomyces cerevisiae provided the evidence supporting the potential of
type-2 MT-like proteins to bind heavy metal ions in vivo2®. Yeasts unable to
synthesize CUP1 protein, a MT of class Il (Fig. 1) that is responsible for cop-
per tolerance, were capable of tolerating 10 times higher concentrations of
Cu?* and 20 times higher levels of Cd?* as a consequence of expression of
gene encoding the MT2a of Arabidopsis. Synthesis of MT1la in mutant S.
cerevisiae had the same effect on copper tolerance whereas Cd?* tolerance
increased only twice. Furthermore, a partial complementation of Zn2* hy-
persensitivity of cyanobacteria Synechococcus PCC 7942 mutant deficient in
its MT gene smtA was achieved by expression of Arabidopsis MT2a (ref.*8).
The recombinant MT2 was shown to bind Zn?* in vitro and the pH of half
Zn?* dissociation was estimated to be 5.05. The Cd?*, Cu*/?*, and Zn?*
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binding in vitro was also shown with recombinant MT-like proteins (types 1 and 2)
of V. faba*!.

The evidence that MT-like proteins may protect plants from heavy metal
poisoning comes from tobacco (Nicotiana tabacum) overexpressing the
type-2 MT-like protein of N. glutinosa®?. The transgenic plant constitutively
expressing MT-like gene was able to develope on media contaning 200 um
concentration of Cd?* whereas non-transgenic plants underwent chlorosis
at such a metal concentration. These data are in agreement with previously
described contribution of various mammalian MTs or yeast CUP1 to the
cadmium tolerance of the corresponding transgenic plants®3-67. However,
the issue of heavy metal tolerance in plants is more complex as discussed
below.

3. PHYTOCHELATINS

In contrast to MTs of class | and Il or plant MT-like proteins, phyto-
chelatins (PCs) are not directly encoded by genes. However, PCs exhibit
some features characteristic of MTs and they are thus sometimes referred as
class-111 metallothioneins (Fig. 1).

The most frequently reported amino acid sequence of PCs is
(y-Glu-Cys),Gly, abbreviated as PC,, where n ranges from 2 to 11 depending
on the source. The primary sequence of these peptides, originally isolated
from fission yeast Schizosaccharomyces pombe®8, was determined by Kondo et
al.?? as (y-Glu-Cys),Gly and (y-Glu-Cys),Gly. The peptides with the same
amino acid composition were subsequently found by Grill et al.”® in
Rauvolfia serpentina cell cultures. The number of y-Glu-Cys unit repeats in
PCs from this plant ranged from 2 to 7. Peptides with general sequence
(y-Glu-Cys),B-Ala (n = 2-7) originally named homo-phytochelatins (h-PCs)
were found in plants of the order Fabalceae’>"2. Another PC homologue
with a C-terminal serine and n = 2-4 was identified in several species of the
family Poaceae’® and was named hydroxymethyl-phytochelatin (hm-PC).
Peptides of structure (y-Glu-Cys),,Glu (n = 2 or 3) were identified in roots of
maize (Zea mays) seedlings’476. The occurrence of Gly-deficient forms of
PC, (n = 2) was noted both in yeasts S. pombe’” and/or Candida glabrata’®-8°
and in plants Z. mays (n = 2-4; refs’>76.81) and/or Oryza sativa (n = 2 or 3;
ref.”s).

The new terminology establishing the prefix iso for PC,, homologues hav-
ing C-terminal residues other than Gly was proposed by Zenk®. The
C-terminal amino acid of the “iso-PC” should be given parentetically. Ac-
cordingly, the (y-Glu-Cys);B-Ala peptide should be expressed as iso-PC,
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(B-Ala). The chemical structures and corresponding names of PC and
known iso-PC molecules are summarized in Fig. 2.

The presence of y-Glu linkage offers a higher degree of structural flexibil-
ity to the PCs than a-Glu-linked peptides. However, the unusual y-Glu link-
age in PC molecule probably does not have critical functional importance

a)

B 71-(n-1)
ﬁ H, /CHQSH
H——H,N" /CHZ /C /C // R
\C,,,” \CHZ \NH \ﬁ
'ooc/ “H 0
- -n
(y-Glutamylcysteinyl),,
b)
R:
PC, iso-PC, (B-Ala)
NH coo’ _NH CH,
/
\CHZ/ \CHZ/ \coo'
Glycine B-Alanine
iso-PC,, (Ser) iso-PC, (Glu)
NH CH,OH _NH /CH2 /coo'
/C \C \CHz
oo W 'ooc/ “H
Serine Glutamic acid
desGly-PC,
—0
of cysteine

FiG. 2
a The chemical structure of the y-glutamylcysteinyl repeat that is invariant in both
phytochelatins (PCs) and iso-PCs. The number of repeats (n) vary from 2 to 11, depending
on the source. b The basic structural difference between iso-PCs and PCs is in the C-terminal
amino acid residue (R) that is other than glycine. The names proposed by Zenk'® for iso-PCs
are indicated. The desGly form of PCs is also shown
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(including an accommodation of acid-labile sulfide; see the text below) as
was shown using synthetic a-Glu-linked PC analogues®?-84. The presence of
-Cys-X-Cys- motif, analogous to that found in metallothioneins of class |
and Il or plant MT-like proteins (for review see refs368% and text above) has
probably greater importance for metal binding properties of PCs.

3.1. Phytochelatin Induction

Mammalian MTs are induced not only by heavy metal ions but also by hor-
mones, second messengers, growth factors, inflammatory agents, cytokines,
tumor promoters, vitamins, antibiotics, cytotoxic agents, and various stress
conditions®. The plant metallothionein of class Il (E. protein) appeared in
germinating seeds and its abundance increased following an addition of
abscisic acid'’. In contrast, there have not been found any stress factors in-
ducing PCs other than metals and metalloids. Neither heat shock nor
cold-acclimation-induced PC production®. Oxidative stress, return from
anoxia, ultraviolet radiation, fungal cell walls and alteration of hormonal
levels did not induce PCs (ref.1?).

PCs were detected in cell cultures of R. serpentina as a response to Cd?*,
Pb2*, Zn?*, Sb%*, Ag*, Ni%*, Hg?*, AsO.)", Cu?*, Sn?*, SeO%", Au*, Bi®*, Te**,
and W©®* (ref.86). An excess of K*, Na*, Cs*, Ca?*, Mg?*, Al?*, Cr?*, MoO?",
Mn?*, Fe?*, Co?*, VO?* or UO?* did not appear to induce PC synthesis in
this culture. In addition, an induction of iso-PC (B-Ala) with Ga3* was ob-
served in plants of order Fabalaes whereas Ba?*, B3*, and Ce3* were reported
as non-inducers’®. Fission yeast S. pombe produced PCs under elevated con-
centrations of Cd?*, Bi®*, AsO}™, Cu?*, Pb?*, Zn?* or Ag* present in media®’.
Cd?* but not Cu?* (see below) induced PCs in C. glabrata’®.

It should be stressed that Cd?* is by far the most potent inducer of PC
synthesis. Cd?* has been found to be a 6 times stronger PC inducer than
Cu?* in R. serpentina cell culture®®. The 40 times lower Cu?*-induced PC,
levels in comparison with those induced by corresponding external concen-
tration of Cd2* were detected in S. pombe®”. Scheller et al. demonstrated a
positive correlation between the external Cd?* concentration ranging from
50 to 400 pm and accumulation of PCs in tomato (L. esculentum) cell cul-
ture®8. Exposure to Cd?* stimulated PC synthesis during 5-15 min in both
plant cell cultures of R. serpentina® or Datura innoxia8% and S. pombe®7.
Zinc was found to induce similar PC levels at concentrations 250 times
higher (900-1 800 pm) in comparison with Cd?* in cell culture of Nicotiana
tabacum®l. This finding is in agreement with the data published for S.
pombe8’. However, R. serpentina cell culture produced significant level of
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PCs when transferred from Cu?*- and Zn?*-depleted media into Cu?*-free
media with optimum concentration (35 um) of Zn?*, ref.92. This is in agree-
ment with the fact that small quantities of PCs can be detected in plant cell
cultures growing in standard media®%93.94,

3.2. Biosynthesis of Phytochelatins

The presence of unusual y-carboxamide linkage of glutamic acid in PC mol-
ecules implied a possible role of glutathione (GSH) and its homologues as
precursors of these peptides. On the other hand, in vivo deamination of pro-
teins that may introduce y-carboxamide linkages was considered as well.
However, the synthetic oligonucleotide probes encoding (Glu-Cys),Gly did
not hybridise with mRNAs of D. innoxia cell culture synthesizing PCs
(ref.89).

The GSH levels in plant cell cultures, intact plants and fission yeast de-
clined following induction of PCs with heavy metal ions. This decrease cor-
related with external metal concentration®:88.95-101 Fyrther evidence for
GSH as PC precursor was provided by experiments with buthionine
sulfoximine (BSO). BSO is a potent inhibitor of plant y-glutamylcysteine
synthetasel©2 (E.C.6.3.2.2), an enzyme which is involved in GSH bio-
synthesis. Plant cell cultures treated with BSO lost their ability to produce
PCs in response to heavy metals, when the initial GSH pool disap-
peared®:93, and addition of external GSH restored PC synthesis®8. Experi-
ments with plants treated with cycloheximide revealed that the initial in-
duction of PCs was not prevented in plants with inhibited de novo protein
synthesis®®8°, This finding and the fact that PCs appear rapidly after heavy
metal administration implies that the enzyme(s) involved in the bio-
synthesis of PCs in plants are constitutive. Indeed, the enzyme capable of
PC synthesis was isolated from Silene cucubalus and characterized by Grill et
al.1%3, This y-glutamylcysteine dipeptidyl transpeptidase (phytochelatin
synthase) activity is believed to be abundant as a constitutive generally in
all PC and iso-PC producing species.

The phytochelatin synthase (E.C.2.3.2.15) from cell S. cucubalus was re-
ported having molecular weight 95 kDa being tetramer of 25 kDa subunits
and retaining its synthetic activity in dimeric form (50 kDa). The enzyme
activity was found to be metal dependent (Fig. 3). The Cd?* was the stron-
gest activator of PC synthase in vitro. The PC, appeared without noticeable
lag period following Cd?* administration and peptides of n = 3 and 4 were
detected after 15 and 35 min, respectively. Sequestering all Cd?* from reac-
tion mixtures by PCs resulted in termination of reaction until further Cd?*
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was added. Lower induction of phytochelatin synthase activity in compari-
son to Cd?* was reported for Ag*, Bi%*, Pb2*, Zn?*, Cu?*, Hg?*, and AuCl,
and no activity was induced by Na*, K*, Ca?*, Mg?*, AI®* or Fe?* (ref.103),
These results correspond with data obtained in vivo’18687 (see above).

The tetrameric form of the enzyme activated by Cd?* exhibited a specific
activity of 453 pkat/mg of protein, a wide temperature range of action

2+
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(v — o)
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Cd Cd2+ 6 + "a 8
complexation X % 4—{ 0(10 =3
with phytate,poly- PC, /0 E]
carboxylic acids... 6. =
degradation
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Cd -PC, H+
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(CdS-PCn)
3. GSH cd”
/R
ca~ PC, «= %@
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(active) (constitutive, inactive) )

Fic. 3

The general model describing synthesis of phytochelatins (PCs) in response to Ccd?* and
intracellular localization of the Cd?*-PC complex. The cd®* entering cytoplasm (1) activates
PC synthase which (2) build up PCs. Subsequently, PCs (3) sequester cd?* and form LMW
Cd?*-PC complex (an HMW complex of CdS-PC could be also formed in the cytoplasm).
The Cd?*-PC complex and apo-PCs are (4) transported in ATP-dependent manner through
tonoplast (CdS-PC complex is also translocated to vacuole, but with a much lower effi-
ciency). In the vacuole, the cd?*-pC (5) accommodates $?~ and forms HMW CdS-PC, which
may reside in vacuole. Alternatively, Cd?*-PC and/or CdS-PC complexes (6) dissociate in
acidic vacuolar sap, cd?* can be bound by vacuolar ligands and PC are degraded. The mech-
anism of S~ accommodation in vivo is not clear, but seems to be linked to purine
biosynthesis. The Cd?*/H* antiporter (7)
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(with maximum at 35 °C) and pH optimum 7.9. GSH served as a primary
substrate with K, value 6.7 mm, but higher PC homologues were synthe-
sized from (y-Glu-Cys),Gly in its absence. The fact that S-substituted GSH
analogue (S-Monobromobimaneglutathione) is a substrate for phyto-
chelatin synthase!®® (with even lower K, = 1.5 mm) suggests that the GSH:
Cd?* complex is not necessary for peptide synthesis. Optimizing the reac-
tion parameters, Friederich et al. accomplished in vitro an enzymatic synthe-
sis of 35 g of PCs within 55-day period?4,

Grill et al.1%3 described the PC synthesis by the equation:

(y-Glu-Cys),Gly + (y-Glu-Cys),,Gly - (y-Glu-Cys),,1Gly + (y-Glu-Cys),,_;Gly,
where n = 1, 2, 3, . .. The (y-Glu-Cys) unit is primarily provided by GSH;
however, PC synthase is able to use also PCs as a (y-Glu-Cys) donor. Despite
this fact, peptides with lower n are not expected to be degradation products
of PCs of higher number of (y-Glu-Cys) repeats. It is noteworthy, that the
(y-Glu-Cys) is not a substrate for PC synthesis as demonstrated with the PC
synthase from tomato (L. esculentum)®4.

Studies on iso-PC synthesis provided some insight into enzymology of re-
action in terms of substrate specifity. Use of homo-glutathione (h-GSH) or
hydroxymethyl-glutathione (hm-GSH) as sole substrates for PC synthase of
Pisum sativum led to only slight synthesis of iso-PC(B-Ala) or iso-PC(Ser), re-
spectively’. However, in the presence of GSH and h-GSH or hm-GSH, the
corresponding iso-PCs were synthesized. PC synthesis was inhibited by in-
creasing concentration of GSH homologues. Klapheck et al.®® thus con-
cluded that PC synthase (of pea) has a (y-Glu-Cys) donor binding site,
which is very specific to GSH, and (y-Glu-Cys) acceptor binding site, which
is less specific and accepts GSH as well as its homologues. The Pisum PC
synthase is capable of building up iso-PC,(Ser) even if the hm-GSH is not
abundant in pea. In contrast, PC synthase of S. cucubalus does not accept
h-GSH as a substrate for synthesis of iso-PC,(B-Ala) (ref.*®). This suggests
that different plant species possess specific [iso-] PC synthases. To our
knowledge, there has not been any plant cDNA of PC synthase cloned and
sequenced yet.

An appropriate metal activates the enzyme and probably protects the
formed PCs from becoming a dipeptidyl donor. Phytochelatin synthase,
heavy metals and PCs form a self-regulating loop at the enzymatic level in
plants. To our knowledge, there is no evidence of regulation at the level of
de novo PC synthase expression. On the other hand, the expression of genes
involved in GSH biosynthetic pathway was shown to respond to Cd?* ad-
ministration. The transcription of both y-glutamylcysteine synthase and
glutathione synthase in Arabidopsis thaliana was increased in response to
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Cd?* and/or Cu?* (ref.19%). The Zn?*- or Cu?*-induced increase in y-glut-
amylcysteine synthase mRNA level was also observed with Brasica
juncea®”106, Ssuch flexibility in GSH synthesis explains the fact that the GSH
levels in plants synthesizing large amounts of PCs are (at “steady state” es-
tablished after the initial drop in is overcome) only moderately decreased.

Hayashi et al. described two ATP-independent pathways of PC synthesis
in cell-free extracts of S. pombel®”. The first one closely resembled that
found in S. cucubalus where PCs are formed from y-Glu-Cys units which are
added to GSH and/or to (y-Glu-Cys),Gly. Interestingly, no increase in activ-
ity was detected using Cd?*-induced cells. Assuming that intracellular Zn?*
and Cu*/2* concentration of S. pombe was much higher than that used by
Grill et al.1%3 for activation of plant phytochelatin synthase, Hayashi et
al.197 concluded that the regulation of PC synthesis in S. pombe should be
different from that in plants. The question remaining is the form and
intracellular distribution of both Zn?* and Cu*/?*, but the fact that addition
of Cd?* into cell free extract did not improve phytochelatin synthesis sup-
ports this hypothesis. The other described pathway of PC synthesis is based
on (y-Glu-Cys) addition to (y-Glu-Cys),, followed by Gly addition most
likely by glutathione synthetase. The possibility that gsh2 gene of S. pombe
encodes bifunctional enzyme possessing both glutathione synthetase activ-
ity (E.C.6.3.2.3) and PC synthetase activity was confirmed?®, Despite the S.
pombe mutant defective in glutathione synthetase (gsh2) gene retained 44%
of the wild-type GSH level, it lost its ability to produce PCs.

3.3. Metal-Phytochelatin Complexes

The propensity of metal ion to bind with particular ligand is based on the
theory of hard and soft acids and bases'®® (HSAB). Metals and ligands are
classified as hard, intermediate or soft with respect to their electron mobil-
ity or polarizability. Heavy metals ions are classified as soft (e.g., Cu*, Cd?*,
Ag*, Hg?") or intermediate (e.g., Cu?*, Pb?*, Zn?*, Co?*) acids (tend to have
high polarizability, low electropositivity and are large in size). According to
the HSAB theory, the hard (soft) acids form strong bond with hard (soft)
bases. The sulfhydryl group of cysteine residue, the sole donor in the native
metal-PC complex, is referred to be the soft base in biological systems (hav-
ing relatively high polarizability, low electronegativity and large size). Pos-
sible participation of nitrogen or oxygen atoms in Cd?* binding was
excluded®, The only report on potential binding of metal ion by residue
other than cysteine comes from Jackson et al. who found large amount of
Fe?* to be associated as uncharacterized complex with Cd?*-PC of D.
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innoxia®®. The Authors suggested the electrostatic interaction of
Fe-complex with negatively charged Cd?*~PC complex as a binding force.

Two different species of Cd2*-PC complexes could be recognized in
plants and yeasts on the molecular weight basis determined by gel filtra-
tion. These are thus referred as low-molecular-weight (LMW) and high-
molecular-weight (HMW) and basically differ in the amount of
accommodated sulfide ion, which could be liberated at acidic environment
(acid-labile sulfide). The S?~ : Cd?* molar ratio of the HMW complex may
vary up to 1 in plants!1%111, The HMW Cd?*-binding complexes containing
high amount of acid-labile sulfide (CdS-PC) were originally described in S.
pombe by Murasugi et al.**2. Similar complexes were subsequently described
in yeast C. glabrata’®113 and various plants’®93.110.111.114.115

Metal-PC complexes possess some spectroscopic characteristics similar to
those found for MTs of class | and Il. Ultraviolet spectrum of metal-PC
complexes showed absorption maxima between 250 and 290 nm
(refs93:110.116-119) characteristic of metal-thiolate bonds. CdS-PC complexes
showed specific absorption spectra in the UV region with transition at
270-320 nm. The absorption maximum was more red-shifted for larger
complexes with higher $2- : Cd?* ratios’9110.112.117.120 The Cu*-PC complex
from S. pombe exhibited, in addition, ultraviolet-excited luminiscence with
maximum at 619 nm (ref.116). CD spectroscopy revealed a positive Cotton
band at 275-280 nm and negative one at 253-257 nm for Cd?*-PC, i.e., a
pattern similar to that found for vertebrate metallothioneins!3. Purified
HMW CdS-PC complexes from C. glabrata and S. pombe are analogous to
guantum semiconductors’®. CdS crystallites from C. glabrata coated by GSH
also showed these properties!'>121,

The apparent molecular weight of native LMW Cd?*-PC complexes ranges
from 2 to 4 kDa (refs86.122-124) The native complexes are frequently com-
posed of two or three isopeptides of n = 2, 3, 4, and 5 (refs89107.110.116,122,124
Using extended X-ray fine structure spectroscopy (EXAFS), Strasdeit et al.12>
demonstrated that the Cd?*-PC complex (5% : Cd?* = 0.01) isolated from R.
serpentina has Cd coordinated by four Cys residues with the Cd-S bond
length of 2.52 + 0.02 A. This value (2.54 A) as also reported for the Cd-S
distance of Cd?*-PC complex of maize. The presence of polynuclear Cd?*
clusters in the natural maize Cd?*-PC complex, similar to that of mamma-
lian MTs (see above), was suggested by EXAFS data®. The same arrange-
ment of Cd?* coordination was also observed with complexes made of
synthetic PC5 and (a-Glu-Cys);Gly, indicating that such geometry is not at-
tributable to S~ accommodation in the complex.
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Half displacement of bound Cd?* from equine renal MT and pea metallo-
thionein-like protein (PsMT,) appears at pH 3 and 3.95, respectively®! (see
above), whereas 50% metal dissociation of LMW Cd2*—PC complex was ob-
served at pH 5-5.4 (refsl16:117.122)

An HMW CdS-PC complex with an apparent molecular weight ranging
from 6 to 9 kDa was isolated from S. pombe by Murasugi et al.112, The
half-displacement of metal of CdS-PC complex isolated from S. pombe oc-
curred at pH 3.8-4.0, i.e., at value lower than that of Cd?*-PC indicating a
higher stability of the CdS-PC (refs!16.117), The CdS-PC (S%- : Cd?* < 0.4)
complex from C. glabrata was characterized as 20-A crystallites composed of
85 CdS units coated by 30 PC molecules (predominantly PC, and des-Gly
PC,) (ref.”). Bae et al.*?! predicted the maximum radius of PC-capped CdS
crystallites as 11.8 A. On the other hand, the radius of GSH-capped crystal-
lites ranged from 10.8 to 17.3 A, indicating that only PCs are able to termi-
nate and thus control the crystallite size. The peptide-born sulfhydryl-
to-Cd?* ratio of this complex was lower than 1 and PCs appear to act in
controlling this biomineralization process by termination of the crystallite
growth. The HMW CdS-PC (PC, iso-PC,(Glu), and des-Gly PC,, of predomi-
nant n = 3 and 4) complex isolated from maize showed PC sulfhydryl-
to-Cd?* ratio 1.01 + 0.07 and S~ : Cd?* ratio 0.18 (ref.”®). Plocke and K&gi*?°
isolated from S. pombe two HMW CdS-PC complexes of the stoichiometric
formulas [(y-Glu-Cys),Glyls-[(y-Glu-Cys);Gly],:[S?7];-[Cd?*]g (Mm.w. 5 464 Da)
and [(y-Glu-Cys),Gly], [(y-Glu-Cys);Glyls-[(v-Glu-Cys),Gly]; - [S$*7]; [Cd**]e
(m.w. 5086 Da). The CD and MCD spectra of CdS-PC complexes revealed
that co-ordination of the metal with sulfur atoms yields a regular structure made
up of tetrahedral CdS, units, similar to the coordination pattern in MT | and II.

In comprehensive studies by Mehra et al.119126.127 the formation of Pb2*,
Hg?*, and Ag*, respectively, complexes with PCs of n = 2-4 was followed in
vitro. Both PC, and PC; bound one Pb?* per peptide molecule, whereas two
distinct species with stoichiometries of one and two Pb?* ions per PC, mol-
ecule were formed?!?6. Two species of complexes also formed Hg?* with PC,
and PC, (ref.19). The corresponding stoichiometries are 1.25 or 2.0 and
1.25 or 2.5 Hg?* ions per PC, molecule, respectively. PC, binds Hg?* as well,
with stoichiometry exclusively 1 : 1. At neutral pH, the Ag*-to-PC,, -PC; or
-PC, stoichiometry was 1.0, 1.5 or 4.0, respectively, but it reached 1.0 with
all n = 2-4 peptides at pH below 5.0 (ref.1?7). Such pH-dependent reassem-
bly of the complex did not occur with Hg-PC, (ref.119). Despite all these
three metals are inducers of PC synthesis as demonstrated both in vivo’86
and in vitrol%3, the native complexes (if they are of physiological relevance)
remains to be isolated.
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Very poor data are available on production of PCs as detoxification tools
for an excess of intracellular Cu*/2* and Zn?* (see below). The Cu*-to-ligand
ratio was reported to vary up to 1 : 6, but this variation is assumed to be
due to instability of Cu* oxidation state!3. The Cu*-to-cysteine sulfhydryl
ratio in natural the Cu*™-PC complex was estimated!?® to be between 1:1
and 1: 2, i.e., similar to mammalian® and yeast?® metallothioneins. Mehra
and Mulchandani demonstrated in vitro the Cu*-to-peptide stoichiometries
of 1.25, 2.0, and 2.5 for complexes of the metal with PC,, PC3, and PC,, re-
spectively?®, The 50% of metal dissociated from native Cu*—PC of S. pombe
at pH 1.3, i.e., at value lower than that found for equine renal MT and
PsMT, (1.8 and 1.5, respectively®). The Zn?*-to-sulfhydryl ratio of Zn?*-PC
complexes is 1 : 2 (ref.128); however, it is conceivable that PCs binds little
Zn?* in vivo because of the apparently low affinity of PCs for zZn?*
ions00:122.128 ' Tq our knowledge, no clear data are available on the presence
of labile sulfide in Cu*— or Zn2*-PC complexes.

3.4. Intracellular Localization of Metal-Phytochelatin Complexes

The enzymes involved in synthesis of GSH are localized in cytoplasm,
chloroplasts or mitochondria and PC synthase is abundant in cytoplasm.
However, in tobacco cell suspension cultures, the major part of intracellular
Cd?* and zZn?* was found to be vacuolar'®®. With intact tobacco, virtually
all of the intracellular Cd?* and PCs in leaves were localized in vacuolar
sap!3l. The vacuole is thus supposed to be the final sink for sequestered
Cd?*. In oat Avena sativa, the apo-PC and Cd?*-PCs were demonstrated to
be transported into vacuoles in MgATP-dependent, ApH-independent man-
ner'3? (Fig. 3). However, the transporter from A. sativa has not yet been
identified. Cd?* alone is transported into vacuoles via Cd?*/H* antiport
which is not attributable to Cd?*-PC transporter!33,

Considerably more details are known about the tonoplast-associated pro-
tein of S. pombe designated HMT1 (Heavy Metal Tolerance) which resembles
close functional similarity to transporter expected in A. sativa. The hmtl
ORF shows sequence similarity to prokaryotic and eukaryotic ATP-binding
cassette-type transporters'®*. The ability of HMT1 to transport apo-PCs and
Cd?*-PCs (LMW) in an ATP-dependent manner has been proved with
vacuolar vesicles of S. pombe'®>, The HMT1 function is supposed to be
closely related to the formation of HMW as increased expression of hmt1 re-
sulted in a higher CdS-PC level and, on the contrary, the Cd2*-PC was the
only Cd?*-binding component in mutant of S. pombe lacking hmtl gene.
The CdS-PC complex is also taken up by HMT1, albeit with much lower ef-
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ficiency!3®. Thus the transport of LMW complex to vacuole, accumulation
of S~ and formation of HMW CdS-PC complex in the compartment are
now assumed to be the true mechanism of Cd?* disposal within cell** (Fig. 3).
However, Mehra et al. showed that CdS-PC complexes may originate in the
cytosol of C. glabrata and these are subsequently slowly accumulated in
vacuoles!36.

The mechanism by which the S2- is accommodated is not known yet. It
was demonstrated in vitro that LMW Cd?*-PC complex could be converted
to HMW CdS-PC by the addition of inorganic sulfide!'%117, However, no
vacuolar transporter translocating S~ through tonoplast was shown to be
contributory in HMW complex formation. Some insight into possible in
vivo accommodation of sulfide into HMW complex is provided by a mutant
of S. pombe defective in two genes involved in purine biosynthetic path-
way??9. Mutants lacking adenylosuccinate synthetase and succinoamino-
imidazole carboxamide ribonuclease (SAICAR) were unable to form an
HMW CdS-PC complex. The suggested mechanism?37:138 anticipates that a
sulfur analogue of aspartate, cysteine sulfinate, might be utilized by these
enzymes and that sulfide of the HMW complex originate in sulfite of
cysteine sulfinate which is converted to S?° by pathway involving
adenylosuccinate synthetase and SAICAR. The association of both sulfide
and sulfite with PCs was reported earlier'213° and it was hypothesized to be
a consequence of the role of PCs as a carrier of sulfite for assimilatory sulfur
reduction pathway, which has not been proved yet.

The further fate of the complex and form of intravacuolar Cd?* could be
the point of discussion. The HMW may (i) reside in vacuole as it could be
stabilized by additional sulfide in acidic vacuolar sap or (ii) the complex
could dissociate and Cd?* could be bound by by ligands normally abundant
in vacuoles. Polycarboxylic acids and phytate could be taken into account
as potential Cd?*-binding compounds in vacuole'30.140-142  The turnover of
(liberated) PC peptides is indicated by decrease in intracellular PC levels af-
ter arresting exposure to toxic metal ion'*3 (Fig. 3). On the contrary, follow-
ing the transfer to Cd?*-free media, the PC content of alga Kappaphycus
alvarezii showed no significant change, while the Cd?* content was de-
creased®*4.

3.5. The Relevance of PC Synthesis and Localization to Metal Tolerance
and Homeostasis

The terms sensitive and tolerant have been used by different authors in var-
ious, inconsistent ways leading to confusion. This difficulty originates in
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establishing of “base line”, i.e., wild-type response to particular element or
compound. Rauser suggested to use terms sensitive or hypersensitive for
mutants unable to survive at metal concentrations which are otherwise
non-lethal for wild-type organism of the same species!®. These terms apply
to both excess of metal in the environment and deficiency in the essential
elements. The tolerant mutant is that one capable of sustaining growth at
concentrations of metal which are outside the limits of adequate metal
doses. On the other hand the wild-type could be viewed as tolerant when
compared with (hyper)sensitive mutant. In this case, the term “differential
metal tolerance/sensitivity” should be used.

The role of PCs in cadmium detoxification seems to be ad dispute. How-
den et al. described two mutants of A. thaliana deficient in PC synthase!!®
(cadl) and glutathione synthesis'*® (cad2) and thus unable to synthesize
sufficient levels of PCs. An allelic series of A. thaliana mutants deficient in
CAD1 gene, which is believed to be PC synthase structural gene, showed
sensitivity to Cd?*. These mutants lost their ability to build up HMW com-
plex and only small amounts of LMW complex or none was formed*5. The
degree of sensitivity of the Arabidopsis cadl mutants correlated with the
amount of accumulated PCs. A valuable information on the role of HMW
and its translocation-coupled formation in Cd?* detoxification was ob-
tained with S. pombel34135.146 The hmtl mutant of this yeast showing cad-
miume-sensitive phenotype was unable to build up HMW CdS-PC complex,
but it still formed LMW Cd?*-PC complex. On the other hand, overexpres-
sion of hmtl gene in S. pombe followed by increased accumulation of HMW
complex resulted in more cadmium-tolerant phenotype34.

It has been shown in vitro that PCs are capable of protecting
metal-sensitive enzymes from poisoning by heavy metals*’. The Cd%*-PC
complex exhibited a 10-1 000 lower inhibitory effect to Rubisco enzyme,
nitrate reductase, alcohol dehydrogenase, glyceraldehyde-3-phosphate
dehydrogenase and/or urease than corresponding concentration of free
Cd?*. In addition, PC; was capable of reactivating Cd?*-poisoned nitrate
reductase.

Despite the cadmium-tolerant tomato (L. esculentum) cell line accumu-
lated significantly higher amounts of PCs than wild-type line®3148, the con-
clusion that the overaccumulation of PCs is a general way to reach
resistance to Cd?* was rather contraindicated by many workers. Compari-
son of wild-type and tolerant D. innoxia did not show any difference in PC
concentrations but the formation of Cd?*-PC complex was delayed in the
non-tolerant cell line®l. Moreover, 2-3 times higher levels of PCs were
found in roots of non-tolerant Silene vulgaris than in the roots of the tolerant
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plant!4?. The increased translocation of Cd?* from roots to shoots was ob-
served in the wild-type plant. PCs of n = 3, which are assumed to have
higher affinity for metal ion, were the most abundant form in sensitive
plants whereas PCs of n = 2 in tolerant ones'®°. The activity of PC synthase
isolated from the wild-type and tolerant S. vulgaris did not differ and the
relative decrease in PC concentration (turnover rate) after arresting Cd2* ex-
posure was in both ecotypes also the same!43,

Despite the formation of Ag*, Cu*, Hg?* or Pb?* complexes with PCs dem-
onstrated in vitro (referenced above) and many metals have been shown to
induce PC synthesis (see above) a direct link of PCs to detoxification of
heavy metal ions other than Cd?* is not clear yet. The data reported in liter-
ature are rather against such a role of PCs: Addition of buthionine
sulfoximide (inhibitor of GSH and hence PC synthesis) sensitized tobacco
cell cultures to Cd?*, but no differential tolerance was observed with Zn?* or
Cu?* (ref.®1), Huang et al. showed that cadmium-tolerant tomato cells ex-
hibit only a slight increase in copper tolerance and they are not cross-
tolerant to lead, zinc, mercury and silver?3. Neither wild-type or copper-
tolerant Lotus purshianus accumulated PCs and Cu*/2* appeared to be associ-
ated with protein rich in aspartate and glutamate (36 mole %) and poor in
cysteine (2.5 mole %) (ref.1®1). To bring more confusion, PC synthesis in re-
sponse to Cu?* (but not Zn2") was reported for Polyglonum cuspidatum?®2,
Only 30% of the total intracellular Cu*/?* was found to be bound by PCs in
S. cucubalus exposed to this metal'®3. Moreover, de Vos et al. suggested that
copper tolerance of S. cucubalus is due to lowered synthesis of PCs as the
glutathione depletion due to enhanced PC synthesis in non-tolerant line of
S. cucubalus caused oxidative stress®8.

The amount of PCs was found to be too low to sequester significant pro-
portion of the intracellular metal in zinc-tolerant line of S. vulgarist®,
Low-molecular-weight organic acids such as malic, citric, oxalic or phytic
acids are believed to be involved in intravacuolar Zn?* binding rather than
PCs (refsl30:140-142,154) ' Qn the other hand, the enzyme Rubisco, which is
more sensitive to Zn?* than Cd?*, is efficiently protected by Zn?*-PC com-
plex in vitro4” (even low affinity of PCs to Zn?* is advised). As zinc and cop-
per are essential elements, possible contribution of PCs in metal homeo-
stasis could be hypothesized (see below).

An indirect evidence suggesting a protective effect of PCs against Hg?* or
CH3HgCI was demonstrated for Hordeum vulgare'® and Allium cepa!®. How-
ever, the PC synthesis had to be induced by preadministration to Cd?*
indicating that PC production is not instrumental in natural mechanism of
Hg?* detoxification.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



Review 1079

Despite the well documented importance of PCs in Cd?* detoxification,
viewing high diversity of data on PC levels induced in wild-type and toler-
ant ecotypes as well as poor or even no PC synthesis in response to other
metals, it could be concluded that overproduction of PCs is not a general
mechanism for detoxification of or increased tolerance to heavy metal ions
in both plants and yeasts. The production of various intracellular metal
binding compounds*®’ but also alterations of metal compartmentation pat-
terns, cellular metabolism, membrane structure, and exclusion of metal
from plant body or the avoidance of metal entry into plant cells represent
the general mechanisms which might lead to increased metal resistance in
plants'®8159  Such resistance is usually highly metal specificl#2158 put the
cross-resistance to excessive amounts of another metal has also been re-
ported!®8160 However, there is no evidence that resistance to different met-
als will indeed depend on the same genes. The number of genes involved is
unknown but often assumed to be high1%8.161 The feasible complexity of re-
sponse to heavy metals was demonstrated by the differential response of
various yeasts to heavy metal administration, which could be followed in
the literature. On the exposure to excess Cd?* the synthesis of PCs was de-
tected in Saccharomyces cerevisiael®?, Schizosaccharomyces octosporus'®® as
well as in S. pombe (referenced above throughout the text). MTs were
formed in response to Cd?* in S. cerevisiael®*, Pichia farinosa and Torulaspora
delbruecki'®2. The level of tolerated Cd?* concentration similar to that found
in MT-producing S. cerevisiae was observed in Saccharomyces exiguus that re-
tained most Cd2* in the cell wall and no intracellular Cd%*-binding complex
was detected'®3. Interestingly, as mentioned above, C. glabrata produced ex-
clusively PCs in response to Cd?*, but in response to elevated external con-
centrations of Cu?*, two MTs but no PCs were formed’®. Moreover, Yu et al.
demostrated inability of one of these two MTs desighated MTII to bind
Cd?* in vivo'%5. The MTII of C. glabrata thus appears to be the only MT
known at present that forms an unstable complex with Cd?*.

The possible role of PCs in metabolism (homeostasis) of essential heavy
metals such as zinc or copper indicates small quantities of PCs that could
be detected in normally grown plant cell cultures8®:93, The levels of PCs in-
creased 100-fold in cells of R. serpentina after their transfer from spent me-
dium into fresh one containing optimum (35 um) concentration of zZn?*
(ref.%2). Thumann et al. showed that Zn2*-PC and Cu?*-PC complexes acti-
vate in vitro apoforms of carbonic anhydrase and diamino oxidase, respec-
tively'®. The activity of PC synthase was in tomato cell culture found to be
cell-cycle-dependent and the differential activity was also observed within
the plant body®4. Clearly, these experiments do not conclusively establish
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the role of PCs in metal homeostasis but they pinpoint such capability of
PCs and they make it possible to hypothesize the cooperation of PCs and
MT-like proteins in the metal homeostasis and activation of variety of
genes. As the cadl knock-out in A. thaliana leading to lack of PC synthase is
not lethal under normal conditions''®, PCs do not play a critical role in the
plant development and reproduction.

4. CONCLUDING REMARKS

Plants developed two specific families of metal binding proteins and pep-
tides — metallothioneins and metallothionein-like proteins and phyto-
chelatins. The transcription pattern of the former two metal-binding
proteins was reported to vary during embryogenesis, plant development,
and in tissue-specific manner. In addition, differential expression of
MT-like genes might be also a consequence of variation of heavy

metal concentrations (especially of Cu*?* and Fe?*/3*) in the environment,
influence of stressing agents (heat shock, sucrose starvation, oxidative
stress) and also wounding and plant pathogens. The principal role of plant
MTs and MT-like proteins seems to be in homeostasis of essential transition
metals rather than in metal detoxification which, however could not be ex-
cluded. The molecular events leading to specific expression of particular
MT or MT-like gene should be clarified as well as the action of these pro-
teins in the “buffering” of available metal ion by donation to or removing
from other metalloproteins. The metal coordination geometry should be re-
solved for this family of plant proteins. A possible link to PCs with respect
to homeostasis of heavy metals should be examined either.

Not counteracting the indisputable importance of PCs in heavy metal de-
toxification, it could be concluded that PCs provide a specific and potent
ligand, but still one of several possible, enabling plants or yeasts to buffer
metal concentration and to protect intracellular processes from their poi-
soning effects. An example of substitution of PCs in detoxification process
by other metal-binding peptide is provided by inhibition of PC synthesis in
response to Cd?* and Cu?* observed with C. glabrata and S. pombe constitu-
tively expressing the metallothionein gene CUP1 (ref.16%). Despite the abil-
ity of (overexpressed) MT-like protein to protect plant from cadmium
toxicity®2, the specific reason why plants developed PCs, but not MTs as a
detoxification tool (as it could be concluded in light of present data) is not
known. Further research spent on metal detoxification within the plant
body and evolution of tolerant genotype should be directed toward under-
standing of a link between genes to be identified involved in (differential)

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



Review 1081

metal tolerance and the role PCs in these processes. Evaluation of such con-
nections would allow constructing (transgenic) plants such as hyper-
accumulators suitable for bioremediation, hypertolerant plants to green
highly contaminated areas and/or plants with a reduced metal uptake in
consumable parts.

The importance of this approach is underlined by the fact that many pre-
vious attempts to obtain transgenic plants suitable for bioremediation by
introduction of MT genes failed. Expression of either mammalian®4167-169
or yeast’® MTs in plants driven by constitutive 35S promoter of cauliflower
mosaic virus did not lead to a significantly increased accumulation of Cd?*
in upper parts of plant, which could be beneficial to removal of metals
from contaminated soil. Moreover, MT expression resulted in some cases in
a decrease of up to 70% in Cd?* translocation from roots to shoots in com-
parison with a wild-type plant!®8.169 To our knowledge, the only successful
attempt to enhance both tolerance to and accumulation of Cd?* was with
B. juncea that overexpressed E. coli-borne glutathion synthetase gene gshll
(ref.1’1). Transgenic plant accumulated in shoots up to 3-fold higher
amount of the metal that the wild-type plant. The tolerance to Cd2* and
the metal accumulation correlated with the gshll expression level.

In order to elucidate possible role of PCs in homeostasis of essential tran-
sition metals (in cooperation with plant MTs and MT-like proteins?), more
details should be evaluated on their tissue partitioning. The levels of PCs
should be followed during plant germination and development of seeds
and in differentially growing cells (such as in root meristem) of normally
grown plants. The valuable information on developmental stage of particu-
lar importance could provide the known differential expression pattern of
MT-like proteins. Highly sensitive techniques for determination of poten-
tial metal-PC complexes should be developed for this purpose.

Note Added at Editing Proof

The novel family of genes (phytochelatin synthases; PCS) was isolated and
cloned from T. aestivum, A. thaliana, S. pombe and also from nematode
Caenorhabditis elegans'’2. It opens an exceptional way for understanding
and exploitation of PC synthases in the circumstances depicted above.
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The article was supported by the Ministry of Education of the Czech Republic (grant No. VS 96074)
and by the Grant Agency of the Czech Republic (grant No. 203/98/0650).

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



1082 Kotrba, Macek, Ruml:

Bw N

0 NN WD»n

21.

22.
23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
33.
36.

37.

38.

REFERENCES

. Klaassen C. D., Liu J., Choudhuri S.: Annu. Rev. Pharmacol. Toxicol. 1999, 39, 267.

. Margoshes M., Vallee B. L.: J. Am. Chem. Soc. 1957, 79, 4813.

. Kéagi J. H. R.: Methods Enzymol. 1991, 205, 613.

. Vasdk M. in: Metal Ion Homeostasis: Molecular Biology and Chemistry (D. H. Hamer and

D. R. Winge, Eds), p. 207. Alan R. Liss, New York 1989.

. Templeton D. M., Cherian M. G.: Methods Enzymol. 1991, 205, 11.

. Robinson N. J., Tommey A. M., Kuske C., Jackson P. J.: Biochem ]. 1993, 295, 1.

. Mehra R. K., Winge D. R.: J. Cell. Biochem. 1991, 45, 30.

.Reed R. H., Gadd G. M. in: Heavy Metal Tolerance in Plants: Evolutionary Aspects (A. ]J.

Shaw, Ed.), p. 105. CRC Press, Boca Raton 1991.

. Olafson R. W., McCubbin W. D., Kay C. M.: Biochem. ]J. 1988, 251, 691.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Huckle J. W., Morby A. P., Turner J. S., Robinson N. J.: Mol. Microbiol. 1993, 7, 177.
Glanvile N., Durnam D. M., Palmiter R. D.: Nature 1981, 292, 267.

Steffens J. C.: Annu. Rev. Plant Physiol. Plant Mol. Biol. 1990, 41, 553.

Rauser W. E.: Annu. Rev. Biochem. 1990, 59, 61.

Rauser W. E.: Plant Physiol. 1995, 109, 1141.

Zenk M. H.: Gene 1996, 179, 21.

Hoffmann T., Kells D. 1., Lane B. G.: Can. J. Biochem. Cell Biol. 1984, 62, 908.
Kawashima I., Kennedy T. D., Chino M., Lane B. G.: Eur. ]. Biochem. 1992, 209, 971.
Lane B., Kajioka R., Kennedy T.: Biochem. Cell Biol. 1987, 65, 1001.

White C. N., Rivin C. J.: GeneBank accession number Z34469, 1994.

Evans I. M., Gatehouse L. N., Gatehouse J. A., Robinson N. ]J., Croy R. R. D.: FEBS Lett.
1990, 262, 29.

de Miranda J. R., Thomas M. A., Thurman D. A., Tomsett A. B.: FEBS Lett. 1990, 260,
277.

de Framond A. J.: FEBS Lett. 1991, 290, 103.

Okumura N., Nishizava N. K., Umehara Y., Mori S.: Plant Mol. Biol. 1991, 17, 531.
Robinson N. J., Evans I. M., Mulcrone J., Bryden J., Tommey A.: Plant Soil 1992, 146,
291.

Snowden K. C., Gardner R. C.: Plant Physiol. 1993, 103, 855.

Buchanan-Wollaston V.: Plant Physiol. 1994, 105, 839.

Foley R. C., Singh K. B.: Plant Mol. Biol. 1994, 26, 435.

Ledger S. E., Gardner R. C.: Plant Mol. Biol. 1994, 25, 877.

Zhou J., Goldsbrough P. B.: Plant Cell 1994, 6, 875.

Zhou J., Goldsbrough P. B.: Mol. Gen. Genet. 1995, 248, 318.

Hsieh H. M., Liu W. K., Huang P. C.: Plant Mol. Biol. 1995, 28, 381.

Hsieh M. H., Liu W. K., Chang A., Huang P. C.: Plant Mol. Biol. 1996, 32, 525.
Moisyadi S., Stiles J. L.: Plant Physiol. 1995, 107, 295.

Kim Hyun U. K., Beom J., Yun C. H., Kang S. K.: Plant Physiol. 1995, 108, 863.

Ellison N. W., White D. W. R.: Plant Physiol. 1996, 112, 446.

Hudspeth R. L., Hobbs S. L., Andersin D. M., Rajasekaran K., Grula J. W.: Plant Mol. Biol.
1996, 31, 701.

Choi D., Kim H. M., Yun H. K., Park J. A., Kim W. T., Bok S. H.: Plant Physiol. 1996, 112,
353.

Lam P. F., Abu Bakar U. K.: Plant Physiol. 1996, 112, 1735.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



Review 1083

39.

40.
41.
42.
43.

44.
45.
46.
47.
48.
49.
50.

51.
52.

53.
54.
55.
56.
57.
58.
59.

60.
61.

62.
63.
64.
65.

66.

67.

68.
69.

70.
71.
72.
73.
74.
75.

Chatthai M., Kaukinen K. H., Tranbarger T. J., Gupta P. K., Misra S.: Plant Mol. Biol.
1997, 34, 243.

Clendennen S. K., May G. D.: Plant Physiol. 1997, 115, 463.

Foley R. C., Liang Z. M., Singh K. B.: Plant Mol. Biol. 1997, 33, 583.

Reidl S. J., Ross G. S.: Physiol. Plant. 1997, 100, 183.

Whitelaw C. A., Le Huquet J. A., Thurman D. A., Tomsett A. B.: Plant Mol. Biol. 1997, 33,
503.

Giritch A., Ganal M., Stephan U. W. Baumlein H.: Plant Mol. Biol. 1998, 37, 701.
Moritguchi T., Kita M., Hisada S., Endo-Inagaki T., Omura M.: Gene 1998, 211, 221.

Yu L. H., Umeda M., Liu J. Y., Zhao N. M., Uchimiya H.: Gene 1998, 206, 29.

Kille P., Winge D. R., Harwood ]J. L., Kay ]J.: FEBS Lett. 1991, 195, 171.

Robinson N. J., Wilson J. R., Turner J. S.: Plant Mol. Biol. 1996, 30, 1169.

Murphy A., Zhou J., Goldsbrough P. B., Taiz L.: Plant Physiol. 1997, 113, 1293.
Fortham-Skelton A. P., Lilley C., Urwin P. E., Robinson N. J.: Plant Mol. Biol. 1997, 34,
659.

Hsieh M. H., Huang P. C.: DNA Sequence 1998, 9, 9.

Klemsdal S. S., Hughes W., Lonneborg A., Aalen R. B., Olsen O. A.: Mol. Gen. Genet.
1991, 228, 9.

Olsen O.-A., Jakobsen K. S., Schmelzer E.: Planta 1990, 181, 462.

Dong J. Z., Dunstan D. L.: Planta 1996, 199, 459.

Garcia-Hernandez M., Murphy A., Taiz L.: Plant Physiol. 1998, 118, 387.

Kern S. R., Smith H. A., Fontaine D., Bryan S. E.: Toxicol. Appl. Pharmacol. 1981, 59, 346.
Schifer H. J., Greiner S., Rausch T., Haag-Kerwel A.: FEBS Lett. 1997, 404, 216.
Chubatsu L. S., Meneghini R.: Biochem. J. 1993, 291, 193.

Evans K. M., Gatehouse J. A., Lindsay W. P., Shi J., Tommey A. M., Robinson N. J.: Plant
Mol. Biol. 1992, 20, 1019.

Petering D. H., Shaw III C. F.: Methods Enzymol. 1991, 205, 475.

Tommey A. M., Shi J., Lindsay W. P., Urwin P. E., Robinson N. J.: FEBS Lett. 1991, 292,
48.

Suh M. C., Choi D., Liu J. R.: Mol. Cells 1998, 8, 678.

Lefebvre D. D., Miki B. L., Laliberté J.-F.: Bio/Technology 1987, 5, 1053.

Maiti I. B., Wagner G. J., Yeargan R., Hunt A. G.: Plant Physiol. 1989, 91, 1020.

Pan A., Tie F., Yang M., Luo J.,, Wang Z., Ding X., Li L., Chen Z., Ru B.: Protein Eng.
1993, 6, 755.

Pan A., Tie F., Duau Z., Yang M., Wang Z., Li L., Chen Z., Ru B.: Mol. Gen. Genet. 1994,
242, 666.

Hasegawa I., Terada E., Sunairi M., Wakita H., Schinmachi F., Noguchi A., Nakajima M.,
Yazaki J.: Plant Soil 1997, 196, 277.

Murasugi A., Wada C., Hayashi Y.: J. Biochem. 1981, 90, 1561.

Kondo N., Imai K., Isobe M., Goto T., Murasugi A., Wada-Nakasawa C., Hayashi Y.:
Tetrahedron Lett. 1984, 25, 3869.

Grill E., Winnacker E.-L., Zenk M. H.: Science 1985, 230, 674.

Grill E., Gekerel W., Winnacker E.-L., Zenk M. H.: FEBS Lett. 1986, 205, 47.

Klapheck S., Schlunz S., Bergmann L.: Plant Physiol. 1995, 107, 515.

Klapheck S., Fliegner W., Zimmer I.: Plant Physiol. 1994, 104, 1325.

Meuwly P., Thibault P., Rauser W. E.: FEBS Lett. 1993, 336, 472.

Rauser W. E., Meuwly P.: Plant Physiol. 1995, 109, 195.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



1084 Kotrba, Macek, Ruml:

76.
77.
78.

79.

80.

81.
82.

83.

84.
85.
86.
87.
88.
89.

Meuwly P., Thibault P., Schwan A. L., Rauser W. E.: Plant ]J. 1995, 7, 391.

Mehra R. K., Winge D. R.: Arch. Biochem. Biophys. 1988, 265, 381.

Mehra R. K., Tarbet E. B., Gray W. R., Winge D. R.: Proc. Natl. Acad. Sci. U.S.A. 1988,
85, 8815.

Dameron C. T., Reese R. N., Mehra R. K., Kortan A. R., Carroll P. J., Steigerwald M. L.,
Brus L. E., Winge D. R.: Nature 1989, 338, 596.

Barbas J., Santhanogopalan V., Blaszczynski M., Ellis W. R., Jr., Winge D. R.: J. Inorg.
Biochem. 1992, 48, 95.

Bernhard W. R., Kédgi H. R.: Experientia 1987, 52, 309.

Winge D. R., Reese R. N., Mehra R. K., Tarbet E. B., Hughes A. K., Dameron C. T. in:
Metal Ion Homeostasis: Molecular Biology and Chemistry (D. H. Hamer and D. R. Winge,
Eds), p. 300. Alan R. Liss, New York 1989.

Pickering I. J., Prince R. C., George G. N., Rauser W. E., Wickramasinghe W. A., Watson
A. A., Dameron C. T., Dance I. G., Faiflie D. P., Salt D. E.: Biochim. Biophys. Acta 1999,
1429, 351.

Bae W., Mehra R. K.: J. Inorg. Biochem. 1997, 68, 201.

Butt T. R., Ecker D. J.: Microbiol. Rev. 1987, 51, 351.

Grill E., Winnacker E.-L., Zenk M. H.: Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 439.

Grill E., Winnacker E.-L., Zenk M. H.: FEBS Lett. 1986, 197, 115.

Scheller H. V., Huang B., Hatch E., Goldsbrough P. B.: Plant Physiol. 1987, 85, 1031.
Robinson N. J., Ratliff R., Anderson P. J., Delhaize E., Berger J. M., Jackson P. J.: Plant
Sci. 1988, 56, 197.

90. Jackson P. J., Delhaize E., Kuske C. R.: Plant Soil 1992, 156, 281.

91.
92.
93.
94.
93.
96.
97.
98.
99.
100.

101.
102.
103.

104.
105.
106.
107.
108.

109.

110.

Reese R. N., Wagner G. ].: Plant Physiol. 1987, 84, 574.

Grill E., Thumann J., Winnacker E.-L., Zenk M. H.: Plant Cell Rep. 1988, 7, 375.
Steffens J. C., Hunt D. F., Williams B. G.: J. Biol. Chem. 1986, 261, 13879.

Chen J., Zhou ]J., Goldsbrough P. B.: Physiol. Plant. 1997, 101, 165.

Rauser W. E.: Plant Sci. 1987, 51, 171.

Delhaize E., Jackson P. J., Lujan L. D., Robinson N. J.: Plant Physiol. 1989, 89, 700.
Meuwly P., Rauser W. E.: Plant Physiol. 1992, 99, 8.

de Vos R. C. H., Vonk M. J., Vooijs R., Schat H.: Plant Physiol. 1992, 98, 853.
Riiegsegger A., Brunold C.: Plant Physiol. 1992, 99, 428.

Harmens H., Hartog P. R., Ten Bookum W. M., Verkleij J. A. C.: Plant Physiol. 1993,
103, 1305.

Tukendorf A.: Acta Physiol. Plant. 1993, 15, 175.

Rennerberg H., Filner P.: Plant Physiol. 1982, 69, 766.

Grill E., Loffler S., Winnacker E.-L., Zenk M. H.: Proc. Natl. Acad. Sci. U.S.A. 1989, 86,
6838.

Friederich M., Kneer R., Zenk M. H.: Phytochemistry 1998, 49, 2323.

Xiang C., Oliver D. J.: Plant Cell 1998, 10, 1539.

Schifer H. J., Haag-Kerwel A., Rausch T.: Plant Mol. Biol. 1998, 37, 87.

Hayashi Y., Nakagawa C. W., Mutoh N.: Biochem. Cell Biol. 1991, 69, 115.

Al-Lahham A., Rohde V., Heim P., Leucher R., Veeck J., Wunderlich K. W.,
Zimmermann M.: Yeast 1999, 15, 385.

Huber A. L., Holbein B. E., Kidby D. K. in: Biosorption of Heavy Metals (B. Volesky, Ed.),
p- 249. CRC Press, Boca Raton 1990.

Reese R. N., White C. A., Winge D. R.: Plant Physiol. 1992, 98, 225.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



Review 1085

111.
112.
113.
114.
115.

116.
117.
118.
119.

120.
121.
122.
123.

Speiser D. M., Abrahamson S. L., Banuelos G., Ow D. W.: Plant Physiol. 1992, 99, 817.
Murasugi A., Wada C., Hayashi Y.: . Biochem. 1983, 93, 661.

Dameron C. T., Smith B. R., Winge D. R.: J. Biol. Chem. 1989, 264, 17355.

Rauser W. E.: Methods Enzymol. 1991, 205, 319.

Howden R., Goldsbrough P. B., Andersen C., Cobbet C. S.: Plant Physiol. 1995, 107,
1059.

Reese R. N., Mehra R. K., Tarbet E. B., Winge D. R.: J. Biol. Chem. 1988, 263, 4186.
Reese R. N., Winge D. R.: J. Biol. Chem. 1988, 263, 12832.

Weber D. N., Shaw III C. F., Petering D. H.: J. Biol. Chem. 1987, 262, 6962.

Mehra R. K., Miclat J., Kodati V. R., Abdullah R., Hunter T. C., Mulchandani P.:
Biochem. ]J. 1996, 314, 73.

Plocke D. J., Kgi J. H. R.: Eur. ]J. Biochem. 1992, 207, 201.

Bae W., Mehra R. K.: . Inorg. Biochem. 1998, 69, 33.

Reese R. N., Wagner G. ]J.: Biochem. ]. 1987, 241, 641.

Huang B., Hatch E., Goldsbrough P. B.: Plant Sci. 1987, 52, 211.

124. Jackson P. J., Unkefer C. J., Doolen J. A., Watt K., Robinson N. J.: Proc. Natl. Acad. Sci.

125.

126.
127.

128.

129.
130.
131.
132.
133.
134.

135.
136.

137.

U.S.A. 1987, 84, 6619.

Strasdeit H., Duhme A.-K., Kneer R., Zenk M. H., Hermes C., Nolting H.-F.: J. Chem. Soc.,
Chem. Commun. 1991, 16, 1129.

Mehra R. K., Kodati V. R., Abdullah R.: Biochem. Biophys. Res. Commun. 1995, 215, 730.
Mehra R. K., Tran K., Scott G. W., Mulchaandani P., Saini S. S.: J. Inorg. Biochem. 1996,
61, 125.

Grill E. in: Metal Ion Homeostasis: Molecular Biology and Chemistry (D. H. Hamer and D.
R. Winge, Eds), p. 283. Alan R. Liss, New York 1989.

Mehra R. K., Mulchandani P.: Biochem. ]. 1995, 307, 697.

Krotz R. M., Evangelou B. P., Wagner G. ]J.: Plant Physiol. 1989, 91, 780.

Vogeli-Lange R., Wagner G. ].: Plant Physiol. 1990, 92, 1086.

Salt D. E., Rauser W. E.: Plant Physiol. 1995, 107, 1293.

Salt D. E., Wagner G. J.: . Biol. Chem. 1993, 268, 12297.

Ortiz D. F., Kreppel L., Speiser D. M., Scheel G., McDonald G., Ow D. W.: EMBO J.
1992, 11, 3491.

Ortiz D. F., Ruscitti T., McCue K. F., Ow D. W.: ]. Biol. Chem. 1995, 270, 4721.

Mehra R. K., Mulchandani P., Hunter T. C.: Biochem. Biophys. Res. Commun. 1994, 200,
1193.

Speiser D. M., Ortiz D. F., Kreppel L., Scheel G., McDonald G., Ow D. W.: Mol. Cell Biol.
1992, 12, 5310.

138. Juang R. H., McCue K. F., Ow D. W.: Arch. Biochem. Biophys. 1993, 304, 292.

139.

140.
141.
142.
143.

144.
145.

Schiff J. A., Frankhauser H. in: Biology of Inorganic Sulphur and Nitrogen (H. Bothe and
A. Trebst, Eds), p. 153. Springer, Berlin 1981.

Ernst W. H. O., Verkleij J. A. C., Schat H.: Acta Bot. Neerl. 1992, 41, 229.

Wang J., Evangelou B. P., Nielsen M. T., Wagner G. J.: Plant Physiol. 1992, 99, 621.
van Stevenick R. F. M., van Stevenick M. E., Fernando D. R.: Plant Soil 1992, 176, 271.
de Knecht J. A., van Baren N., Ten Bookum W. M., Wong Fong Sang H. W., Koevoets
P. L. M., Schat H., Verkleij J. A. C.: Plant Sci. 1995, 106, 9.

Hu S.: Mol. Mar. Biol. Biotechnol. 1998, 7, 97.

Howden R., Andersen C., Goldsbrough P. B., Cobbet C. S.: Plant Physiol. 1995, 107,
1067.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



1086 Kotrba, Macek, Ruml:

146.
147.
148.
149.

150.

151.
152.

153.

154.
155.
156.
157.
158.

159.

160.
161.

162.
163.
164.

165.

166.
167.

168.
169.
170.
171.
172.

Mutoh N., Hayashi Y.: Biochem. Biophys. Res. Commun. 1988, 151, 32.

Kneer R., Zenk M. H.: Phytochemistry 1992, 31, 2663.

Chen J., Goldsbrough P. B.: Plant Physiol. 1994, 106, 233.

de Knecht J. A., Koevoets P. L. M., Verkleij J. A. C., Ernst W. H. O.: New Phytol. 1992,
122, 681.

de Knecht J. A., van Dillen M., Koevoets P. L. M., Schat H., Verkleij J. A. C., Ernst
W. H. O.: Plant Physiol. 1994, 104, 255.

Lin S. L., Wu L.: Ecotoxicol. Environ. Saf. 1994, 29, 214.

Imahara H., Hatayama T., Kuroda S., Horie Y., Inouhe E., Wakatsuki T., Kitamura T.,
Fujimoto S., Ohara A., Hashimoto K.: J. Pharmacobiodyn. 1992, 15, 667.

Verkleij J. A. C., Koevoetes P., van’t Riet J., van Rossenberg M. C., Bank R., Ernst
W. H. O. in: Metal Ion Homeostasis: Molecular Biology and Chemistry (D. H. Hamer and
D. R. Winge, Eds), p. 347. Alan R. Liss, New York 1989.

Walder H., Glinther K.: Z. Lebensm.-Unters. Forsch. 1996, 202, 256.

Subhara A. V., Panda B. B.: Mutat. Res. 1994, 321, 93.

Panda K. K., Patra J., Panda B. B.: Mutat. Res. 1997, 389, 129.

Briat J. F., Lebrun M.: C. R. Acad. Sci., Ser. III 1999, 322, 43.

Verkleij J. A. C., Schat H. in: Heavy Metal Tolerance in Plants: Evolutionary Aspects
(A.]. Shaw, Ed.), p. 179. CRC Press, Boca Raton 1990.

Baker A. J. M., Walker P. L. in: Heavy Metal Tolerance in Plants: Evolutionary Aspects
(A.]. Shaw, Ed.), p. 156. CRC Press, Boca Raton 1990.

Symeonidis L., Karataglis S.: BioMetals 1992, 5, 173.

Macnair M. R. in: Heavy Metal Tolerance in Plants: Evolutionary Aspects (A. ]J. Shaw, Ed.),
p- 236. CRC Press, Boca Raton 1990.

Kneer R., Kutchan T. M., Hochberger A., Zenk M. H.: Arch. Microbiol. 1992, 157, 30S5.
Inouhe M., Sumiyoshi M., Tokoyama H., Joho M.: Plant Cell Physiol. 1996, 37, 341.
Inouhe M., Hiyama M., Tokoyama H., Joho M., Murayama T.: Biochim. Biophys. Acta
1989, 993, 51.

Yu W., Santhanagopalan V., Sewel A. K., Jensen L. T., Winge D. R.: J. Biol. Chem. 1994,
269, 21010.

Thumann J., Grill E., Winnacker E.-L., Zenk M. H.: FEBS Lett. 1991, 284, 66.

Yeargan R., Maiti I. B., Nielsen M. T., Hunt A. G., Wagner G. ].: Transgenic Res. 1992, 1,
261.

Hattori J., Labbé H., Miki B. L.: Genome 1994, 37, 508.

Elmayan T., Tepfer M.: Plant ]. 1994, 6, 433.

Truksa M.: Ph.D. Thesis. Mendel University for Agriculture and Forestry, Brno 1997.
Liang Zhu Y., Pilon-Smits E. A. H., Jouanin L., Terry N.: Plant Physiol. 1999, 119, 73.
Clemens S., Kim E. J., Neumann D., Schroeder J. I.: EMBO J. 1999, 18, 3325.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



