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Removal of heavy metals from the soil and water or their remediation from the waste
streams “at source” has been a long-term challenge. During the recent era of environmental
protection, the use of microorganisms for the recovery of metals from waste streams as well
as employment of plants for landfill applications has generated growing attention. Many
studies have demonstrated that both prokaryotes and eukaryotes have the ability to remove
metals from contaminated water or waste streams. They sequester metals from soils and sed-
iments or solubilize them to aid their extraction. The proposed microbial processes for
bioremediation of toxic metals and radionuclides from waste streams employ living cells
and non-living biomass or biopolymers as biosorbents. Microbial biotransformation of met-
als or metalloids results in an alteration of their oxidation state or in their alkylation and
subsequent precipitation or volatilization. Specific metabolic pathways leading to precipita-
tion of heavy metals as metal sulfides, phosphates or carbonates possess significance for pos-
sible biotechnology application. Moreover, the possibility of altering the properties of living
species used in heavy metal remediation or constructing chimeric organisms possessing de-
sirable features using genetic engineering is now under study in many laboratories. The en-
couraging evidence as to the usefulness of living organisms and their constituents as well as
metabolic pathways for the remediation of metal contamination is reviewed here. A review
with 243 references.

Key words: Heavy metals; Bioremediation; Metallothioneins; Metalloproteins; Phyto-
chelatins; Metal chelates, Biosorption; Bioprecipitation; Biotransformation.

During the last decades an increasing attention has been paid to hazards
arising from the contamination of the environment with heavy metals.
Once released into the environment, metallic species tend to persist indefi-
nitely, circulating in the ecosystems and eventually accumulating through
the food chain. This represents a problem of great economic and pub-
lic-health significance. Consequently, environmental awareness is growing
in the public and industry, and environmental legislation becomes progres-
sively stricter, leading to a need for effective and low-cost technologies.
Lower cost and higher efficiency at low metal concentrations make biotech-
nological processes more attractive in comparison with physico-chemical
methods for heavy metal removal. Microbial remediation of metals, how-
ever, is still rather a research issue with few large-scale applications.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)



Bioremediation of Heavy Metal Pollution 1207

1. METALS AND LIVINGS

Metals and metalloids include all the elements except H, B, C, N, P, O, S,
halogens, and the noble gases. Metalloids are only Si, Ge, As, Sbh, Se and Te.
Alkali metals and alkaline earth metals in groups la and lla, together with
Al and metals of groups Il1b, IVb, and Vb comprise the non-transition met-
als. Transition elements with incompletely filled d or f orbitals are in peri-
ods 4, 5, and 6 of the Periodic Table! with the exception of the llb group
metals (Zn, Cd, Hg) that are classified as transition metals. The lanthanides
and actinides i.e. rare earth elements constitute inner transition series and
occur in a wide variety of oxidation states (from +1 up to the group num-
ber) as the atoms are stabilized by various irregular electron configurations.
Metal ions are classified as type-A, type-B and transition metal cations?.
Type-A metal cations possess the electron configuration of an inert gas
while type-B metal cations contain 10 outer shell electrons corresponding
to Ni° Pd? and Pt°. The transition metal cations have 1 to 9 (or 13) outer
shell electrons (refs?3, Table ).

TABLE |
Classification of metal cations (ref.?) and ligands according to the HSAB scheme (refs®30)

Metal cations

Type-A metals Transition metals Type-B metals
Li*, Na*, K*, Be?*, Mg?*, VvZ* cr?*, Mn?*, Ee?t, co?*,  cu', Agt, Aut, TIY, Ga®,
Ca2+, SI’2+, A|3+, SC2+, Ni2+, CU2+, Ti3+, V3+, CI’3+, Zn2+, Cd2+, H92+, Pb2+,
La2+, -I-i4+l ZI’4+, Th4+ MI’]3+, Fe3+, Co3+ Sn2+, T|3+, AU3+, |n3+, Bi3+
Hard acids Intermediate Soft acids
All type-A cations, All divalent transition metal All Type-B cations,
cré*, Mn®, Fe®*, co®, cations, Zn?*, Pb?*, Bi®* except Zn?*, Pb?*, Bi®*
uo?, vo?*

Ligands
Hard bases Intermediate Soft bases
H,0, OH, PC;", aniline, pyridine, SO, R,S, RSH, SCN, S,G¢,
ROH, R,O, R-NH, N,, N3, NO; CN~, CO, CH,=CH,
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From a biological point of view, metals and metal ions can be sorted ac-
cording their environmental impact or toxicity. The 65 metallic elements
of densities greater than 5 g cm™2 are called “heavy” and exert toxic effect
on the livings34. However, the toxicity of a particular metal ion depends on
the organism, the metal concentration, and its distribution in the environ-
ment and subsequently in the body fluids and/or tissues. The heavy metal
concentration in the organism is generally proportional to the environ-
mental level of the metal®. Thus the concentration of a given heavy metal
ion in the organism should be clearly defined prior to evaluating its toxic-
ity impact by the viability expressed as the ability to survive and reproduce.
The classification as essential and inessential metals® is based on their tox-
icity at very low concentrations (the essential ones) or benefic to the organ-
ism at adequate levels. Despite these general rules, some microorganisms
can sustain the replacement of an essential metal ion by the usually
non-biological one (e.g. K* for Cs* (refs®7)).

At least one-third of the known enzymes requires metal ions for activity®.
For example, iron is present in catalases, oxidases, cytochromes, and other
proteins as well as in hemoglobin and myoglobin. Cobalt is a component
of vitamin B;,, and of several enzymes such as methionine synthetase,
ribonucleotide reductase, and methyl malonyl CoA mutase. Molybdenum is
required by nitrogenase, nitrate reductase, and xanthine oxidase. Manga-
nese is required for DNA replication (referenced in®). Nickel is a component
of, e.g., Ni-Fe hydrogenase'®, and urease'!. Copper plays a catalytic role in
nitrite reductase!? and many oxidases, e.g., cytochrome C oxidases!® and
ascorbate oxidase!. Magnesium is required for enolase activity, phosphate
transfer enzymes (referenced in®), DNA polymerase!® as well as for the
DNase activityl®. Mg2* is also a component of the cell wall of the
Gram-negative bacteria playing a critical role in maintaining the integrity
of the cell envelope®'’. Zinc is necessary for the function of alkaline
phosphatase, glyoxalase®, alcohol dehydrogenase!®, and many other
metalloproteins, including zinc-finger peptides, transcription factors
known to regulate the activity of many genes!®. Calcium is a major metallic
component of the cell wall of Gram-positive bacilli and their spores'’. It is
also a component of the mineral matrix of bones and teeth?® and plays a
role as signal messenger in mammals, plants??, and prokaryotes??. Sodium
and potassium ions play a role in establishing the membrane potential.
These ions, therefore, mediate nervous signal transmission in mam-
mals?'and also create the “ion motive force” that is used for ATP synthesis
in some prokaryotes23-24,
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Contrasting with the above examples, many other metal ions do not pos-
sess any essential biological functions, e.g., lead, aluminum, cadmium, tin,
and mercury, but they can still be accumulated®2® and bound to many pro-
teins and other cellular components or compartments®26-28. An excess of
either essential or inessential metal ions leading to their binding to com-
pounds of biological significance may result in various clinical syn-
dromes?®. Wilson’s disease (caused by an excess of copper), thalassaemia
(caused by an excess of iron) or “itai-itai” diseases (due to cadmium con-
tamination of the food) represent examples of such syndromes.

It is conceivable that the exposure of a given organism to an excess of
heavy metals leads to an imbalance of the natural equilibrium and thus to
more or less obvious changes in the stability of a given biotope®. Extensive
pollution of the environment by toxic metals and radionuclides arises
mainly from antropogenic activities (Table II). Natural processes such as
volcanic activities are quite poor contributors?°,

1.1. Metal Binding Biomolecules

It has been observed many times in various peptides, proteins and other bi-
ological materials that alkali and alkali earth metal ions bind most effec-
tively to oxygen as electron donor, while transition metals bind equally
well to nitrogen and oxygen®. The mutual affinity depends on the

TaBLE Il
Anthropogenic sources of toxic metals and metalloids (ref.29) in tons per year

Fuel, power and

Metal metallurgy Agriculture Manufacturing Waste disposal
Arsenic 45.952 7.730 7.550 13.635
Cadmium 16.444 3.666 2.450 25.466
Chromium 344.853 92.680 50.610 81.629
Copper 26.953 411 33.740 68.875
Mercury 6.879 5.245 1.145 2.918
Nickel 239.901 60.246 7.440 60.969
Lead 325.884 192 9.300 58.570
Selenium 70.355 6.566 4.250 6.252
Zinc 162.871 824.935 85.015 168.815
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acid-basic properties of both electron donor atoms and the metal ions. The
metal can be classified as a Lewis acid as it tends to attain enough electrons
to reach an inert state, whereas the ligand is a Lewis base as it is capable to
provide electron pairs to be shared with the metal ion. Ligand-metal bind-
ing relies on the formation of coordination bonds. The propensity of a par-
ticular metal ion to bind to a ligand may be predicted on the basis of the
hard and soft acids and bases (HSAB) theory®C. The terms soft and hard
(and intermediate) reflect the degree of mobility or polarizability of the
electrons of an element (Table I). Thus hard acid is characterized by a small
size, low polarizability, high electropositivity, and a large positive charge or
oxidation state. It has few not easily excitable outer electrons and it usually
forms ionic or electrostatic bonds. Hard bases tend to have low
polarizability, high electronegativity, and large negative charges. They are
small, have high energy and inaccessible vacant orbitals. They usually form
ionic or electrostatic bonds. Soft acids and bases have properties opposite to
those of their “hard” counterparts and tend to form a stable coordination
represented by a o and 1t bonds of the ligand that is a 6-donor and traccep-
tor (the negative charge distribution remains unchanged3!). The excep-
tional transition cations (Zn?*, Cd?*, and Hg*?*) usually cannot form the 1
interaction with the ligand as a consequence of their d'° state®'. The rule
was established that hard acids tend to form strong bonds with hard bases
and soft acids with soft bases®%30. In general, soft acids (metals) prefer
phosphorus to nitrogen and sulfur to oxygen as ligand atoms. The opposite
is true for hard acids (Table I). However, in a mixture of hard and soft metal
ions, the latter may show a higher affinity for hard ligands®. This rather ex-
ceptional pattern is of great importance especially for the biosorption of
soft (heavy) metals. It could be explained by a rapid ligand exchange with
the oxygen of water that is characteristic of hard metals®°3°. Very soft acids
and bases are often poisonous because of their very strong binding to the
corresponding bases and acids, respectively (referenced in®). For example,
Hg* 2* and Cd?* rank among the most toxic metal ions as they strongly
bind to the sulfhydryl groups of peptides and proteins inhibiting their bio-
logical function by replacing the essential (biologicaly active) metals or
blocking the reactive amino acid residues. Cyanides, trivalent arsenic com-
pounds and/or carbon monoxide may form strong coordination bonds
with the metals of metalloproteins (and metal containing cofactors). This
reaction inhibits the biological function of the metal by blocking orbitals of
biological importance and it may even result in the removal of metals from
metalloproteins®.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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1.2. Metal Chelates

Metal chelates are formed when the metal binding molecule forms coordi-
nate bonds with the metal involving more than one pair of shared elec-
trons (multidentate ligand), thus creating a ring structure®3l. The
coordination number of a metal corresponds to the maximum number of
coordination bonds, it is frequently 4 and 6 and less often 2 and 8. A che-
late complex may be bidentate, tridentate, etc., depending on the number
of chelate rings in the structure. Individual stabilities of particular coordi-
nation bonds combine in synergistic manner. The well-known Irving-Wil-
liams series attributes the stability of a chelate-metal complex to the
atomic number of a metal ion of the same oxidation state®32. The
Irving—Williams order of stability Mn < Fe < Co < Ni < Cu > Zn (with Cu be-
ing the most strongly bound) corresponds to many experimental data ob-
tained studying (nonproteinous) biopolymer—-metal interactions and well
describes the reaction of transition metals with a multidentate ligand®.
Other parameters, such as steric hindrance and the character of the ligand
(see above) would also significantly affect the stability of a particular com-
plex.

2. BIOREMEDIATION OF METAL(LOID) POLLUTION

The bulk of studies on the use of living materials for environmental restora-
tion have focused primarily on microbial degradation of organic com-
pounds. However, the potential of the microbial biomass as a way to
remove [heavy] metal ions and metalloids from waste effluents and soils
has been recognized early and it is systematically reported since the middle
80’s. A number of experimental and theoretical studies have been the sub-
ject of several excellent reviews: The biological treatment of effluents or
metal loaded areas (soils) is often an economically attractive method of a
great commercial potential as compared to physico-chemical methods33:34,
Depending on the nature of contaminated matrix two principal treatments
are used. To avoid the undesired natural mobilization of toxic metal(loid)s
and their subsequent entry into the food chain® metals immobilized in
soil, silt, or solid waste need first to be solubilized to transfer the metal to a
water phase which is then collected and further treated. This may be
achieved by microbial leaching®-37 or by leaching with metallophores®.
Metal(loid)s can then be removed from liquid streams through sequestra-
tion by various sorbents of biological origin?’-37-41, In addition, the
bioconversion of mobile metal(loid) species in both liquid or solid matrixes

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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into less soluble forms or instead into volatile forms that will escape to air
represents two other alternative approaches333%40.41 Nowadays an increas-
ing number of reports has also been devoted to the phytoremediation of
metal(loid) contaminated soils3442:43,

Outlined here are some of biological processes (either in use, or under
study at present) that are of importance for the restoration of the
metal(loid) contaminated environment. Some specific desirable features of
livings that may aid the bioremediation of metal pollution are described
and discussed. Special emphasis is placed on the contribution and promis-
ing exploitation of the microbial biomass for metal recovery from liquid
effluents.

2.1. Metal Binding Biomolecules for the Bioremediation of Metals

The majority of microbial, algal, and plant cell wall material, such as
extracellular and capsular polysacharides (cellulose, chitin, chitosan,
alginate, pectine, fucoidan, carrageenan, peptidoglycans, glycoproteins,
lipopolysacharides, teichoic acid, teichuronic acid), lipopolysacharides
(emulsan) and low-molecular weight organic acids (citrate, oxalate acid,
phytate) bear oxygen (of hydroxy, carboxy, sulfate, phosphate, and
hydroxamate functionalities) and nitrogen (mostly acetamido and amino
groups) as major components of metal-binding ligands. In addition, some
metal binding compounds such as biopigments (flavins, flavonoids,
polyhydroxyantraquinones, tannin, melanin) are produced by microbes in
response to various stress agents (e.g., following metal exposure; referenced
in®27:38.39)  Metal binding by such compounds is fortuitous but of great sig-
nificance for metal decontamination as it represents the first barrier against
a variety of metallic species. Moreover, these ligands are the predominant
metal binding sites when dead biomass is used as a biosorbent (see below).

Virtually all amino acids, peptides, and proteins are capable of binding
metal ions at least via carboxyl and a-amino groups or via nitrogen and ox-
ygen atoms of the peptide bond. However, the metal binding centers in
peptides and proteins are mainly contributed by the side chains of
non-hydrophobic amino acid (thoroughly reviewed in ref.#4). In a compre-
hensive study, Rulisek and Vondrasek?® (screening the metal binding sites
of approximatelly 100 metalloproteins and 3 000 smaller transition metal
complexes) scored the preferred coordination geometries of Co?*, Ni?*,
Cu?*, Zn?*, Cd?*, and Hg?" in metalloproteins. From this analysis it was
concluded that the preferred arrangement is octahedral for Co?* and Ni?*,
tetrahedral for Zn?*, square planar for Cu?*, and linear for Hg?*, whereas

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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Cd?* tends to bind in both tetrahedral and octahedral arrangements. As
shown below with metallothioneins, metalloproteins might play an impor-
tant role in the bioremediation of heavy metal pollution. A metal-specific
or otherwise improved bioprocess for metal removal from the environment
has been developed through metal binding site engineering so to alter
metal ion selectivity*®, an approach that has been recently employed to im-
prove the performance of cytochrome P450 in organics degradation?®,

2.1.1. Metallothioneins and Related Peptides

In many organisms, poisonous levels of free heavy metal ions are detoxified
via sequestration by intracellular ligands such as metallothioneins*’=4°,
Margoshes and Vallee*® first used the name metallothionein (MT) for a cad-
mium-binding protein from mammalian kidney. Similar proteins were sub-
sequently isolated from other sources and were subdivided into distinct
classes on the basis of structural similarities (Fig. 1). Peptides synthesized in
a template independent manner and made up of y-Glu-Cys repetitions (Fig. 3)
are referred as phytochelatins (PCs) and iso-phytochelatins (iso-PCs)>7-5°
and are considered as a very special group of MTs. In addition, proteins
sharing similarity with classes | and Il MTs in both primary structure and
predicted function — metallothionein-like (MT-like) proteins have recently
been identified in a variety of plants®>6°. According to a classic definition,
MT-like proteins should rather be designated as peptides, because their rela-
tive molecular weights are lower than 10 kDa (see below). However, as they
are commonly referred to MT or MT-like proteins in literature, the same no-
menclature will be kept here.

2.1.1.1. Class | and Il Metallothioneins
Class-1 MTs are defined as polypeptides whose primary structure is related
to mammalian MTs, while those of class Il display none or only a very dis-
tant sequence similarity to mammalian MTs (ref.*). However, Cys-X-Cys
(where X is any amino acid residue other than Cys) and Cys-Cys sequence
motifs are characteristic of and invariant in both class | and class Il MTs

(Fig. 1).

2.1.1.1.1. Class | Metallothioneins — Mammalian MTs
Although class | metallothioneins have been isolated from organisms other
than mammals*®, the most thoroughly studied mammalian MTs are dis-
cussed here. Mammalian MTs are intracellular peptides of 61 or 62 amino

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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MT of class I: Human, Homo sapiens sapiens (MT-1A)>°
MDPNCSCATGGSCTCTGSCKCKECKCTSCKKSCCSCCPMS.CAKCAQGCICKGASEKCSCCA

Mouse, Mus musculus®

MDPNCSCSTGGSCTCTSSCACKNCKCTSCKKSCCSCCPVSGCSKCAQGCVCKGAADKCTCCA

* ok * x * x * ok * * ok kK * ok * * * ok k

MT of class Il: Yeast, Saccharomyces cerevisiae (CUP1)52

MFSELINFQNEGHCQCQCGSCKNNEQCQKSCSCPTGCNSDDKCPCGNKSEETKKSCCSGK

* ok k * * * ok ok * * ok

Wheat, Tricium aestivum (E¢)>3

.MGCNDKCGCAVPCPGGTGCRCTSARSDAAAGEHTTCGCGEHCGCNPCACGREGTPSGRANRRA..NCSCGAACNCASCGSTTA

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

MT-like; type 1: Pea, Pisum sativum (PsMT ,)5*

....MSGCGCGSSCNCGDSCKCNKRSSGLSYS.EMETTETVILGVGPA KIQFEGAEMSAASE.DGGCKCGDNCTC.DPCNCK

Arabidopsis thaliana (MT1a)>®

. MADSNCGCGSSCKCGDSCSCEKNY ......ooiiiiiiiiiiiiiisiie i NKECD.NCSCGSNCSCGSNCNC

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

MT-like; type 2: Arabidopsis thaliana (MT2a)>°

MSCCGGNCGCGSGCKCGNGCGGCKMYPDLGFSGETTTTETFVLGVAPAMKNQYEASGESNNAESD.ACKCGSDCKC.DPCTCK

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

MT-like; odd: Douglas-fir, Pseudothsuga menziesii®®

MSSDGKDCGCADPTQCDKKGNSLGVEMVETSYDYNMNMSFGFEYEMETVA... .AEN.GCKSGASSKYSN..RCM

* x * * *

Fic.1
Amino acid sequences and classification of metallothioneins (MTs) and MT-like proteins;
dots are included for optimum alignment of homologous sequences; asterisks indicate the
distribution cysteines. The Lys(30)-Lys(31) bridge separating the N-terminal 3-domain and
the C-terminal a-domain of class | MTs is underlined. The first eight amino acids that are
cleaved from CUPL1 after translation are written in italic. For details on the MTs of class 1l
(phytochelatins), see Fig. 3
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acid residues lacking aromatic amino acids and histidine. Their molecular
mass is 6-7 kDa. Mammalian tissues usually contain two major fractions,
i.e. MT-1 and MT-2, differing at neutral pH by a single negative charge.
Within these fractions, isoforms specified by letters as MT-1a, MT-1b could
be resolved by high-performance liquid chromatography*°.

The expression of mammalian MTs is induced by an excess of heavy
metal ions such as Cd?'* or Cu?* (refs*®61)., However, certain hormones,
cytokines, growth factors, tumor inducers and chemical and physical stress
may also induce MT expression*®61, This indicates that MTs play more than
a simply protective role. For example, the fact that DNA damage caused by
oxidative stress is reduced in the presence of MTs but it is enhanced when
MTs expression is suppressed® supports such a protective ability of the
sulfhydryl groups of these peptides. The induction of MTs s
transcriptionally regulated by cis-acting metal regulatory elements and
trans-acting factors*”-60, The existence of a large number of factors and con-
ditions that modulate MT synthesis during organism development®3.64, re-
generation and reproduction, suggests that these act not only in
detoxification of harmful chemicals®1:62 but have other, likely primary roles
in the metal homeostasis and in the formation of pools of essential heavy
metals.

Mammalian MTs consist of two domains designated 3 (N-terminal) and a
(C-terminal). These two domains (Fig. 2) coordinate 7 divalent metal
ions*?:85-67 into tetrahedral tetrathiolate clusters*® comprising a total 20 Cys
residues that are shared by different MT sequences (Figs 1 and 2). The -
and a-domains bind three and four bivalent metal ions, respectively. On
the other hand, either domain binds 6 equivalents of monovalent ions
such as Cu* or Ag* (refs®566), A certain selectivity of MT domain for metal
ions and the independent assembly of metal thiolate clusters was observed
in early works on MTs®6-68,

More recent studies on the affinity of metal ions to MT and its individual
domains revealed much stronger binding of Cd?* to the a- than to the B-do-
main®70. The affinity of Cd?* for the a-domain appeared to be 12-fold
higher than for the entire MT (ref.”). The binding affinity for the Cd?* to
B-domain was estimated to be 140-fold weaker as compared to the a-do-
main®., MT purified from Cd?*-treated mammalian cells contained five
Cd?* and two Zn?* ions preferentially located in the B-domain®%87 (Fig. 2).
Semiempirical calculations derived from X-ray and NMR data revealed that
individual metal binding sites in either domain differed in their affinity
for’:, The relatively low affinity of two particular Cd?* metal binding cen-
ters in the B-domain that bind two Cd?* allows exchange with Zn?*.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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In vitro studies have shown that Cu* is preferentially bound by the B-do-
main in intact MTs (ref.®8), indicating higher stability of Cu* coordination
by this domain. Moreover, the CugB-domain but not the Cd;B-domain
could be expressed as a stable polypeptide in E. coli’?. These and the above
mentioned differences (in terms of metal binding properties) between f-
and a-domains point to a prevalent role of the 3-domain in the homeosta-
sis of essential metals and to a main role of the a-domain in the detoxifica-
tion of poisonous metal species.

2.1.1.1.2. Class Il Metallothioneins
Metallothioneins isolated from non-animal sources such as the yeasts
Saccharomyces cerevisiae, Candida glabrata, Candida albicans®®73, algae’®,
cyanobacteria (Synechococcus sp.”®) or plants (Tricum aestivum®3, Zea mays’®)
are of class Il. Thus far, the only lower organisms possessing a class | MT is
the ascomycete Neurospora crassa®®.

A well-known class-1l member is CUP1, the MT of S. cerevisiae. It is
mainly responsible for copper tolerance and its structural gene is located in
CUP1 locus (chromosome VIII) that may amplify upon Cu?* exposure®2.
Multiple tandem repeats of CUP1 are then maintained to strengthen resis-
tance. CUP1 transcription is induced by Cu* and Ag* but not by Cd?* or

Cys29 o-domain
Cys19
vs M5>M7>MI1=M6
Cys59
Cys57
Cysl5 Cys24 MI @
Cys21 Cys60
Cys26 CysSO Cys36
Cysl3 Cys7 5
. Cys M6 @ Cys37 M 7
-domain Cys4l
B Y Cys44 Cys34
M3>M2>M4
M5
Cys33

FiG. 2
Coordination of divalent metal ions in the B- and a-domains of class | metallothionein
(MT). Mammalian MTs isolated from organisms exposed to cd* usually contain 5 cd?* and
2 zZn?* atoms®>%7 bound in tetrahedral tetrathiolate clusters*®. The affinity of particular
metal binding centers (M1 to 7) for Cd?* (ref.?%) is indicated
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Zn?*, and it is driven by a Cu*-binding’’ trans-acting factor named ACE1
(ref.”®). The CUP1 binds, however, both Cd?* and Zn?* (4 equivalents per
molecule) besides 8 equivalents per molecule of monovalent ions. In the
case of yeast protein there is no evidence of the formation of two separate
metal binding domains. In contrast to mammalian MTs, processing of the
primary translation product results in the removal of 8 amino acids from
the N-terminus (Fig. 1). The processed CUP1 (6.6 kDa) contains 12 cysteines
of a total of 53 amino acid residues®.

It is noteworthy that CUP1 seems to be solely involved in metal toler-
ance. On the contrary, other members of class Il MTs, such as the wheat
Zn?*-binding E. protein (Fig. 1), function exclusively in metal homeostasis
during seed development®3:5960_ |ts expression only depends on the stage of
development and its level does not change as a function of the extracellular
Zn?* concentration.

2.1.1.2. Metallothionein-Like Proteins
Most plant MT-like proteins consist of about 63 to 83 amino acids®®®°. The
analysis of cDNAs isolated from various sources revealed that the bulk of
plant MT-like proteins exhibit more than 50% sequence homology and can
be sorted into two groups on the basis of predicted location of Cys residues
into two groups®, In type 1, there is exclusively the Cys-X-Cys motif
whereas in type 2 there are the Cys-Cys and the Cys-X-X-Cys motifs are
both highly represented within the N-terminal domain (Fig. 1). Some re-
cently described sequences, however, could not be classified as 1 or 2
(ref.5%) as their Cys distributions differ from that of either types (Fig. 1). In
plant MT-like proteins, terminal Cys-rich domains are often separated by a
central region (approximatelly 40 amino acids long) without any Cys resi-
dues. The presence of this region represents a principal difference from
mammalian and fungal metallothioneins as well as from the wheat E. pro-
tein (Fig. 1) and its maize homologue’. Both “long” MT-like proteins and
“short” MT-like proteins (45 amino acids) are abundant in plants albeit the
latter ones with lower frequency. The latter possess “full-size” Cys-rich do-
mains, but the “central spacer” (containing one aromatic amino acid resi-
due usually Tyr) is shortened to 7 amino acids. The role of the central
spacer region in MT-like protein is still obscure (referenced in%9).

The identification of abscisic acid (ABA) as well as ethylene-response ele-
ments in the genomic clones of MT-like protein genes confirmed the exis-
tence of a direct connection between plant germination, development or
tissue type and transcription of an MT-like protein gene previously ob-
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served in vivo®. The differential expression of MT-like proteins and their
transcription in response to various stress conditions is reminiscent to the
homeostatic (and protective) role played by MTs of classes | and Il. Despite
extensive studies, the role of MT-like proteins in heavy metal tolerance is
still rather unclear. Evidence that MT-like proteins may protect plants from
heavy metal poisoning comes from transgenic tobacco seedlings (Nicotiana
tabacum) overexpressing the type-2 MT-like protein of N. glutinosa8°. On the
other hand, transcription of MT-like genes seems to be organism- and
metal-specific in wild-type plants grown in the presence of high of heavy
metal concentrations®®. The most pronounced effects are elicited by Cu?*.
For example, elevated external Cu?* levels resulted in a decrease of a type-2
MT-like mRNA in Brassica juncea whereas Zn?* had a reverse effect®l. On the
contrary, the exposure of Arabidopsis seedlings to Cu?* upregulated an
MT-like type-2 mRNA, but Cd?* and Zn?* had only a slight effect®®. We
would like to emphasize that, little is known about the regulatory mecha-
nisms controlling the exprssion of MT-like genes and the only cis-acting el-
ement showing homology to the well-known metal-response elements has
been identified in tomato® (Lysopersicon esculentum).

There are few, mostly indirect, data on the metal binding ability of plant
MT-like proteins. It is known that many plant MT-like proteins are capable
of complementing the heavy metal hypersensitivity of yeast (S. cerevisiae)®®
and cyanobacteria (Synechococcus PCC 7942) (ref.83). The MT-like protein of
Pisum sativum (PsMT,) has metal-to-protein stoichiometries ranging from
4.3 to 6, from 4 to 5 and from 3 to 3.5 in the case of Zn?*, Cd?*, and Cu*,
respectively®*. The stabilities of Zn?*-, Cd?*-, and Cu*-PsMT, closely resem-
ble those of the corresponding equine renal MT complexes.

2.1.1.3. Phytochelatins
Phytochelatins (PCs) are synthesized in a template independent manner. In
contrast to MTs, however, PCs exhibit some features characteristic of MTs
and therefore they are sometimes referred to as class-11l1 metallothioneins.
The most common PC amino acid sequence is (y-Glu-Cys),Gly, abbreviated
as PC,, where n ranges from 2 to 11 depending on the source. PCs were
originally found in yeasts (e.g. Schizosaccharomyces pombe) and plants®/-5°.
Peptides containing a C-terminal amino acid (Xaa) other than glycine are
referred to as iso-phytochelatins (Fig. 3), abbreviated iso-PC, (Xaa)®®. At
present, PC, iso-PC, (B-Ala), iso-PC,, (Ser), and iso-PC, (Glu) have all been
detected in plants. The occurrence of PC forms lacking the terminal glycine
was noted both in the yeast S. pombe and in plants®®5°, As PCs and iso-PCs
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have basically the same biosynthetic origin and mode of action the
abbreviation PC will be used throughout this work.

As mentioned above, the mammalian MTs are induced both by heavy
metal ions and by various stress factors*®61. On the contrary, metals and
metalloids have been reported as the only factors that induce PC synthesis.
The importance of PCs in heavy metal (in particular Cd?*) detoxification in
vivo is well documented although it does not represent a general mecha-
nism of heavy metal tolerance*3:58:59.8586 gand a role of PCs in metal homeo-
stasis can not be excluded as well®°,
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a Chemical structure of the y-glutamylcysteinyl repeating unit invariant in both
phytochelatins (PCs) and iso-PCs. The number of repeats (n) vary from 2 to 11, depending
on the source®®%®. b Basic structural difference between iso-PCs and PCs is in C-terminal
amino acid residues (R) which is different from glycine®®%°. ¢ General model describing
phytochelatins (PCs) synthesis in response to Cd?* and intracellular localization of the
cd?*-pC complex. cd?* ions entering the cytoplasm 1. activate PC synthase which 2. builds
up PCs. Subsequently, PCs 3. sequester Cd?* ions and form an LMW Cd?*-PC complex
(a HMW CdS-PC complex can be formed in the cytoplasm). cd?*-pC complexes and
apo-PCs are 4. transported through tonoplast in an ATP-dependent manner (CdS-PC com-
plexes are also translocated to the vacuole, but with a much lower efficiency). In the vacu-
ole, the Cd?*-PC complex 5. accommodates $?~ and forms HMW CdS-PC, which may reside
in the vacuole. Alternatively, Cd?*-PC and/or CdS-PC complexes 6. dissociate in the acidic
vacuolar sap, cd?* can be bound by vacuolar ligands and PC degrade. The cd?* ion may en-
ter vacuole also via a low-afinity H*/Cd?*antiporter 7.
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PC synthesis is induced exclusively by metals and metalloids. The Cd?*
ion is the most potent inducer of PC synthesis and cells start PC synthesis
with a lag period of 5-15 min after exposure to Cd2* (refs>7-59),

An enzyme capable of PC synthesis was isolated from Silene cucubalus and
characterized by Grill et al.®’. This enzyme, y-glutamylcysteine dipeptidyl
transpeptidase (phytochelatin synthase, E.C.2.3.2.15), is generally ex-
pressed in a constitutive manner in all PC and iso-PC producing spe-
cies®%9, The plant PC synthase is a metal-dependent enzyme and the puri-
fied apoprotein is activated in vitro by a spectrum of metals analogous to
that inducing PC synthesis in vivo®’.

Grill et al. described PC synthesis by the following equation:

(y-Glu-Cys),Gly + (y-Glu-Cys),Gly - (y-Glu-Cys),,,Gly + (y-Glu-Cys),_;Gly;
where n = 1,2,3,....

The (y-Glu-Cys) unit is primarily provided by GSH (or its homologues);
however, PC synthase is able to use also PCs as (y-Glu-Cys) donor.

In fission yeast, two ATP-independent pathways of PC synthesis were de-
scribed®8. The first one closely resembles that found in S. cucubalus while
the other is based on the addition of y-Glu-Cys to (y-Glu-Cys),, followed by
the addition of the terminal Gly residue most likely by glutathione
synthetase. It has been shown that the gsh2 gene of S. pombe encodes a
bifunctional enzyme possessing both glutathione synthetase (E.C.6.3.2.3)
and PC synthetase activity®°.

Two different Cd?*-PC complexes from plants and yeasts could be found
based on molecular weight determinations carried out by gel filtration57-59,
These are referred to as low molecular weight (LMW, 2 to 4 kDa) and high
molecular weight (HMW, 6 to 9 kDa) complexes. Native LMW complexes
are frequently composed by two or three PC,, of various lengths; within
such complexes Cd?* is coordinated by four Cys residues with a Cd-S bond
length of 2.52 + 0.02 A (ref.?%). A HMW CdS-PC complex was characterized
as a crystallite of approximatelly 12-20 A coated by PCs (refs®:92). An SH
group : Cd?* ratio lower than 1, as described in some HMW complexes, in-
dicates a different coordination geometry and a higher capacity for the
metal ion. The mechanism by which the sulfide is accommodated into such
complex is not known yet. Very little data is available on the in vivo forma-
tion of PC complexes with metals other than Cd?*. However, the formation
of Cu?*, Pb?*, Hg?*, and Ag*-PC complexes in vitro has been described®®.
The enzymes involved in GSH synthesis are localized in the cytoplasm,
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chloroplasts, and mitochondria, while PC synthase activity is abundant in
the cytoplasm. However, most of intracellular Cd?* is vacuolar both in
plants and yeasts®®:%°, Figure 3 shows a widely accepted model of PC syn-
thesis and membrane transport of PC metal complexes (LMW Cd-PC, or
even HMW CdS-PC (refs®3)) across the tonoplast via specific ATP-
dependent transporters®*95, The LMW complex would then incorporate S2-
and form an HMW complex that is stable in the acidic vacuolar sap. LMW
and/or HMW complexes may reside in the vacuole as stable metal-peptide
complexes or dissociate and exchange Cd?* with other vacuolar ligands

(Fig. 3).

2.1.1.4. Significance of Metal Bioremediation by Metallothioneins
The potential of MTs, PCs and MT-like proteins for the bioremediation of
metal pollution has been pointed out in many reviews?”3341.42 Earlier at-
tempts to produce metallothioneing®8:69.72.84.96-98 g other metal binding
peptides, such as polyhistidine peptide fusions®, in E. coli were basically di-
rected towards the in vitro study of the metal-binding properties of the re-
combinant peptides and proteins. An enhanced ability of E. coli to
accumulate heavy metal ions due to the production of metallo-
thioneins%-28 polyhistidine and CUP1-polyhistidine fusions' in the cyto-
plasm was also reported. However, the intracellular expression of novel
metal-binding sites (MBSs) could not be easily made instrumental to the en-
gineering of microorganisms for bioremediation. It should also be stressed
here that the expression of these intracellular heavy metal ligands often led
to an increase in metal tolerance. Therefore, the maintenance of cell
viability and metal ion transport at otherwise toxic metal concentrations
seems to be responsible for the resistance rather that true heavy metal accu-
mulation. The efficiency of such metabolically sponsored intracellular
heavy metal accumulation is low for bioremediation but it could be im-
proved through the engineering of potent metal ion transporters into the
bacteria of interest.

Indeed, the co-expression of specific bacterial Hg?*-transporters
(MerT/MerP proteins, described below) with either yeast metallothionein
(CUP1) or the pea MT-like protein PsMT, (as a fusion to glutathione
S-transferase) in E. coli resulted in an approx 18-fold selective increase of
the wild-type Hg?* accumulationi®® as well as in an increased resistance to
elevated metal concentrations'®2. In this system, Hg?* accumulation was
not affected by Na*, Mg?*, and Cd?*, extreme levels of pH or ionic strength
nor by cyanide or EDTA1%L, j.e. the factors that interfere with many metal
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cleanup processes. Moreover, engineered E. coli cells were highly effective at
low metal concentrations, being capable of lowering Hg?* level from 2 ppm
to about 5 ppb in a hollow fiber bioreactor with cycling of Hg?* contami-
nated medium?103,

A successful attempt to enhance both the tolerance to and the accumula-
tion of Cd?* with B. juncea seedlings overexpressing the E. coli-borne
glutathione synthetase gene gshll (ref.104) (related to gsh2, see the text
above) has recently been reported. Transgenic plant shoots accumulated up
to 3-fold higher amounts of the metal as compared to wild-type plants.
Cd?* tolerance, PC levels and metal accumulation capacity positively corre-
lated with gshll expression level.

The importance of PCs in Cd?* detoxification in plants and yeasts>7%0 as
well as the protective role of overexpressed MT-like proteins against cad-
mium toxicity® have been well documented. Nevertheless, a high diversity
of data on the levels of the metal-binding biopolymers induced in wild type
and tolerant ecotypes and on the poor or none PC synthesis occurring in
response to some metals can be found in literature®. It could thus be con-
cluded that overproduction of PCs and MT-like proteins is neither a general
mechanism for detoxification nor universal mechanism for the induction
of increased tolerance to heavy metal ions. On the other hand, PC deficient
plants are hypersensitive to heavy metalsi®>19_ Further research devoted to
metal fixation within the plant body and to the evolution of tolerant plants
should be directed towards understanding the mutual link between genes
involved in control of metal tolerance®>8% and PC synthesis. Ultimately, the
evaluation of such relationships would allow to construct hyper-
accumulator plants suitable for bioremediation, hypertolerant plants for
green highly contaminated areas and/or plants with a reduced metal uptake
in edible parts.

The importance of such an approach is underlined by failure of many
previous attempts to obtain transgenic plants for bioremediation simply
through the introduction of MT genes. Transgenic plants overexpressing
various mammalian or yeast MTs exhibited increased cadmium toler-
ancel®”-112 The possibility of constructing corresponding hyper-
accumulator plants bearing the wheat metal ion transporter encoded by the
LCT1 gene has been recently reported''3, documenting thus that the pro-
duction of plants or yeasts with improved heavy metal tolerance could be
an important issue. Unfortunately, the expression of either mammalian
(a-domain of MT108.114-116) gr yeast (CUP1112) MTs in plants driven by the
constitutive 35S promoter of the cauliflower mosaic virus did not signifi-
cantly increase Cd?* accumulation in the upper part of plant. In some cases,
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MT overexpression resulted in a decrease of up to 70% in Cd?*
translocation from roots to shoots as compared to wild-type plant!5116,

The intracellular production of MTs, MT-like proteins or PCs might po-
tentially stimulate heavy metal accumulation. However, the introduction
of MTs as novel metal binding site on the bacterial surface seems to be a
more straightforward approach for the production of biomass with im-
proved metal binding properties!'’-120 (see Chap. 2.1.1.2. for details).

Of course environmentally robust and acceptable bacteria other than E.
coli should be used to make both Hg2*-accumulation via MerT/MerP/[CUP1
or PsMT,] and surface MT display approaches instrumental to the bio-
remediation process.

2.1.2. Biosorption of Metals

Biosorption is a rapid, reversible, fortuitous process independent of cell me-
tabolism. The mechanism of metal biosorption is a complex issue and it in-
volves mainly ion exchange, chelation and adsorption by physical forces,
ion entrapment in inter- and intrafibrillar capillarities and inner spaces of
the structural polysaccharide network®. It occurs both in living and dead
biomass.

2.1.2.1. Natural Biomass as a Biosorbent
Dead biomass derived from waste biomass of algae, moss, yeast, molds or
bacteria is usually referred to as a biosorbent. It may be used in either an
unmodified, chemically modified or immobilized form to obtain particles
with mechanical properties appropriate for sorption columns383°, There is a
wide diversity of biosorbents and some of the highest metal binding capaci-
ties are listed in Table III.

The selectivity of biosorbents with a known spectrum of metal binding
sites or the preference for a metal in a mixture in wastewater can be semi-
empirically evaluated on the basis of the HSAB (ref.2%) theory or the
Irving-Williams principle33. However, the architecture of the cell wall that
also contributes for metal binding properties, is rather complex and thus
the evaluation of sorption characteristics (isotherms) in single- and multi-
metal systems is required for a conclusive judgment3839 |t is generally
agreed that ion exchange is the prevalent mechanism for metal bio-
sorption. The carboxyl group is the main ligand in fungi, algae'3%131 and
Gram-positive bacterial®2, The sulfate group of algae and the acetamide and
amine groups of fungal cell walls account for only 10% of the total metal
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TasLE I

Uptake of metals by biosorbents from various sources?

Metal uptake

Metal Biomass type Organism Reference
pmol Yary wt
cd?*  brown marine alga  Ascophyllum nodosum 1.900 120
water plant Potamogeton luteus 1.100 121
bacterium Bacillus sp.
AMT-Bioclaim™ 900 122
yeast Candida tropicalis 530 123
fungus Rhizopus arrhizus 240 124
Cu?*  bacterium Bacillus sp.
AMT-Bioclaim™ 2.400 122
water plant Potamogeton luceus 1.280 121
yeast Candida tropicalis 1.270 123
fungus Rhizopus arrhizus 253 125
Ni®*  brown marine alga  Fucus vesiculosus 680 126
yeast Candida tropicalis 340 123
fungus Rhizopus arrhizus 305 124
Pb%*  bacterium Bacillus sp.
AMT-Bioclaim™ 2.900 122
fungus Absidia orchidis 1.700 127
water plant Potamogeton luceus 1.360 121
brown marine alga  Sargassum natans 1.300 126
Zn?*  bacterium Bacillus sp.
AMT-Bioclaim™ 2.110 122
water plant Potamogeton luceus 1.000 121
yeast Candida tropicalis 460 123
fungus Rhizopus arrhizus 310 125
Uz  filamentous bacteria Strept. longwoodensis 1.850 128
fungus Rhizopus arrhizus 920 125
yeast Sacharomyces cerevisiae 590 129

8 The biomass is in its natural state, chemically modified or immobilized.
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binding sites (referenced in%%). On the other hand, the acetamide groups of
chitin and amino functionalities of chitosan seem to be of critical impor-
tance for highly efficient biosorption of UO2* and MoO,?, respectively38:3°,
The contribution of hydroxyl groups to metal complexation is mostly at-
tributed to those in o-b-mannans of fungal cell walls and to the
D-mannuronic and L-gulonic acids in cis-oriented algal polysaccharides?”-38,
The spectrum of metal-binding biomolecules (and specific groups) in the
microbial cell wall may be altered by culture conditions. For example, mela-
nin containing biomass that is produced by stressed fungi in the stationary
phase?” or the sulfhydryl enriched biomass (produced by certain ste-
roid-transforming fungi®®) could be the biosorbents of choice.

The most important features of an effective biosorbent are its metal(s)
binding capacity, its affinity for metal(s) (determining the kinetics of the
process and thus the remaining concentration of metal ions in the effluent)
and the effective operating time of the sorption column (metal break-
through). The ionic form of the biosorbent (especially for carboxyl groups)
is also important. For example, treatment of Rhizopus arrhizus with NaHCO4
to exchange tightly bound H* for Na* ions in metal binding sites led to a
more than 3-fold increase in metal binding capacity33. Maintenance of the
sorption capacity in multiple sorption-desorption cycles is also desirable.

Some attempts to commercialize biosorption processes were made in the
early 90’s. For example, the BIO-FIX (US Bureau of Mines, UT, U.S.A.) are
polysulfone beads containing immobilized non-viable biomass from various
sources including cyanobacteria (Spirulina), yeasts, algae and plants (Lemna
sp., Shagnum sp.)*>134, The removal of heavy metals from wastewater with
such a matrix was efficient at both low (e.g., 50 ppb of Cd?*, 220 ppb of
Ni%*) and high (e.g., 1.2 ppm of Cd?*, 42 ppm of Ni?*) metal levels'34, The
sorbent could be reused for more than 120 sorption-desorption cycles after
regeneration by acidic treatment. The content of Cd?* in the effluent was
below 10 ppb while that of Ni2* was reduced to 30 ppb. Bacillus sp. biomass
immobilized onto a polyethyleneimine ion exchanger via glutaraldehyde
crosslinking is employed in the AMT-Bioclaim(tm) process (VistaTech Part-
nership Ltd., UT, U.S.A.)124135 Effluents with 10 to 50 ppb of metal are ob-
tained with this sorbent, which is regenerated by alkali treatment. The
AlgaSORB(tm) (Bio-Recovery Systems Inc., NM, U.S.A.) process employs an
unspecified algal biomass immobilized in a silica matrix13®,
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2.1.2.2. The Improvement of Metallosorption by the Display of Engineered

Cell Surface Metal Binding Sites
The anchoring of particular amino acid sequences to a biosorbent could
lead to an increased binding capacity, and possibly selectivity, for metal
ions. Biosorbents can be enriched with amino acids classified by the HSAB
principles as transit metal ligands stronger than those naturally present on
the microbial surfaces (see above). This approach has been used for the dis-
play of various short metal binding peptide sequences'®’-1** or metallo-
thioneins of either mammalian'’-11° or fungal®!’ origin on the surface of
E. coli. It resulted in a dramatic increase of cadmium bioaccumulation in
the apparent absence!!® of extensive intracellular uptake.

The surface display of yeast CUP1 (ref.''") i.e. a class Il MT mammalian
MT isoform 1A (ref.!l’) (HMT1A), or the HMT1A a-domain''® fused to the
outer membrane protein LamB all resulted in 15-20 fold increase of the
natural ability of E. coli to bind cadmium. Histidine is another amino acid
residue present in MTs that possesses a high affinity for transition metals.
The surface exposure of two hexahistidine moieties fuses to the LamB pro-
tein led to an over 10-fold increase in Cd?* adosorption by E. coli cells37,
Other potent anchors that have been successfully employed for the expo-
sure of novel metal binding sites on the surface of Gram-negative bacteria
are OmpC (ref.138), OmpA (ref.139), the peptidoglycan-associated protein
(PAL) the Lpp-OmpA fusion protein (reviewed in14%) and the fimbrial struc-
tural protein FimH (ref.141). Recently, chimeric hexahistidine constructs,
particularly His;GluHisg and Hisg have been successfully anchored to the
surface of Gram-positive Staphylococcus species, thus conferring Ni%* and
Cd?* binding capacity to these organisms!*2. Protein A from Staphylococcus
aureus and a propeptide sequence from Staphylococcus hyicus were used for
anchoring metal binding sequences to the surface of non-pathogenic bacte-
ria Staphylococcus xylosus and Staphylococcus carnosus.

A major advantage of this peptide surface display approach would be se-
lectivity for particular metal ions?2. Various designs of artificial heavy metal
binding sites have been reported in the literature. The synthetic peptide
Boc-Cys-Pro-Leu-Cys-OMe, designed as a model of Cys containing metal
binding sites, has been shown to bind Hg?*, Zn?* and Cd?* ions using both
Cys residues*®. Binding of Zn?* ions via His and Glu residues was described
for a model peptide mimicking the metal binding site of ribonucleotide
reductase!*®. The peptide Gly-Cys-Gly-Pro-Cys-Gly-Cys-Gly (CP peptide)
was selected by screening a set of synthetic peptides rich in histidine and
cysteine residues for Cd?* binding'#’. It was shown to bind 3 equivalents of
Cd?* in vitro (ref.243). When displayed on the surface of E. coli the CP pep-
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tide increased by fourfold the natural Cd?* binding ability of bacterial cells
in culture media containing micromolar levels of Cd?* (ref.143). The expo-
sure of repetitive metal binding motifs of similar sequence
(Cys-Gly-Cys-Cys-Gly); as a fusion with maltose binding protein in E. coli
led to a novel biosorbent capable to efficiently remove Cd?* and in particu-
lar Hg?* down to concentrations below 5 ppb (ref.144).

Haymore et al. identified several short chelating sequences containing
His, Cys, and Asp residues, which could form energetically stable chelating
sites with specific metal ions'*®, Amino acid sequences forming stable coor-
dination spheres around transition metals were also identified using a com-
binatorial peptide library approach'#9. Very powerful technique for
selection of peptides with high affinities for given metal ion appears to be
the surface display of peptide libraries!39:141,149-151

It is noteworthy to stress here that future efforts should be directed to-
wards the engineering of metal binding peptides on the surface of environ-
mentally acceptable bacteria such as Alcaligenes eutrophus (see below) and
Pseudomonas putida?’, which have been already employed in existing sys-
tems for heavy metal bioremediation. For instance, metal binding peptides
introduced on the surface of Alcaligenes eutrophus may aid the process of
precipitation and crystallization of metal carbonates. This approach could
be extended to other biosorbents such as yeasts and molds. The
choice/availability of an appropriate carrier for surface display seems to be
the only limiting factor. The C-terminal part of a-agglutinin could be such
a carrier in yeasts!%2,

2.2. Metabolically Sponsored Processes in the Remediation of Heavy Metal
Pollution

2.2.1. Bioprecipitation of Metals

Bioprecipitation (biomineralization) follows the initial binding of metal
ions to the cells (creating the supersaturated environment). The insoluble
metal compound precipitates (and crystallizes) as metal ions combine with
anionic species produced by cell metabolism. The process is slow, irrevers-
ible and dependent on the temperature and the cellular metabolism.
Bioprecipitation is generally non-specific depending on the insolubility of
the particular metal compound. The great benefits of the process are (i) a
high metal-to-biomass ratio, (ii) the highly crystalline material easy to sepa-
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rate, and (iii) the fact that resulting crystallites have a low organic matter
content (might be advantageous for the metal recuperation; see below).

2.2.1.1. Metal Phosphate Precipitation by Citrobacter sp.

The exceptional metal (Me?*) accumulation by resting cells of Citrobacter sp.
is due to bioprecipitation of MeHPO, at the cell surface caused by an
acid-type phosphatase that releases phosphate from an appropriate sub-
strate?”33 (Fig. 4). Citrobacter sp. was originally isolated from a metal pol-
luted soil and its phosphatase activity was attributable to cell survival in
the presence of heavy metals?’. The enzyme, which shares significant se-
guence similarity with the phoN product of other enterobacterial®®15* is
mostly abundant in the periplasm?%3155 especially in polar regions'®®. Two
enzyme isoforms were distinguished on the basis of their distinct cat-
ion-exchanger binding properties!>>. Both holoenzymes (103-108 kDa) are
composed of four subunits of 27 kDa, but they differ in kinetic parameters.
The Citrobacter sp. acid phosphatase is also produced in metal-free media,
its biological function remains unclear but it may relate to a cellular stress
response!®6157, Enzyme production is maximal in the continuous culture
under carbon-limiting conditions?”1%8 leading to highly active cells
well-suited for metal removal. The acid phosphatase of Citrobacter sp. is sta-
ble, metal and CN- resistant?4, and operates in a wide range of pH (from 5
up to 9)?4128 and temperatures (from 2 to 45 °C)?’.

2+
Me precipitate
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Me”, citrate, G-P Me” removed

MeHPO,.nH,0

-
P CYTOPLASM
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FiGc. 4
Bioremediation of metal contamination from aqueous flow using Citrobacter sp. immobilized
on an inert support. The heavy metal ion (Me2+) entering the periplasm is precipitated as
the corresponding hydrogen phosphate®®-64. The inorganic phosphate is released from
glycerol 2-phosphate (G-P) by a periplasmic acid phosphatase'®31%515¢ (Pho) produced by
Citrobacter sp. under carbon-limiting conditions'®8
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Heavy metals and radionuclides such as Cd?*, Pb?*, Cu?*, UOZ", PuOZ",
and AmOZ* can be bioprecipitated as cell-bound metal hydrogenphosphate
crystallites!®4159-164 |0 addition, Ni2* can be removed via interactive ion
exchange with a crystalline HUO,PO,-4H,0 lattice occurs'®*158, Cells im-
mobilized in polyacrylamide gels?*132 or used as a biofilm (Fig. 4) on an
innert support?”-158 can reach metal-to-biomass ratios of 4 g of Pb2* (ref.159),
7 g of Cd?* (ref.161), and 9 g of UOZ" (refs'60.162) per 1 g of cell dry weight.

Formation of the nucleation site, the rate-limiting step'®? initiating crys-
tallization occurs at the cytoplasmic and the outer membrane!®®. This pro-
cess was observed in case of UO2* biomineralization, the most thoroughly
investigated aspect of Citrobacter sp. mediated metal remediation. Notewor-
thy, other phosphatase-producing enterobacteria tested for UO2* removal
were not as efficient as the heavy-metal-accumulating Citrobacter sp. strain.
Such superior performance was attributed to higher enzyme levels, different
properties of the phosphatases'®*164 and/or to the involvement of addi-
tional, species-specific factors!®3. Contrasting with the latter hypothesis,
however, E. coli transformants overexpressing the PhoN phosphatase
showed higher UO2* accumulation compared to Citrobacter sp.'4. The bulk
of these studies have been performed using glycerol 2-phosphate as a
HPO;~ source. Its replacement with cheaper phosphate source (e.g.
tributylphosphate)'®® could make this process economically feasible, also
allowing the simultaneous degradation of this organic by-product of nu-
clear fuel reprocessing.

2.2.1.2. Metal Hydroxide and Metal (Bi)carbonate Precipitation by

Alcaligenes eutrophus CH34
The ability of Alcaligenes eutrophus CH34 to promote the effective
bioprecipitation of various heavy metal ions3%166-168 dque to the
alkalinization of the periplasmic space and of the outer cell environment.
The main feature of the CH34 strain is its ability to supersaturate the cell
surface with specific heavy metal ions to be precipitated (Fig. 5). Heavy
metals that entered the cytoplasm through the magnesium transporter are
exported from the cell interior via the metal efflux system that represents
the specific mode of metal resistance36.169-172,

The A. eutrophus strain CH34 (recently renamed Ralstonia eutropha) was
originally isolated from a decantation tank in a zinc factory and exhibits re-
sistance towards an exciting spectrum of heavy metal ions: Cd?*, Co?",
Cu?*, Hg?*, Ni?*, Pb?*, TI*, Zn?*, and CrO?". Metal-resistance in the CH34
strain is governed by at least seven genes either located on the bacterial
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chromosome or on one of two megaplasmids pMOL28 (163 kb) and
pMOL30 (238 kbp)6%-172, The metal-inducible Cd?*, Zn?*, and Co?* efflux
system (of the greatest bioremediation significance®6168) is encoded by the
czc operon on plasmid pMOL30. The homologous cnr operon (Co?" and
Ni?* efflux) is located on the pMOL28 plasmid.

The czc operon contains at least eight distinct open reading frames
czcNICBADRS (ref.172). The CzcA, CzcB, and CzcC are components of an
efflux protein complex'®%173 (Fig. 5) that functions as a cation-proton
antiporterl”™, whereas the remaining proteins are involved in trans-
criptional control of the entire operon'’2175  The CzcA component (a func-
tional dimer 1 064 amino acids) is essential for cation transport, is able to
induce by itself a limited resistance to Zn2* and Co?*, and is thus the cen-
tral antiporter subunit'®173, The N-terminal domain of CzcA contains (pre-
dicted) transmembrane a-helixes with charged amino acids that might
function as a charge-relay system in proton transferl®®, The periplasmic
CzcB protein (512 amino acid residues) is bound to the outer membrane!”3,

polysulfone M g2+’
O Cd2+’ C02+, an+

membrane

-
=
2 R
I L=
= —
z B%
Me(HCO,),
MeCO,
Me(OH),
crystals:

(i) deposition
B® (i) leakage
|
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(silica) CzcC
¢ e cd”, Co”, Zn*
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(Me* removed) Alcaligenes eutrophus CH34

Fic. 5

Bioremediation of metal contamination from aqueous flow using Alcaligenes eutrophus CH34.
Bacterial cells are immobilized in polysulfone membrane (Zirfon(r)) that separates the nutri-
ent from heavy-metal-contaminated flows®%-168, Ccd?*, Co?* or Zn?* ions (Me?*) entering
the cytoplasm via the Mg?* transporter'®® induce a specific efflux system (Me?*/H*
antiporter) encoded by the czc operon on plasmid pMOL30 (refs'®®17%). Heavy metals are
pumped out off the cell interior (for details, see the text) and supersaturate the cell surface
where they precipitate and crystallize as the corresponding hydroxides or carbonates
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It contains two nonessential metal-binding domains (4 histidine residues
each”®) and is necessary for effective Zn?* efflux'’2. The third component
of the efflux complex, CzcC (346 amino acids), is localized in the periplasm
as an outer membrane-associated protein. It functions as a modifier, switch-
ing substrate specificity from Zn?* (and partially Co?*) only to Cd?*, Zn?*,
and Co?* efflux probably by anchoring the outer membrane protein OmpY
that is involved in transport to the CzcCBA complex!7”3,

Due to the above described efflux system, high concentrations of metals
are accumulated at the outside of cells and are thus bound to cell surface
structures. At the same time, the metabolism of A. eutrophus increases the
extracellular pH and also produces CO, that is converted to CO3™ and
HCO;. Subsequently, metal carbonates and bicarbonates precipitate at the
cell surface, serving as nucleation sites for the growth of crystal structures
(composed of M(OH),, M(HCO,), and MCO;) with diameters larger than 10 um
that may be released from the cell surfacel®6.167 (Fig. 5). The Bacteria Immo-
bilized Composite MEmbrane Reactor (BICMER) concept for the
remediation of heavy metals from the wastewater using A. eutrophus CH34
was developed at the VITO, Belgium%6-168, Bacteria were immobilized on
Zirfon(r) membranes and used for the construction of a flat sheet reactor or
a (continuous) tubular membrane reactor. Using this system (Fig. 5) an ini-
tial 150 ppm concentration of Cd?* was reduced below 50 ppb; the decon-
tamination of Zn?*, Cu?* or Ni?* was successful as well.

Another important consequence of the heavy metal resistance of A.
eutrophus CH34 for bioremediation is the possibility of producing geneti-
cally engineered strains of this organism with the ability to degrade organic
pollutants as PCBs (refs'’6:177). These organisms may thus be useful for the
decontamination of sites polluted by both organic compounds and heavy
metals.

2.2.2. Metal Sulfide Precipitation

Hydrogen sulfide is produced by sulfate-reducing bacteria (SRB) such as
Desulphovibrio and/or Desulphotomaculum sp.354%, Mixed cultures being
studied to increase the bioremediation potential of these microorgan-
isms3>178 It has recently been shown that biofilms made of natural consor-
tia of bacteria that include SRBs are more effective than pure cultures of mi-
crobial isolates from these consortial”® most likely due to fact that bacteria
in such consortia are symbiotic with respect to carbohydrate metabolism.
Most metal sulfides, such as CdS, ZnS, CuS, FeS, PbS or Ag,S, are readily
formed in solution but their solubility is extremely low. In contrast to the
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above-described processes, bacterially promoted metal sulfide precipitation
does not entirely fulfill the above stated definition of bioprecipitation, as
metal binding to bacteria and subsequent crystal formation does not (nec-
essarily) occur. Amorphous flocks often formed instead. However, using im-
mobilized consorcia containing SRBs, White and Gadd demonstrated that
CdS can be accumulated in a superficial layer of the biofilm, either en-
trapped in a exopolysaccharide form or via adhesion of the CdS precipitate
by unknown mechanisms7®.

An important consequence of the sulfate-reducing activity produced dur-
ing the anaerobic decay of the organic matter is the immobilization of
metal ions (as sulfides) initially biosorbed to the water sediments*'. More-
over, the production of sulfide can lead to the H,S-induced
disproportionation of organomercury and organolead compounds into
more volatile products and insoluble sulfides?>10, e.g.

2 CHzHg* + H,S — (CH3),Hg + HgS + 2H*
2 (CH3)3Pb* + H,S — (CHj3),4Pb + (CH3),PbS + 2H* .

The sludge-blanket bioreactor using a selected (but unidentified) consor-
tium of sulfate reducing bacteria, was commercialized at the Budelco BV
(non-ferrous plant, Budel-Dorplein, Netherlands) by the Shell Research Ltd.
(Sittingbourne, Kent, U.K.)4%18L.182  Applied to waste ground water
contaminated with Zn?* (250 ppm), Cd?* (1.5 ppm), Co?* (250 ppb), and
Cu?* (750 ppb) it resulted in metal ion concentrations in the effluent below
the 10 ppb levell8?,

2.2.3. Biotransformation of Metals

Some microorganisms may sustain growth in metal-contaminated environ-
ment by the transformation of metal and metalloid species into less toxic
(e.g., insoluble precipitates) or volatile forms. The ability of microbes to
transform heavy metals and metalloids by oxidation, reduction,
methylation and/or demethylation reactions is encoded by plasmid and/or
chromosomal genes®®17% and could be of great bioremediation significance.

2.2.3.1. Mercury Resistance Encoded by mer Operon Genes
One of the most thoroughly studied heavy metal resistance mechanisms is
mercury resistance. It is mediated by a machinery that transports Hg?* into
the cytoplasm and reduces it to elemental, volatile Hg® that escapes from

Collect. Czech. Chem. Commun. (Vol. 65) (2000)



Bioremediation of Heavy Metal Pollution 1233

the cell with aeration?®179, This ability is widespread among Gram-negative
and Gram-positive bacteria. Despite differences in the localization (chromo-
somal vs extrachromosomal), organization and transcriptional control of
the mer operon'*® essentially all species use similar mechanisms. The crucial
components that serve as regulatory proteins have been comprehensively
reviewed!’®, The other important proteins involved in this process are the
specific metal transporters MerT, MerP, and MerC, mercuric reductase
(MerA) and organomercurial lyase (MerB). Mercuric reductase (E.C.1.16.1.1)
is a dimeric cytoplasmic flavoprotein (FAD) with subunit molecular weight
ranging from 54 to 69 kDa (ref.183). The enzyme is related to GSH reductase
and lipoamide dehydrogenase?>170, The postulated mechanism of Hg?* re-
duction anticipates first, the transfer of electrons from NADPH via FAD to
reduce the S-S bridge between the active-site cysteines (Fig. 6). The
sulfhydryl groups at the active site reduce Hg?* to Hg® (refs?>183),

Two specific transporters are involved in Hg2* transport across the cyto-
plasmic membrane (Fig. 6). The first is composed of MerP that binds Hg?*
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The enzymes and transporters involved in the mercury resistance mechanism encoded by
the mer operon®>*7% of Gram-negative bacteria. Hg?* ions enter the cytoplasm via MerC
and/or MerP/MerT transporters*®¥-187  The latter is capable of transporting also
organomercury compounds®®. Hg2* (from organomercury compounds released by
organomercurial lyase??'42, MerB) is reduced by an NADPH-dependent mercuric
reductase®>179172 (MerA, dimer) to its metallic form that is subsequently evaporated from
the cell interior. Cysteine residues involved in the transport and redox reaction®>172 are in-
dicated
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in the periplasm via two cysteine residues. It then transfers the metal ion to
a cysteine pair in MerT, a transmembrane protein that facilitates Hg?* trans-
port across the membrane25184.185 MerP/MerT has been reported also to
transport organomercury (e.g. phenylmercuric compounds)'®. Once the
organomercurial is transferred into the cytoplasm, it may be cleaved by
organomercurial lyase prior to Hg?* reduction?®, The other transmembrane
protein of the mer operon, MerC, that does not require the MerP protein,
and can also mediate Hg?* transport into the cytoplasm®’.

Both the whole resistance system!88-191 or some special parts of
it102-104,190,192,193 gre considered being a promising tools for bioremediation
processes. Continuous cultures of Hg?*-reducing bacteria were able to vola-
tilize Hg?* from contaminated sewage at a rate of 2.5 mg It h™! with a re-
moval efficiency of 98% (ref.188). Similarly, genetically engineered strains of
Pseudomonas putida, constitutively overproducing the MerTPAB proteins,
exhibited increased resistance to Hg?* and to phenylmercury com-
pounds!®l. The constructed strains combined mercury resistance with ben-
zene and toluene catabolism, however, there was not given remediation
data. The expression of bacterial mercuric reductase in transgenic
plants!92:193 gpens another possible way of removing soil Hg?* by metal vol-
atilization. Transgenic Arabidopsis thaliana and Liriodendron tulipifera plants
expressing the modified merA gene both displayed resistance to elevated
Hg?* levels and were capable of mercury volatilization at rates an order of
magnitude higher than those of control plants. Immobilized Hg?*-reducing
Aeromonas hydrophyla as well as genetically modified P. putida strains ex-
pressing the merA gene were shown to be capable to remove 95-99% of the
Hg?* input thus lowering the metal concentration in the effluent to less
than 50 ppb (ref.199), Moreover, the test of the leakage of the volatile metal
from the culture was extremely encouraging as virtually all released Hg°
formed droplets of about 1-5 um in diameter outside the cells and associ-
ated with the matrix material (ceramics or alginate)1°°.

Hg?*-removal system based on MerT/MerP mediated transport and subse-
quent binding of themercury ions in the E. coli cytoplasm by yeast CUP1
and/or pea PsMT, (refst01-103) was described above (see Chap. 2.1.1.4.).

2.2.3.2. Microbial Methylation of Metals and Metalloids
A variety of bacteria, algae, yeasts, and fungi are capable of converting
metal and metalloid ions to organometallic (and organometalloid) com-
pounds that are usually more volatile and may escape from the given
biotope?>3°, Such conversions are quite frequent in nature. Methylation of
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Hg, Pb, Sn or TI species is performed by methylcobalamine, whereas
S-adenosylmethionine is involved in the methylation of arsenite and
selenate. The pathway of the formation of organometallic and organo-
metalloid compounds has been comprehensively reviewed?>3%1%4 For ex-
ample, selenium biomethylation led to the production of dimethylselenide,
dimethyldiselenide, and dimethylselenone products in the soil and in sedi-
ments!®. The remediation of selenium in soils and water is being thor-
oughly studied96:197,

The biomethylation of metals and metalloids may also contribute to the
activated sludge mediated decontamination of wastewaters (see below). Al-
though biomethylation requires rather anaerobic environment, the aerobic
methylation of arsenic, lead, tin, mercury, and/or selenium has been re-
ported!®®, It is assumed, however, that metal(loid) volatilization by the acti-
vated sludge microflora is rather a minor process'®,

2.2.3.3. Other Metal Transformations of Bioremediation Significance
A multiple metal(loid)-desolubilization activity was ascribed by Blake et al.'®°
to a Pseudomonas maltophyla strain (O-2) isolated from mercury-
contaminated soil. The removal of millimolar concentrations of Hg?*,
CrO;~ Pb?*, Cd?*, SeO?%", TeO3, and Ag* was achieved within a week with
efficiency higher than 99%. Cleraly, biotransformation reactions involved
Hg?*, CrO?™, SeO?%", and TeO;" desolubilization. The Hg?* ion was reduced
by an inducible mercuric reductase (see above), elemental Se® and Te® were
produced through reduction of the corresponding tetravalent forms with
glutathione reductase, while chromate was reduced to insoluble Cr3* by a
membrane bound chromate reductase!®®. The mechanism of precipitation
of Pb?*, Ag®, and Cd?* has not been documented at the enzymatic level, but
changes in the oxidation numbers of lead and silver (from +2 to +4 and
from +1 to O, respectively) were reported.

Many microorganisms have been shown to catalyze changes in the
metal(loid) redox state with the resulting production of in their insoluble
forms?5:33.40  Dissimilatory Fe3*-reducing bacteria such as Geovibrio
ferrireducens!®®, Geobacter metallireducens and Schewanella putrefaciens2© are
able to reduce UO2", Co®" and Tc,O; to less-soluble species. The H,AsO,
anion has been found as a terminal electron acceptor in some bacteria®®.
The trivalent arsenic is soluble but it can combine with sulfide (produced
by sulfate-reducing bacteria) to form the insoluble As,S; species (ref.201).
The natural ability of some bacteria to conserve energy obtained from
selenate reduction and form elemental Se® may be employed in wastewater
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treatment for selenium bioremediation, as shown with a Thauera selenatis
bioreactor that reached the pilot-plant scale?°?. The process was capable of
removing 98% of the selenium present in drainage water.

Both aerobic and anaerobic reduction of CrO?~ has also been re-
ported*?-293. The enzymatic activity is generally located (at least partially) at
the cell surface of anaerobic bacteria and in the cytoplasm of aerobes!®?,
The chromate-reducing ability is ubiquitous among heterotrophic microor-
ganisms?*%. Various organic pollutants such as aromatic can be exploited by
bacteria as electron sources for chromate reduction2%429 resulting in the si-
multaneous decontamination of organics and chromium. A chromate-
reducing strain of Enterobacter cloacae was found to be resistant to high lev-
els of chromate (10 mm) and to reduce CrO>~ to the insoluble Cr3* form?2°,
Both fed-batch and dialysis reactors have been proposed for remediation
processes exploiting this bacterium?®’. Plants designed for the complete re-
duction of chromate (inflowing metal concentration of 190 ppm) by Bacte-
rium dechromaticus (Romanenko) were built in the Ukraine and Russia in
the middle 70’s (ref.2%8). The reduction rate of these systems was reported to
be 1 g of potassium chromate per g dry weight of bacteria in 72 h. Some
other chromate reducing bacteria or mixed cultures were used as immobi-
lized biofilms?>. However, the use of chromate reducing bacteria seems to
have a much more favorable economic impact in the case of chromate re-
duction and precipitation in the soil than for wastewater cleanup. The lat-
ter is more efficiently performed with abiotic processes*C. The acceleration
of chromate reduction by nutrient amendment of the contaminated soil
might further improve in situ bioremediation as it was reported for the use
of glucose?®® or economically more desirable molasses as nutritional supple-
ment521°*211.

2.3. Mixed-Function Consortia for Bioremediation of Heavy Metal
and Metalloid Pollution

Many of the above described metal-immobilization mechanisms such as
biosorption, metal sulfide precipitation, and biotransformation as well as
intracellular metal accumulation operate in the processes that use either
natural or artificial biotopes or microbial consortia for waste [water] decon-
tamination from metal(loid)s. Waste streams are either treated directly or
more often after an abiotic sewage treatment that can remove up to
40-60% of the metal®3. Important issues are the input concentrations of
metals with the respect to their toxicity. As these processes usually do not
employ extremely metal-resistant organisms, they are a more or less sensi-
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tive (steady-state) equilibrium. Therefore, the process may break-down
when the consortium (or some of its components) is overdosed with a par-
ticular metal(loid).

2.3.1. Activated Sludge in Heavy Metal Removal

The activated sludge process is aimed at lowering the organic content of
waste (drainage) water by a community of microorganisms contained in a
reactor that is constantly supplied with organic matter (waste) and oxy-
gen®®. Most of the microorganisms present in the activated sludge are bac-
teria, but other organisms such as cyanobacteria, fungi, yeasts, algae, proto-
zoa, and some metazoa may also play important roles in the wastewater
clean-up process'®®. The crucial event in activated sludge is the formation
of flocks of 50 to 500 um in diameter that are composed of a wide spectrum
of living or dead (i.e., biopolymers of) bacteria, fungi, protozoa, and
metazoa. The major components of flocks are heterotrophic bacteria be-
longing to the genera of Pseudomonas sp., Achromobacter sp., Flavobacterium
sp., Alcaligenes sp., Citrobacter sp., and Zooglea sp. The flocculation accom-
panying the activated sludge process may also be used for the (auto)immo-
bilization of bacteria potentially important for bioremediation?12.

At present, the main process involved in metal(loid) removal by activated
sludge seems to be the biosorption and adsorption (entrapment) of inor-
ganic precipitates?13, Although, the biotransformation and intracellular ac-
cumulation of metal(loid)s are also involved their contribution is assumed
to be considerably lower'®8. In an intriguing study, Kodukula et al.?'*
showed that in activated sludge biosorption the decrease in soluble metal
concentration due to biosorption to the microorganisms or to their debris
results in the subsequent dissolution of the inorganic precipitate. The parti-
tioning between soluble metal ion and its precipitate is driven by the solu-
bility constant. Metal binding biopolymers in activated sludge consist of
various microbial cell wall polysaccharides, bacterial capsules and other ex-
creted polysaccharides, proteins, and nucleic acids released from dead
cells!98.215.216 The formation of highly crosslinked extracellular polysaccha-
rides by the pseudomonad Zooglea ramigera is thought to be the main event
in flock formation. More recently, hydrophobic interactions between
cell-surface proteins?'7:218 the role of cations?!® as well as the involvement
of lectin-like proteins??? in bioflocculation have been extensively studied. It
appears that the binding of lectin-like proteins to crosslinked polysaccha-
rides stabilizes the biopolymer network of flocks which is further stabilized
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through by divalent cations through coordination by biopolymer ligands
and the resulting formation of interconnecting bridges.

The production, chemical composition, and metal binding properties of
Z. ramigera exopolysaccharides were studied in more detail?’. Depending on
the strain the exopolysaccharide is composed by amino sugars, glucose
(fibrillar, cellulose-like) and/or by glucose, galactose, and pyruvate. Whole
cells of Z. ramigera were found to be able to bind, respectively, 2.7, 6.3 and
1.6 moles of Cd?*, Cu?*, and UO3™ per gram of dry weight??! (cf. the data in
Table I11).

Quite noteworthy, heavy metal and metalloid removal by the activated
sludge is a consequence of the main process taking place in the sludge,
namely lowering of the biological oxygen demand (BOD) value of
wastewater. The use of activated sludge, as a biosorbent does not necessarily
lead to the economically feasible process. Despite encouraging results ob-
tained at the laboratory scale???, pilot-plant employing activated sludge for
the cleanup of wastewaters from the plating industry has been superseded
by the chemical precipitation method?23.

2.3.2. Removal of Heavy Metals in Artificial Wetlands and
Stream Meanders

Aquatic environments are composed of higher plants that produce organic
matter and remove metals by biosorption and by algae produce nutrients to
support other heterotrophic organisms in the nearby environment. These
organisms, together with aerobic microorganisms remove metals from the
water column via biosorption and biotransformation, while anaerobic pro-
cesses (metal sulfide precipitation, biotransformation, and sorption of ei-
ther organics or inorganics) take place in the sediment333%41  The
“Meander channel” system is operated for the purification of metal-loaded
wastewater in the Homestake lead mine (MO, U.S.A.). At least 99% of the
input Pb?*, Cu?*, Zn%*, Mn?*, Ni?*, Fe?*/3* and Cd?* are removed from the
water column using complex consortia mainly composed of cyanobacteria,
algae, and higher plants, including Potomogeton and Typha3341.224 (see also
Table 111). Final fixation of heavy metal ions occurs via sulfide precipitation
during the anaerobic decay of settled detritious material. In another acid re-
duction using microbiology system, called ARUM, process consists of an ar-
ray of approximatelly 90 to 100 m? of “wetlands” separated by permeable
dams?25.

Wetland performance is sensitive to environmental changes; it is thus
variable and quite unreliable at present??6. Nevertheless, wetland function
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is being further studied??7:22®2 and modeled??®, and new technologies ex-
ploiting wetlands for the remediation of metal pollution are expected soon.

3. CONCLUSIONS

Bioremediation could be a cost-effective alternative to physico-chemical de-
contamination methods. During the last quarter of this century, we have
withessed an increasing understanding of metal interactions with (micro)or-
ganisms that resulted in the design of effective processes for metal bio-
remediation. Novel processes stemming from recombinant microorganisms
or transgenic plants have been proposed based on an important under-
standing of the molecular mechanisms of metal uptake, binding to bio-
polymers, and detoxification. However, microbial remediation of metals as
well as their phytoremediation is still mainly a basic research problem. The
few large-scale applications that have been set up are mainly biosorption
and the use of artificial biotopes. Many of the encouraging and potent
bioprocesses described above have been developed with genetically engi-
neered E. coli, tobacco or Arabidopsis, model organisms with no or poor sig-
nificance for bioremediation technology. Thus, the construction of
environmentally robust (micro)organisms possessing the properties that
have been shown to be most instrumental for metal remediation remains a
future challenge. It should also be stressed, here, that practicable bio-
remediation technology relies not only on metal interaction with a particu-
lar (micro)organism but also on the bioavailability of proper instrumenta-
tion allowing growth and survival in contaminated areas and bioreactor
set-up (ex situ processes). Therefore, organisms with the capacity to grow,
survive and properly function in a metal-contaminated environment (in
both ex and in situ remediation processes) are strongly needed. Engineering
advances and efficient methods for process screening are similarly required
to make the technology robust. Ex situ metal remediation processes such as
wastewater clean-up may be performed adjusting some parameters and by
applying “standard protocols” for e.g. biosorption. On the contrary, the in
situ bioremediation of heavy metal pollution seems to be more restricted by
parameters that are difficult to control (e.g. climate, soil matrix) and thus
processes that are largely independent from such variables need to be rap-
idly optimized. Present policy regulating the release of genetically modified
organisms (GMO) into the environment also considerably limits the use of
tailored “wonder-organisms” and may thus slow down program in this re-
search field. However, more favorable laws might be the catalyst of scien-
tific work (that evolves independently anyway) and thus novel GMO
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policies could break the barrier that separates the remediation technology
market and bioremediation techniques?3°.

Notes Added at Editing Proof

Pseudomonas putida was genetically engineered to produce mouse MT and
the beta domain of the IgA protease of Neisseria in the outer membrane. Re-
sulting highly robust microorganism growing in highly contaminated habi-
tats showed three-fold increased metal-binding capacity?3l. Similarly,
engineering of a mouse metallothionein on the cell surface Ralstonia
eutropha CH34 resulted in an enhanced ability to adsorb Cd?* from the me-
dium?32,

Recently bacterial metal-resistance and metal regulatory proteins
(Synechococcus PCC 7942 metallothionein and the MerR regulatory protein)
were shown to serve as biosensors for heavy metals allowing the detection
of 101> m concentrations of Hg?*, Cu?*, Zn?*, and Cd?* in pure solutions?33.
Very recent advances in the metal mobilization by microbial leaching and
metal alkylation, as well as the metal immobilization by production of
extracellular matrix?34, reduction?35-237, sulfide precipitation?3823°  of sig-
nificant importance in heavy metal remediation are summarized in a com-
prehensive review by Gadd?4.

For a review of the exploitation of recently isolated phytochelatin
synthase genes in the heavy metal detoxification?*1242 see Cobbett?43.
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