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Abstract

Cadmium stress response was measured at the thiol peptide level in an aquatic hyphomycete (Heliscus lugdunensis). In liquid cul-
ture, 0.1 mM cadmium increased the glutathione (GSH) content and induced the synthesis of additional thiol peptides. HPLC, elec-
trospray ionization mass spectrometry, and Edman degradation confirmed that a novel small metallothionein as well as
phytochelatin (PC2) were synthesized. The metallothionein has a high homology to family 8 metallothioneins (http://www.
expasy.ch/cgi-bin/lists?metallo.txt). The bonding of at least two cadmium ions to the metallothionein was demonstrated by mass
spectrometry (MALDI MS). This is the first time that simultaneous induction of metallothionein and phytochelatin accompanied
by an increase in GSH level has been shown in a fungus under cadmium stress, indicating a potential function of these complexing
agents for in vivo heavy metal detoxification. The method presented here should be applicable as biomarker tool.

© 2005 Elsevier Inc. All rights reserved.
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Heavy metals exert a distinct selective pressure on
those organisms that have developed tolerance/resis-
tance mechanisms to withstand high concentrations of
such pollutants, though impoverished fungal communi-
ties in aquatic habitats persist when exposed to heavy
metal pollution [1]. The question is which strategies al-
low them to survive in such harsh environments.

* Abbreviations: PC, phytochelatin; MT, metallothionein;
GSH, glutathione; ESI, electrospray ionization; MALDI-PSD-MS,
matrix-assisted laser desorption/ionization post-source decay mass
spectrometry; RP-HPLC, reversed phase-high performance liquid
chromatography; SEC, size-exclusion chromatography.
* Corresponding author. Fax: +49 345 5527012.
E-mail address.: krauss@biochemtech.uni-halle.de (G.-J. Krauss).
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In fungal cells, a sophisticated network exists to buf-
fer toxic concentrations of heavy metals in their environ-
ment and to regulate intracellular concentrations [1,2].

Metallothioneins are gene-encoded, cysteine-rich
metal-binding proteins of low molecular weight. They
have been found in fungi and other kingdoms of life
[3]. MTs bind heavy metals through clusters of thiolate
bonds. Based on sequence similarities and phylogenetic
relationships, they have been subdivided into several
families [4] (http://www.expasy.ch/cgi-bin/lists?metallo.
txt). Their physiological functions have not yet been
fully elucidated.

Brewer’s yeast Saccharomyces cerevisiae contains a
multigene MT (CUP 1) family, which plays the domi-
nant role for Cu detoxification [5,6]. Some open reading
frames coding for putative MTs were identified on the
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chromosomes of different fungi, such as the ascomycete
Podospora anserina [7], the discomycete Pyrenopeziza
brassicae [8], the arbuscular mycorrhizal fungus Gigas-
pora margarita [9], and the ectomycorrhizal ascomycete
Tuber borchii [10].

Obviously, fungal MTs can beimplicated in a multitude
of physiological conditions, e.g., changing environmental
conditions (for example, high heavy metal content), devel-
opmental processes, and redox status [3,8,11].

In fungi, MTs are predominantly induced by Cu. Only
upon Cu exposure, the ascomycete Neurospora crassa
synthesizes a MT [12-14] which belongs to family 8 of
the MT classes (http://www.expasy.ch/cgi-bin/lists?me-
tallo.txt). Small copper-binding cysteine rich (30%)
MTs were isolated from the ectomycorrhizal fungi Lac-
caria laccata and Paxillus involutus, and characterized
on the basis of their molecular masses and spectroscopic
features [15]. The induction of fungal MTs by Cd has
been reported for Beauveria bassiana and a Cd-resistant
strain of S. cerevisiae [16,17]. In addition to Cd, Cu in-
duced the expression of a MT gene in Colletotrichum glo-
eosporioides [18]. Candida glabrata produces a MT in
response to high concentrations of Cu, but synthesizes
mainly phytochelatins in response to Cd stress [19,20].

Phytochelatins were first described in Cd exposed
Schizosaccharomyces pombe and named cadystins [21].
Shortly thereafter, peptides of the same structure were
described from plant cells [22]. PCs are the most common
name for such glutathione-related metal-complexing
peptides with the general structure (y-GluCys),-Gly)
and occur in fungi and plants [23,24]. Unlike MTs, PCs
are products of a biosynthetic pathway. The resulting
peptides of the phytochelatin synthase action are of
varying chain lengths. In the yeast S. pombe, the metal
binding by PCs is the main Cd detoxification mechanism
[2]. In C. glabrata, glutathione and PC-capped CdS crys-
tallites occur [25]. In S. cerevisiae and N. crassa, only
v-(EC),Gly (PC2) was shown [26]. In S. pombe [21] and
the zygomycete Mucor racemosus [27], Cd-induced PC2
and PC3 were identified. Possibly, Schizosaccharomyces
octosporus synthesizes higher molecular PCs (PC2-6) un-
der Cd stress, but these peptides were not unequivocally
identified [28].

The use of MTs and PCs as biomarker tools in fungi
would be more efficient if the analytical protocols allowed
us to differentiate and evaluate the substances and their
heavy metal-chelating properties. Here we describe the
simultaneous determination of Cd-induced peptides and
their characterization by different sequencing techniques
in the aquatic hyphomycete Heliscus lugdunensis.

Materials and methods

Organism and site of its isolation. A single conidium of H. lug-
dunensis Sacc. et Thérry strain H8-2-1 was isolated from site HS in the

Mansfelder Land according to Krauss et al. [29]. The stream is mod-
erately polluted by heavy metals (0.05 pM Cd, 0.3 uM Cu, 15 uM Zn,
and 7 uM Mn among other cations and anions [29].

Media and growth conditions. The fungus was maintained on malt
extract agar (1.0% malt extract, 1.5% agar) according to Krauss et al.
[29]. To investigate the effect of heavy metals, the fungi were grown in
liquid medium (0.5% malt extract, Merck; 0.1% peptone, Difco). Fif-
teen agar plugs (J 7mm) overgrown with fungal mycelium were
homogenized in 15mL liquid medium. One milliliter of mycel
homogenate was used to inoculate 75 mL liquid medium in 100 mL
Erlenmeyer flasks. After 4 days of cultivation at 14 °C and 120 rpm in
the dark, the mycelium was homogenized under sterile conditions. The
main culture was started by inoculation with the homogenized myce-
lium corresponding to 7 pg dry weight. After 3 days of cultivation at
14 °C and 120 rpm in the dark, sterile-filtered 0.1 mM CdCl, solution
was added and the culture was incubated for 3 further days. Mycelium
from a 6-day-old culture without Cd was used as a control.

Extraction and HPLC. Freshly harvested mycelium (Whatman
filter 3) was washed twice with distilled water, tamped dry between
filter paper, and stored at —80 °C for 1 day. The frozen mycelium was
ground with mortar and pestle in liquid nitrogen and extracted with
1 N NaOH (containing 1 mg NaBH, mL™}) in a ratio of 1:2. After
15 min at 20 °C, samples were centrifuged at 11,000g. The supernatant
was acidified with 70 pL of 3.6 N HCI per 250 pL sample to lower the
pH to 1.5. After 15 min on ice and centrifugation for 5 min at 11,000g,
the supernatant was immediately transferred for analysis. MT and PC
were determined by RP-HPLC using an octadecyl reversed phase
column (SuperPac Pep-S, Pharmacia, 5 pm) and a linear gradient of 2—
20% acetonitrile (ACN) in water ( adjusted with trifluoroacetic acid to
pH 3.0) for 20 min, followed by 5 min of 20% ACN. The flow rate was
1 mL min~". The thiol-specific detection was realized by online-post-
column derivatization with 5,5’-dithio-bis(2-nitrobenzoic  acid)
(DTNB) (0.3 mM DTNB in 50 mM KH,PO,, pH 8.0, Ellman reagent)
at a flow rate of 0.4 mL min~'. The thiolic compounds were detected at
410 nm.

In order to exclude the detection of other non-thiolic compounds
absorbing at 410 nm, the post-column derivatization was repeated with
KH,PO, without Ellman reagent as a negative control [30].

For MALDI-MS analysis of the Cd complexes, no acidified ex-
tracts of the mycelium were centrifuged at 11,000g. The supernatant
was fractionated according to molecular mass distribution by size-ex-
clusion chromatography (SEC) using a Superdex Peptide HR 10/30
column with an exclusion range of 100-7000 Da (Pharmacia Biotech).
Cd-induced substances were eluted isocratically with 50 mM
(NH,)HCO5, pH 7.9, and a flow rate of 0.8 mL min~'. The detection
wavelengths were set to 215 and 254 nm, the latter being the charac-
teristic absorption wavelength of the cadmium sulfide bond.

Mass spectrometry and Edman degradation. HPLC fractions were
analyzed by ESI-MS and ESI-MS/MS with an ion trap mass spec-
trometer (ESQUIRE-LC, Bruker Daltonik, Bremen, Germany). The
samples were injected with a syringe pump at a flow rate of
2 uL min~'. For MS/MS experiments, ions were isolated in a mass
window of 4 Da. MALDI-PSD mass spectra were acquired on a
reflectron TOF mass spectrometer (REFLEX 11, Bruker Daltonik,
Bremen, Germany). The acceleration voltage was 20 kV and the
reflectron voltage was 22.5 kV. The reflectron voltage was reduced in
14 steps to obtain MALDI-PSD spectra. The samples were prepared
according to the dried droplet method with a saturated solution of a-
cyano-4-hydroxycinnamic acid matrix dissolved in 0.1% trifluoroacetic
acid/acetonitrile (2:1).

The peptide II from RP-HPLC (Fig. 1B) was subjected to N-ter-
minal amino acid sequence analysis by Edman degradation. Fifteen
and twenty steps, respectively, were sequenced on a 476A protein se-
quencer (Applied Biosystems, Weiterstadt, Germany) according to the
manufacturer’s instructions. Since the Cys residues were unmodified
and gave no PTH-signals in the respective cycles, cysteins and the
missing C-terminal residues were confirmed by MS-sequencing.
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Fig. 1. Reversed phase-HPLC and post-column Ellman derivatization of extracts of H. lugdunensis (A) control; (B) exposed with 0.1 mM Cd: I, PC2;

II, MT1_HL; and III, unknown.

Results

The induction of thiol-containing compounds in
H. lugdunensis strain H8-2-1 under Cd-stress was investi-
gated by reversed-phase HPLC followed by post-column
derivatization with the Ellman reagent. As shown in the
HPLC elution profile (Fig. 1), an increase of the glutathi-
one content, as well as the induction of three further com-
pounds was observed after Cd exposure of the fungus. As
the negative control without DTNB did not show any
peak, these compounds are Ellman positive and therefore
assumed to contain sulfhydryl groups. Fractions I and 11
(Fig. 1B) were collected before Ellman derivatization and
analyzed by mass spectrometry. In fraction I, the singly
charged molecular ion [M + HJ]" at m/z 540.1 was de-
tected and the ESI-MS/MS fragment ion spectrum con-
firmed a sequence belonging to PC2 ([y-Glu-Cys]-Gly)
with complete y- and b-series (data not shown). Compara-
ble fragmentation patterns of PC2 were published for
S. pombe [31]and S. cerevisiae [26].

In fraction II (Fig. 1B), a second Ellman-positive
compound induced by Cd was found with a molecular
mass of 2329.7 Da. The MALDI-PSD fragment ion
spectrum of m/z 2329.7 displayed a long series of y-ions
(v1 to y14) due to a C-terminal histidine (Fig. 2A) The
ESI-MS/MS spectrum was more complicated, which
however showed some b-ions (b3 to b7) (Fig. 2B). Edman
sequencing of the N-terminus finally completed the
sequence SPCTCSTCNCAGACNSCSCTSCSH (Fig.
2). In the mass spectrum of fraction III (Fig. 1B), no sig-
nificant ions could be detected.

In order to maintain the intact Cd protein complex
and to exclude acid proteolysis, the non-acidified extract
of H. lugdunensis strain H8-2-1 was separated by SEC
(Fig. 3A). In the MALDI MS of fraction III

(Fig. 3A), showing characteristic UV absorption of the
Cd-sulfide bond at 254 nm (data not shown), three ions
with m/z 2321.5 (apo-MT), m/z 2431.5, and m/z 2541.5
were detected (Fig. 3B). The formation of 4 disulfide
bridges produced a mass difference of 8 Da in compari-
son to the molecular mass of the apo-MT in acidic solu-
tion. The other masses correspond to chelating one and
two Cd ions via Cys-Xaa-Cys and Cys-Xaa-Xaa-Cys
motifs.

HPLC fractionation and subsequent MS analyses
showed that the fungus is capable of synthesizing both
PC2 and MT in response to 0.1 mM Cd.

Discussion

The integrated activity of glutathione, phytochelatins,
and metallothioneins in fungi during heavy metal stress is
not fully understood. The aim of the present study was: (a)
to measure the thiol peptide induction under Cd stress and
(b) to develop a method for simultaneous separation and
unequivocal characterization of such compounds.

Cd exposure (0.1 mM) increases the glutathione con-
tent in the aquatic hyphomycete H. lugdunensis (Fig. 1).
The internal glutathione pool of the mycelium increased
under 0.l mM Cd from 8 pmolgdw™! (control) to
18 pmol g dw! (B. Braha, unpublished). The increased
GSH content could be explained by the higher require-
ment due to its function as a precursor of the PC synthesis.
Moreover, the formation of Cd-GSH complexes can be
assumed.

We hypothesize that a substantial proportion of re-
duced glutathione is removed from the glutathione pool
under Cd stress to detoxify the toxic metal by intracellu-
lar chelation. In C. glabrata, intracellular Cd complexes
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were gradually formed with increasing exposure, but
Cd-glutathione complexes were the first to appear [32].
In S. cerevisiae, Cd detoxification is mainly dependent
on binding by glutathione as bis(glutathionato) Cd
and the sequestration of these complexes into the vacu-
ole mediated by the ABC-transporter YCF1 [33]. Some
evidence for intracellular metal chelation by GSH was
given for Cd stressed fungus Paxillus involutus by: (a)
the remarkable increase of glutathione and its precursor
y-glutamyl-cysteine, accompanied by the complete ab-
sence of PCs [34], and (b) the high Cd content in vacu-

oles [35], possibly mediated by a bis(glutathionato) Cd
transporter.

In aquatic hyphomycetes, induction of PC during the
logarithmic growth phase has not been described before.
Other than PC2, no higher molecular PCs are induced in
H. lugdunensis. In response to Cd the fungi S. cerevisiae
and N. crassa also synthesize PC2, only [26]. The forma-
tion of Cd-PC2 complexes by H. lugdunensis, as de-
scribed for S. pombe [36], remains to be investigated.

Surprisingly, a novel MT was induced simultaneously
with PC2 induction in H. lugdunensis under Cd stress. The
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Table 1

Comparison of the sequences of the Cys-rich MT from H. lugdunensis strain H8-2-1 (MT1_HL) and MT of family 8 (http://www.expasy.ch/cgi-bin/
lists?metallo.txt), C. gloeosporioides (MT1_COLGL and MT2_COLGL) [34], A. bisporus (MT_AGABI) [35], and N. crassa (MT_NEUCR) [30]

Entry name Accession number Sequence information

MTI1_HL -SPCTCS- - -TC- -NCAGACNSCSCTSCSH- 2330 Da
MT2_COLGL Q00369 MAPCSCK- - -SCGTSCAGSCTSCSCGSCSH- 2549 Da
MTI1_COLGL Q99334 MSGCGCASTGTC- -HCGK- - -DCTCAGCPHK 2519 Da
MT_AGABI P04358 -GDCGECSGASSC- -TCAS- -GQCTCSGCGK- 2233 Da
MT_NEUCR P02807 -GDCGCSGASSC- -NCGS- -G-CSCSNCGSK 2234 Da

UniProtKB/Swiss-Prot entry primary accession number (accession number).

content of 33% cysteine as well as Cys-Xaa-Xaa-Cys and
Cys-Xaa-Cys sequence motifs are characteristic of metal-
lothioneins. To the best of our knowledge, MALDI-PSD
was used for the first time to sequence such compounds.
Apart from the high cysteine content the MT sequence
contains a noticeable amount (40%) of hydroxy amino
acids serine and threonine. We hypothesize that these
amino acids may supplement the action of cysteine and
also contribute to heavy metal chelation. Detoxification
of Cd by MTs can be expected, because binding of at least
two Cd ions by the novel MT was demonstrated in the
MALDI mass spectrum (Fig. 3B). An in vivo bonding
of three Cd cannot be excluded, because the loss of more
loosely complexed Cd ions, e.g., by carboxylate bonding
is possible during the acquisition of the MALDI mass
spectrum. Spectroscopic studies suggest that the
N. crassa MT coordinates a third metal ion in a different
manner by metal sulfur coordination [37].

The H. lugdunensis MT appears to be the first MT de-
scribed which is induced by Cd together with a PC accom-
panied by an increase in GSH level. It remains to be seen
whether the three peptides all function in metal buffering
in fungal cells. The novel MT isolated from H. lugdunensis
can be categorized as a member of the MT superfamily
and was designated as MT1_HL according to the Swiss
Protein Knowledgebase (http://www.expasy.ch/cgi-bin/
lists?metallo.txt) [4]. MTI_HL is assigned to family 8§
(fungi-I MTs) [Vasak, personal communication] and
shows with 60% identity the nearest sequence to
MT2_COLGL (http://www.expasy.ch/cgi-bin/lists?me-
tallo.txt) [4] from the plant pathogenic fungus C. gloeo-
sporioides [18] (Table 1). In this fungus, Northern blot
analysis showed the presence of Cd and Cu induced larger
amounts of transcripts, coding for MT2_COLGL, than
for transcripts coding for MT1_COLGL. But gene en-
coded proteins were not isolated [18].

Some identity in amino acid sequences exists to other
small MTs from N. crassa [38] and the basidiomycete
Agaricus bisporus [39] (Table 1).

The method developed allows the simultaneous detec-
tion of heavy metal-binding thiol peptides in Cd exposed
H. lugdunensis. The integrated use of modern methods for
separation and structure analysis of peptides and proteins
are prerequisites for a more detailed characterization of
response to heavy metals. Forthcoming studies will

explore the potential role of the thiol peptides glutathione,
PC2 and MT_HLI, as natural biotools for detoxifying
heavy metals and environmental sensing.

Acknowledgments

This work was supported by the DFG-Graduate Col-
lege ““Adaptive physiological and biochemical reactions
to ecologically important substances” at the Martin-
Luther-University Halle-Wittenberg.

References

[1] G. Krauss, D. Schlosser, G.-J. Krauss, Aquatic fungi in heavy
metal and organically polluted habitats, in: S.K. Deshmukh, M.K.
Rai (Eds.), Biodiversity of Fungi: Their Role in Human Life,
Oxford & IBH Publishing Co. Pvt. Ltd., New Delhi, India and
Science Publishers, Inc., Enfield, NH, USA, 2005, pp. 221-246.

[2] S. Clemens, C. Simm, Schizosaccharomyces pombe as a model for
metal homeostasis in plant cells: the phytochelatin-dependent
pathway is the main cadmium detoxification mechanism, New
Phytol. 159 (2003) 323-330.

[3] S. Clemens, C. Simm, T. Maier, Heavy metal-binding proteins
and peptides, in: S. Fahnestock, A. Steinbiichel (Eds.), Polyamides
and Complex Proteinaceous Materials 11, Wiley-VCH, Weinheim,
2003, pp. 255-288.

[4] P.-A. Binz, J.H.R. Kégi, Metallothionein: molecular evolution
and classification, in: C. Klaasen (Ed.), Metallothionein IV,
Birkhduser, Basel, 1999, pp. 7-13.

[5] D.J. Ecker, T.R. Butt, E.J. Sternberg, M.P. Neeper, C. Debouck,
J.A. Gorman, S.T. Crooke, Yeast metallothionein function in
metal ion detoxification, J. Biol. Chem. 261 (1986) 16895-16900.

[6] W. Yu, V. Santhanagopalan, A. Sewell, L. Jensen, D. Winge,
Dominance of metallothionein in metal ion buffering in yeast
capable of synthesis of (YEC),G isopeptides, J. Biol. Chem. 269
(1994) 21010-21015.

[7] N.B. Averbeck, C. Borghouts, A. Hamann, V. Specke, H.D.
Osiewacz, Molecular control of copper homeostasis in filamentous
fungi: increased expression of a metallothionein gene during aging
of Podospora anserina, Mol. Gen. Genet. 264 (2001) 604-612.

[8] G. Singh, A.M. Ashby, Cloning of the mating type loci from
Pyrenopeziza brassicae reveals the presence of a novel mating
type gene within a discomycete MAT 1-2 locus encoding a
putative metallothionein-like protein, Mol. Microbiol. 30 (1998)
799-806.

[9] L. Lanfranco, A. Bolchi, E.C. Ros, S. Ottonello, P. Bonfante,
Differential expression of a metallothionein gene during the
presymbiotic versus the symbiotic phase of an arbuscular mycor-
rhizal fungus, Plant Physiol. 130 (2002) 58-67.


http://www.expasy.ch/cgi-bin/lists?metallo.txt
http://www.expasy.ch/cgi-bin/lists?metallo.txt
http://www.expasy.ch/cgi-bin/lists?metallo.txt
http://www.expasy.ch/cgi-bin/lists?metallo.txt
http://www.expasy.ch/cgi-bin/lists?metallo.txt
http://www.expasy.ch/cgi-bin/lists?metallo.txt

P. Jaeckel et al. | Biochemical and Biophysical Research Communications 333 (2005) 150-155 155

[10] R. Pierleoni, M. Buffalini, L. Vallorani, C. Guidi, S. Zeppa, C.
Sacconi, P. Pucci, A. Amoresano, A. Casbarra, V. Stocchi, Tuber
borchii fruit body: 2-dimensional profile and protein identification,
Phytochemistry 65 (2004) 813-820.

[11] S.L. Tucker, C.R. Thornton, K. Tasker, C. Jacob, G. Giles, M.
Egan, N.J. Talbot, A fungal metallothionein is required for
pathogenicity of Magnaporthe grisea, Plant Cell 16 (2004) 1575~
1588.

[12] K. Lerch, Copper metallothionein, a copper-binding protein from
Neurospora crassa, Nature 284 (1980) 368-370.

[13] P.A. Cobine, R.T. McKay, K. Zangger, C.T. Dameron, .M.
Armitage, Solution structure of Cug metallothionein from the
fungus Neurospora crassa, Eur. J. Biochem. 271 (2004) 4213-4221.

[14] K.S. Kumar, S. Dayananda, C. Subramanyam, Copper alone, but
not oxidative stress, induces copper-metallothionein gene in
Neurospora crassa, FEMS Microbiol. Lett. 242 (2005) 45-50.

[15] R. Howe, R.L. Evans, S.W. Ketteridge, Copper-binding proteins
in ectomycorrhizal fungi, New Phytol. 135 (1997) 123-131.

[16] H. Tohoyama, T. Tomoyasu, M. Inouhe, M. Joho, T. Murayama,
The gene for cadmium metallothionein from a cadmium-resistant
yeast appears to be identical to CUPI in a copper-resistant strain,
Curr. Genet. 21 (1992) 275-280.

[17] S. Kameo, H. Iwahashi, Y. Kojima, H. Satoh, Induction of
metallothioneins in the heavy metal resistant fungus Beauveria
bassiana exposed to copper or cadmium, Analusis 28 (2000) 382—
385.

[18] C.S. Hwang, P.E. Kolattukudy, Isolation and characterization of
genes expressed uniquely during appressorium formation by
Colletotrichum gloeosporioides conidia induced by the host surface
wax, Mol. Gen. Genet. 247 (1995) 282-294.

[19] R.K. Mehra, E.B. Tarbet, W.R. Gray, D.R. Winge, Metal-
specific synthesis of two metallothioneins and y-glutamyl peptides
in Candida glabrata, Proc. Natl. Acad. Sci. USA 85 (1988) 8815-
8819.

[20] R.K. Mehra, J.R. Garey, T.R. Butt, W.R. Gray, D.R. Winge,
Candida glabrata metallothioneins. Cloning and sequence of the
genes and characterization of proteins, J. Biol. Chem. 264 (1989)
19747-19753.

[21] N. Kondo, K. Imai, M. Isobe, T. Goto, A. Murasugi, C. Wada-
Nakagawa, Y. Hayashi, Cadystin a and b, major unit peptides
comprising cadmium binding peptides induced in a fission yeast—
separation, revision of structures and synthesis, Tetrahedron Lett.
25 (1984) 3869-3872.

[22] E. Grill, E.L. Winnacker, M.H. Zenk, Phytochelatins: the
principal heavy-metal complexing peptides of higher plants,
Science 230 (1985) 674-676.

[23] 1. Pocsi, R.A. Prade, M.J. Penninckx, Glutathione, altruistic
metabolite in fungi, Adv. Microb. Physiol. 49 (2004) 1-76.

[24] D. Mendoza-Cézatl, H. Loza-Tavera, A. Hernandez-Navarro, R.
Moreno-Sanchez, Sulfur assimilation and glutathione metabolism
under cadmium stress in yeast, protists and plants, FEMS
Microbiol. Rev. Article (in press), Corrected Proof (2005).

[25] C.T. Dameron, B.R. Smith, D.R. Winge, Glutathione-coated
cadmium-sulfide crystallites in Candida glabrata, J. Biol. Chem.
264 (1989) 17355-17360.

[26] R. Kneer, T.M. Kutchan, A. Hochberger, M.H. Zenk, Saccha-
romyces cerevisiae and Neurospora crassa contain metal seques-
tering phytochelatins, Arch. Microbiol. 157 (1992) 305-310.

[27]J. Miersch, M. Tschimedbalshir, F. Barlocher, Y. Grams, B.
Pierau, A. Schierhorn, G.-J. Krauss, Heavy metals and thiol
compounds in Mucor racemosus and Articulospora tetracladia,
Mycol. Res. 105 (2001) 883-889.

[28] M. Inouhe, M. Sumiyoshi, H. Tohoyama, M. Joho, Resistance
to cadmium ions and formation of a cadmium-binding complex
in various wild-type yeasts, Plant Cell Physiol. 37 (1996) 341-
346.

[29] G. Krauss, F. Bérlocher, P. Schreck, R. Wennrich, W. Gléser,
G.-J. Krauss, Aquatic hyphomycetes occur in hyperpolluted
waters in Central Germany, Nova Hedwigia 72 (2001) 419—
428.

[30] M. Berlich, S. Menge, I. Bruns, J. Schmidt, B. Schneider, G.-J.
Krauss, Coumarins give misleading absorbance with Ellman’s
reagent suggestive of thiol conjugates, Analyst 127 (2002) 333—
336.

[31] M. Isobe, D. Uyakul, K.L. Liu, T. Goto, FAB-MS/MS spec-
trometry in determining the primary structure of gamma-glut-
amyl-containing peptides, Agric. Biol. Chem. 54 (1990) 1651—
1660.

[32]J. Barbas, V. Santhanagopalan, M. Blaszczynski, W.R. Ellis Jr.,
D.R. Winge, Conversion in the peptides coating cadmium:sulfide
crystallites in Candida glabrata, J. Inorg. Biochem. 48 (1992) 95—
105.

[33]Z.S. Li, Y.P. Lu, R.G. Zhen, M. Szczypka, D.J. Thiele, P.A.
Rea, A new pathway for vacuolar cadmium sequestration in
Saccharomyces cerevisiae: Y CF1-catalyzed transport of bis(gluta-
thionato)cadmium, Proc. Natl. Acad. Sci. USA 94 (1997) 42-47.

[34] M. Courbot, L. Diez, R. Ruotolo, M. Chalot, P. Leroy,
Cadmium-responsive thiols in the ectomycorrhizal fungus Paxillus
involutus, Appl. Environ. Microbiol. 70 (2004) 7413-7417.

[35] D. Blaudez, B. Botton, M. Chalot, Cadmium uptake and
subcellular compartmentation in the ectomycorrhizal fungus
Paxillus involutus, Microbiology 146 (2000) 1109-1117.

[36] D.F. Ortiz, T. Ruscitti, K.F. McCue, D.W. Ow, Transport of
metal-binding peptides by HMTI1, a fission yeast ABC-type
vacuolar membrane protein, J. Biol. Chem. 270 (1995) 4721-4728.

[37] M. Beltramini, K. Lerch, M. Vasak, Metal substitution of
Neurospora copper metallothionein, Biochemistry 23 (1984)
3422-3427.

[38] K. Miinger, U.A. Germann, K. Lerch, Isolation and structural
organization of the Neurospora crassa copper metallothionein
gene, EMBO J. 4 (1985) 2665-2668.

[39] K. Miinger, K. Lerch, Copper metallothionein from the fungus
Agaricus bisporus: chemical and spectroscopic properties, Bio-
chemistry 24 (1985) 6751-6756.



	Cadmium induces a novel metallothionein and phytochelatin 2  in an aquatic fungus
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References


