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Iron-regulated proteins in Phanerochaete
chrysosporium and Lentinula edodes:
Differential analysis by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and
two-dimensional polyacrylamide gel
electrophoresis profiles

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and two-
dimensional gel electrophoresis (2-DE) were used to identify iron-responsive proteins
in the white-rot species (Phanerochaete chrysosporium and Lentinula edodes), by
comparing the differential patterns of cellular and membrane proteins obtained from
iron-sufficient and iron-deficient mycelia. Six cellular proteins induced by iron restric-
tion have been observed in SDS-PAGE for P. chrysosporium and twelve for L. edodes.
In 2-DE, the numbers of iron-restricted induced proteins were 12 and 9, respectively, in
a resolution range of 15–60 kDa and pI 4.5–8.1. SDS-PAGE for the plasma membrane
protein did not show differences, whereas the outer-membrane protein profile showed
6 and 5 proteins induced by iron depletion in P. chrysosporium and L. edodes, respec-
tively. The results presented here are important data to unravel mechanisms of bio-
synthesis and/or transport of the iron-complexing agents in ligninolytic fungi and to
further correlate them to the ligninolytic processes.
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1 Introduction

The technological application of wood biodelignification
represents a process of potential importance for the econ-
omy especially for cellulose pulp industries. Due to the
environmental pollution generated by chemical processes,
nowadays, researchers have pursued less polluting biologi-
cal pretreated pulp and biobleaching processes that still
produce good-quality cellulose pulp. Within this context,
the understanding of the lignin microbiological degradation
promoted by fungi (basidiomycetes), which inhabit the
wood, plays an essential role. Phanerochaete chrysospor-
ium and Lentinula edodes are white-rot basidiomycetes
bearing different degrees of ligninolytic activity depending
onthe substrate [1]. Severalextracellularoxidative enzymes
(lignin-peroxidases (Lips), Mn-peroxidases (MnPs), lac-
cases, and others) produced by different species of white-
rot fungi have been characterized and tested for lignin bio-
degradation activity [2, 3]. However, the lignin biodegrada-
tion places a mechanistic problem to the fungal action
because in nature this polymer is not susceptible to normal
hydrolyticmechanisms [4]. The mainquestion that hasbeen

arisen against the direct action of enzymes is related to the
small-sized wood pore that would prevent the diffusion of
LiPs [5, 6]. Therefore, the process should be a result of com-
bined action between ligninolytic enzymes and low-mole-
cular-mass compounds (LMMCs) [7, 8]. Several papers
describing the participation of LMMC iron-chelating and
iron-reducing compounds produced by fungi in the wood
degradation have been published [9–14]. Among LMMCs,
it has been proposed that the iron-chelating compounds
(like siderophores) play an important role in lignin bio-
degradation [15–18].

High affinity iron-chelating compounds, normally called
siderophores, are produced by bacteria and fungi under
conditions of iron-deficiency [19]. Depending on the strain,
the medium and the cultivation conditions, generally, fungi
synthesize a variety of hydroxamate siderophores with dif-
ferent structural backbones such as ferrichromes, copro-
gens, and fusigens (fusarinins) [20]. Unlike most fungi, the
wood degrading species, those for which some study has
already been accomplished, seem to produce phenolates-
catecholates siderophores [12, 14, 21]. Conversely, as well
as Escherichia coli, which produces enterobactin, a cate-
cholate, and aerobactin, a hydroxamate, there are evi-
dences that ligninolytic fungi produce iron-chelating com-
pounds with different siderophore structures (Rodríguez,
J., personal communication). In different bacteria, several
operons have been characterized coding proteins involved
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in the biosynthesis and transport of siderophores [22]. The
characterization of proteins and their respective genes,
which participate on the siderophore production and trans-
port in fungi has become more intensive during the last
ten years [23–29]. In Ustilago maydis, a basidiomycete, the
production of ferrichrome depends on the expression of
two genes, sid1 and sid2, of which sid1 represents the
ornithine-N5-oxygenase and sid2, possibly has a function
in the biosynthesis of the peptide ring [30]. Regulating the
whole biosynthesis appears the protein URBS 1 that is a
GATA-type transcription factor containing two putative zinc
finger motifs [31]. Ascomycetous fungi such as Aspergillus
nidulans, Penicillium chrysogenum and Neurospora crassa
produce the SREA, SREP and SRE proteins, respectively,
which are iron-regulated GATA-type transcription factors
that regulate siderophore biosynthesis [25–27]. As a first
approach to the study of siderophore biosynthesis and
transport in white-rot fungi, this report describes the iron-
regulated protein profiles in SDS-PAGE and 2-DE produced
by two species of wood degrading fungi. Cellular as well as
membrane proteins were induced as a response to different
iron concentrations.

2 Materials and methods

2.1 Fungal species and growth conditions

Wood degradation fungi P. chrysosporium, strain BKM-
1767, and L. edodes, strain UEC-2019, were maintained
in cultures on 2% malt-extract-agar (MEA) plates grown
at 28�C and stored at 5�C. Cultures to obtain fungal myce-
lia were made by inoculating several 250 mL Erlenmeyer
flasks containing 75 mL of 2% malt-extract liquid broth
(ME). To remove iron traces, all glass flasks were dipped
in 10% HCl for 48 h, autoclaved at 1 atm for 15 m with
10 mM EDTA, and rinsed with deionized sterile water. Dif-
ferential mycelial growth conditions were: (i) ME medium
(iron-deficient); (ii) ME medium containing 90 �M FeCl3�
6H2O (iron-sufficient). Cultures were incubated at 28�C
under agitation at 120 rpm for 11 days. Mycelia were
recovered by vacuum filtration, frozen in liquid nitrogen
and stored at –80�C until use. The two different culture
conditions did not seem to interfere significantly with
fungal growth as verified by the mycelium dry weight
curves obtained for each species during the 11-day cul-
ture period.

2.2 Cellular protein extraction

Cellular proteins were extracted from each growth condi-
tion by grounding mycelium to a fine powder in liquid
nitrogen with a pestle and a mortar. The protein extraction
procedure was according De Mot and Vanderleyden [32].

Originally, the method was described for Azospirillum
species; recently, it had been used for Thiobacillus ferro-
oxidans [33] and for plant tissues [34]. This method was
adapted here for fungal mycelia. The powdered mycelia
from each experimental condition were transferred to
2 mL Eppendorf tubes and weighted. To the powdered
mycelia it was added a weight-equivalent volume of
the extraction buffer containing 0.7 M sucrose, 0.5 M Tris,
30 mM HCl, 50 mM EDTA, 0.1 M KCI, and 40 mM dithiothrei-
tol. The samples were incubated on ice for 15 min. Before
eliminating cellular debris by centrifugation at 14 000 rpm
for 10 min at room temperature in a microfuge, the sus-
pension was homogenized in a glass tissue grinding
tube. After centrifugation, supernatants were transferred
to a new 2 mL Eppendorf tube and homogenized with an
equal volume of phenol, pH 8.0 (Sigma Chemical Co., St.
Louis, MO, USA) which was agitated in a Vortex-Gene
2 for 10 min at room temperature. After centrifugation at
14 000 rpm for 10 min, the extraction procedure was
repeated three times by adding the extraction buffer
(equal v/v) to the phenolic phase. The precipitation of the
cellular proteins had been made by the addition to the
phenolic phase of five volumes of 0.1 M ammonium ace-
tate dissolved in methanol, the mixture was then incu-
bated at –20�C for 2 h. After centrifugation at 14 000 rpm
for 10 min the pellet was washed twice with 0.1 M ammo-
nium acetate and twice with ice-cold 80% acetone. For
SDS-PAGE the pellet was air-dried and dissolved in
30–50 �L lysis buffer (9.8 M urea, 2% v/v Nonidet P–40,
100 mM dithiothreitol). For 2-DE experiments the lysis buf-
fer was 9.8 M urea, 2% v/v Nonidet P-40, 100 mM dithio-
threitol and 2% v/v carrier ampholytes (Amersham-Phar-
macia Biotech, Uppsala, Sweden), pH 5–7 and pH 3–10
(5:1). In all cases protein concentration was determined
by the Bradford method. Samples were stored at –70�C
until loaded in a gel.

2.3 SDS-PAGE and 2-DE

Approximately 40 �g of cellular proteins were loaded in
15% SDS-PAGE according to Laemmli [35]. The 10 kDa
Protein Ladder (Gibco-BRL, Bethesda, USA) was used
as molecular weight standard to estimate differentially
expressed mycelial protein molecular weights. The protein
profiles were visualized by silver staining as described by
Blum et al. [36]. The 2-DE experiments were conducted
according to De Mot and Vanderleyden [32]. Approxi-
mately 360 �g of cellular proteins were loaded in the iso-
electric focusing gel. The upper reservoir was loaded with
20 mM NaOH and the lower reservoir with 10 mM H3PO4.
Prerunning conditions were 15 min at 200 V, 30 min at
300 V and 60 min at 400 V. The first-dimensional gels
were run at 400 V for 18 h. Second-dimensional analyses
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were performed according to Laemmli [35] on 12%
polyacrylamide gels. The 10 kDa Protein Ladder was
loaded together with the 1-D separated protein strips in
the second-dimensional gels to estimate the relative
molecular weights of differentially expressed mycelial
proteins. After electrophoresis, the second-dimensional
gels were silver-stained [36]. The pI of the protein spots
were estimated based on the pH gradient formed in one
unloaded first-dimensional gel, which ran simultaneously,
and calculated by measuring the pH of every 1 cm sliced
gel strips. Induced proteins in 2-DE gels were compara-
tively quantified by digitalizing the gel photographs using
an image scanner (HP ScanJet 3200C) and differential
spots were quantified by densitometry using the Image-
Master 2D Elite 3.0 software (Pharmacia). To eliminate dif-
ferences generated by both the amount of protein loaded
in each gel and the silver staining method, the spots
whose intensity was increased in iron-deficient or iron-
sufficient mycelia were identified by comparing four differ-
ent protein extractions and four different gel runs.

2.4 Plasma membrane protein extraction

The protocol described by Bowman et al. [37] for extrac-
tion of Neurospora crassa plasma membrane proteins
was used to isolate the mycelial membrane proteins of
the two white-rot species. After grounded to a fine pow-
der in liquid nitrogen, mycelia were suspended in solu-
tion A (0.59 M sucrose, 5 mM EDTA, 50 mM NaH2PO4, 70 �L
�-mercaptoethanol, 133 mg/mL Helix pomatia �-glucoro-
nidase type H-1 enzyme (Sigma Chemical) and incubated
for 1 h at 30�C. The suspension was homogenized in a
glass tissue grind tube before centrifugation at 4000�g
for 10 min at 4�C. The pellet was washed with 0.68 M

sucrose and recentrifuged. The pellet was suspended in
solution B (0.33 M sucrose, 1 mM EGTA, 0.3% bovine
serum albumin, pH adjusted to 7.1 with KOH), homoge-
nized as described above, and centrifuged at 1000�g
for 10 min. The resulting pellet was suspended in solution
B and submitted to a third round of homogenization and
centrifugation. The supernatant was centrifuged in a
Beckman JA 20 rotor for 30 min at 11 700�g and the
supernatant was recentrifuged for 40 min at 39 400�g.
Finally, the pellet was and suspended in 6 mM Tris-HCl,
pH 6.8, 2% SDS, and 5% �-mercaptoethanol. The mem-
brane protein profiles were observed in silver-stained
10% SDS-PAGE as mentioned above [36].

2.5 Outer membrane protein extraction

The procedure described by Mezence and Borion [38]
was used for outer membrane protein (OMP) extraction
with some modifications. Mycelia obtained from iron-suf-

ficient and iron-deficient cultures were grounded in liquid
nitrogen, suspended in PBS containing 1 mM PMSF and
centrifuged at 9000�g for 10 min at 4�C; this procedure
was repeated twice. The pellet was resuspended in PBS
containing 1 mM PMSF and homogenized in a tissue glass
grinder for 10 min at 4�C. Undisrupted cells and large
fragments were removed by centrifugation at 9000�g
for 10 min at 4�C. The centrifugation procedure was
repeated five times, finally the supernatant was centri-
fuged at 53 000�g for 60 min at 4�C in a Beckman L8
80M ultracentrifuge using the SW50 rotor. The pellet
(OMPs) was suspended in Laemmli solubilization buffer
[35] and heated at 100�C for 5 min. Prior to load the
SDS-PAGE, the samples were centrifuged at 10 000�g
for 5 min. The proteins were visualized by silver staining
[36].

3 Results and discussion

3.1 SDS-PAGE cellular protein differential
profiles

A large number of proteins with apparent molecular
masses (Mr) ranging from 10–100 kDa can be observed
in all SDS-PAGE of P. chrysosporium and L. edodes
cellular protein extracts. When grown under conditions
of iron limitation, both species synthesized several cellu-
lar proteins, which are repressed in mycelia grown in
iron-sufficient culture medium. Six differential proteins
were distinguished for P chrysosporium and eleven for
L. edodes in preparations from iron-deficient mycelia
(Fig. 1). On repeated protein preparations and different
SDS-PAGE runs, the apparent Mr for the proteins that
had an increased expression in P. chrysosporium iron-
deficient mycelia corresponded to: Mr = 32, 37, 56, 60,
68, 90 (Fig. 1A). For L. edodes iron-deficient mycelia, the
apparent Mr for the proteins that have an increased
expression were: Mr = 10, 17, 21, 23, 29, 32, 57, 63, 68,
90, 100 (Fig. 1B). Conversely, two proteins with increased
expression can be observed in iron-sufficient profiles for
P. chrysosporiun (Mr = 30 and 49) and three for L. edodes
(Mr = 8, 24, 70). Those polypeptides are probably pro-
duced in the presence of iron due to a mechanism of
iron-positive regulation. The FUR protein which is a glob-
al regulator that responds to iron concentrations was
characterized initially as transcriptional repressor of the
siderophore biosynthesis. Proteins homologous to FUR
have been found in several fungi as well. The Mr of those
proteins deduced from the putative amino acid se-
quence vary from 55 to 104 kDa [30, 25, 27]. Therefore,
we could suppose that among proteins with increased
expression in the presence of iron it can be included a
FUR-like protein.
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Figure 1. SDS-PAGE profiles of iron-responsive cellular
proteins in the white-rot wood degrading fungi P. chrysos-
porium and L. edodes. (A) Proteins for P. chrysosporium
and (B) L. edodes. Lane 1, iron-deficient mycelium ex-
tracts; 2, iron-sufficient mycelium extracts. Induced pro-
teins in each differential growth condition are denoted
with a trace and a number corresponding to the apparent
molecular mass in kDa. Molecular weight standard (10 kDa
Ladder; Gibco-BRL) used to estimate the apparent Mr

of induced proteins is shown for each gel. Differential
proteins denoted have been observed by comparing four
different protein profiles.

3.2 2-DE cellular protein differential profiles

A careful analysis of the proteins separated in 2-DE led to
the identification of several spots whose silver-stained
intensity varied when iron-deficient and iron-sufficient
mycelium extract were compared. To avoid misinterpreta-
tions on differences in protein synthesis due to variations
in the mycelia growth rate or in the protein recovery, four
different protein extractions and four replicate 2-DE gels
were visually compared. For P. chrysosporium, in the Mr

range of 15–60 kDa and pI 4.2–6.5, twelve spots could
be identified only in extracts from iron-deficient mycelia
(Table 1; Fig. 2A). Among those spots, one denoted as
protein 19 (Table 1; Fig. 2A) seems to be an aggregate
of four 36 kDa proteins whose pI varied from 5.35–5.47.
At least four polypeptides were present in extracts from
both culture conditions but presented more intensely
stained spots in iron-deficient mycelia (Table 1; Fig. 2A).
The spot 1 of 16 kDa (pI 5.65) has a markedly enhanced
intensity clearly indicating a derepressed expression
under iron deficiency. The spot named 17 showed also
high intensity verified only in iron-deficient conditions
(Fig. 2A). On the other hand, eleven polypeptides have
also been observed only in extracts from iron-sufficient
mycelia indicating that some proteins are iron inducible,
and four, although visualized in both culture conditions,
presented higher intensity in mycelia grown in the pre-
sence of Fe3� (Fig. 2B; Table 1). In both gel conditions
some other spots that show differences in intensity can

Table 1. Estimated molecular masses, pI and densitometric determination of differential spots in 2-DE gels for P. chrysos-
porium

Protein ID Mr (kDa) pI IDefa) ISufb) Protein ID Mr (kDa) pI IDefa) ISufb)

2 17 5.41 7.484 0 5 18 5.65 0 3.150
3 17 5.60 6.162 0 7 20 5.81 0 7.484
6 19 5.89 5.692 0 10 25 5.91 0 3.396

11 26 5.85 2.817 0 13 33 5.70 0 32.500
17 35 6.00 28.384 0 14 33 5.80 0 7.621
19c) 36 5.35–5.47 38.812 0 15 35 5.63 0 3.020
18 36 5.88 1.541 0 16 38 6.14 0 9.680
20 37 5.78 3.483 0 22 42 5.45 0 16.025
21 38 5.84 3.667 0 25 44 5.49 0 23.898
24 40 6.00 8.805 0 23 44 5.42 0 8.940
26 43 5.44 10.705 0 27 46 5.58 0 19.584
30 48 5.44 6.578 0 4 18 5.31 5.483 12.553
1 16 5.65 116.725 15.325 28 46 6.15 2.041 24.015
9 21 6.00 10.275 4.223 29 50 5.81 2.570 9.248
8 22 5.87 9.273 2.683 31 58 6.00 17.772 53.328

12 28 5.88 8.400 3.036

a) IDef, densitometric values in spot volume in iron-deficiency
b) ISuf, densitometric values in spot volume in iron-sufficiency
c) protein aggregate
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Figure 2. 2-DE analysis of iron-responsive cellular proteins in the white-rot wood degrading fungi P. chrysosporium and
L. edodes. Iron-deficient mycelium extracts for (A) P. chrysosporium and (C) L. edodes; iron-sufficient mycelium extracts for
(B) P. chrysosporium and (D) L. edodes. In P. chrysosporium gels, all proteins that had their synthesis affected by differential
growth conditions were numbered from 1 to 31 in the iron-deficient gel and from 1a to 31a in the iron-sufficient gel. In
L. edodes gels, all proteins that had their synthesis affected by differential growth conditions were numbered from 1 to 16
in the iron-deficient gel and from 1a to 16a in the iron-sufficient gel. Spots denoted by a circle and numbers in bold indicate
proteins that were induced or had increased expression. Squares represent either the absence or the diminished expres-
sion. The pH of the isoelectric focusing gel ranging from 4.6 to 8.0 is shown on the top of each gel. Molecular weight
standard (10 kDa Ladder; Gibco-BRL) used to estimate the Mr of induced proteins is shown on the left of the gels. Differ-
ences have been denoted by comparing four different gels.
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Table 2. Estimated molecular masses, pI and densito-
metric determination of differential spots in
2-DE gels for L. edodes

Protein ID Mr (kDa) pI IDefa) ISufb

2 18 5.30 3.270 0
3 18 6.47 4.923 0
4 19 5.80 3.096 0
5 19 6.27 5.727 0
8 25 6.96 2.797 0

13 31 6.18 2.287 0
14 38 6.31 1.995 0
15 39 6.72 2.700 0
16 42 6.21 6.425 0
1 18 6.03 11.526 0.540
6 20 5.70 41.226 7.580

11 28 6.88 6.828 4.693
7 19 6.58 0 3.578

10 27 5.70 0 2.506
9 26 7.00 1.434 7.795

12 30 5.88 1.938 12.218

a) IDef, densitometric values in spot volume in iron-defi-
ciency

b) ISuf, densitometric values in spot volume in iron-suffi-
ciency

be seen (Fig. 2A, B and C, D), but they have not been
marked as differentially expressed proteins because after
careful inspection over quadruplicated gels they did not
show significant differences. Table 2 describes the Mr

and the estimated pI of differential polypeptides for
L. edodes. Nine spots are only observed on the iron-defi-
cient mycelia extract gel (Fig. 2C; Table 2) whereas three
had clearly an increased expression (Fig. 2C; Table 2).
Additionally, two polypeptide spots appear only on the
iron-sufficient mycelia extract gel (Fig. 2D; Table 2) and
other two had an increased expression (Fig. 2D; Table 2).

3.3 Plasma and OMP profiles

Plasma membrane proteins of P. chrysosporium and
L. edodes mycelia that had been grown in iron-sufficient
or iron-deficient media were compared. There were no
significant differences in SDS-PAGE profile (data not
shown). A similar result was reported before for Neuro-
spora crassa by Van der Helm and Winkelmann [39]. Con-
versely, the P. chrysosporium and L. edodes outer mem-
brane protein (OMP) profiles for mycelia grown in iron-
deficient medium presented significant differences when
compared to iron-sufficient OMP mycelium extract (Fig. 3).
Six proteins (Mr = 22, 30, 38, 55, 58, 65) showed higher
silver staining intensity in the iron-deficient P. chrysospo-
rium profile, whereas one polypeptide (Mr 50) was ex-

Figure 3. The effect of iron-deficient (lane 1) and iron-
sufficient (lane 2) growth conditions on OMP synthesis.
(A) P. chrysosporium, (B) L. edodes. Traces indicate the
induced proteins and the numbers correspond to the
estimated Mr . Molecular weight standard (10 kDa Ladder;
Gibco-BRL) is shown on the left of each gel.

pressed only in iron-sufficient mycelia. For L. edodes, the
numbers of iron-limited and iron-sufficient proteins were 5
(Mr = 35, 38, 42, 48, 55) and 2 (Mr = 34, 39), respectively.
Those proteins induced under iron-deficient conditions
and repressed under iron-sufficient condition may repre-
sent surface receptors, which participate in iron-sidero-
phore complexes translocation through the outer mem-
brane.

4 Concluding remarks

To our knowledge there is no published information about
iron uptake (free or siderophore-chelated) mechanisms
in wood degrading fungi. In general, many fungi secrete
hydroxamate-like siderophores under iron-deficiency.
Normally, fungal siderophore biosynthesis involves an
ornithine N5-hydroxilation and acylation followed by the
action of a nonribosomal peptide synthetase [30]. Most
detailed studies related to iron transport are on Sacchar-
omyces cerevisiae which does not synthesize sidero-
phores, but exhibits two mechanisms of iron capture that
respond to the iron concentration [20, 40]. A mechanism
of low affinity is activated when a high concentration of
the metal exists. This mechanism involves the action of
an iron-reductase that reduces Fe3� to Fe2� in the ex-
ternal membrane and, the reduced iron is internalized, in
this case a low-affinity transporter (FET4, � 60 kDa) is
induced. The mechanism of high affinity expresses when
the concentration of iron is low, and it is mediated by two
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iron reductases (FREI and 2, with molecular masses vary-
ing from a 71 to 80 kDa). The Fe2� are oxidized by a multi-
cooper oxidase (FET3, with a molecular mass of approxi-
mately 70 kDa), whose expression is regulated by AFTI
(75.8 kDa), a transcription factor regulated by iron. The
transport is effectuated by a permease FTRI (44 kDa).
However, the yeast is capable to assimilate iron-sidero-
phore complexes, which are produced by other micro-
organisms. It means that iron-siderophore complex recep-
tors exist in different organisms and can be induced by
iron-chelating compounds produced by other species.
Recently, as a result of the S. cerevisiae genome se-
quencing several genes were identified coding for pro-
teins belonging to the main superfamily of membrane
facilitators that are capable to transport iron-siderophore
complexes of either hydroxamate or catecholate struc-
tures. The estimated sizes of these facilitator proteins
vary between 60 and 70 kDa [28, 29, 41, 42]. The iron-
deficient or iron-sufficient regulated proteins identified in
SDS-PAGE and 2-DE profiles of P. chrysosporium and
L. edodes are important results to further understanding
the complex mechanisms of iron uptake in wood degrad-
ing species.

This research was supported by Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP), São Paulo,
SP, Brasil (research grant No. 98/00548-4 to MPdeM and
Graduation grant No. 98/04519-9 to MLHM). We are spe-
cially indebted to Dr. Márcio J. da Silva for helpful colla-
boration on art work. We also thank Maria Madalena
Vasconcelos Rosa for technical assistance and Carlos
Eduardo P. Santoro Filho for helping with protein quantifi-
cations.

Received June 28, 2001; in revised form November 5, 2001

5 References

[1] Tuor, U., Winterhalter, K., Fiechter, A., J. Biotechnol. 1995,
41, 1–17.

[2] Blanchete, R. A., Abad, A. R., Farrell, R. L., Leathers, T. D.,
Appl. Environ. Microbiol. 1989, 55, 1457–1465.

[3] Cullen, D., J. Biotechnol. 1997, 53, 273–289.
[4] Hammel, K. E., Jensen, K. A., J. R., Mozuch, M. D., Land-

ucci, L. L., Tien, M., Pease, E. A., J. Biol. Chem. 1993, 268,
12274–12281.

[5] Carpita, N., Sabularse, D., Montezinos, D., Delmer, D. P.,
Science 1979, 205, 1144–1147.

[6] Flournoy, D. S., Kirk, T. K., Highley, T., Holzforschung 1991,
45, 383–388.

[7] Paszczynski, A., Crawford, R. L., Blanchete, R. A., Appl.
Environ. Microbiol. 1988, 54, 62–68.

[8] Daniel, G., FEMS Microbiol. Rev. 1994, 13, 199–233.
[9] Duran, N., 4th Brazilian Symposiun on Chemistry of Lignin

and other Wood Components, Recife, Brazil 1996, Proceed-
ings, v.5 , pp. 164–169.

[10] Duran, N., Machuca, A., Holz Roh Werkstoff 1995, 53, 346.

[11] Tanaka, H., Itakura, S., Hirano, T., Enoki, A., Holzforschung
1996, 50, 541–548.

[12] Goodell, B., Jellison, J., Liu, J., Daniel, G., Paszczynski, A.,
Fekete, F., Krishnamurthy, S., Jun, L., Xu, G., J. Biotechnol.
1997, 53, 133–162.

[13] Kerem, Z., Hammel, K. E., FEBS Lett. 1999, 446, 49–54.
[14] Paszczynski, A., Crawford, R., Funk, D., Goodell, B., Appl.

Environ. Microbiol. 1999, 65, 674–9.
[15] Rodríguez, J., Oses, R., Parra, C., Freer, J., Baeza, J., 5th

Brazilian Symposiun on Chemistry of Lignin and other
Wood Components, Curitiba, Brazil 1997, Proceedings, v.6,
pp. 601–604.

[16] Parra, C., Rodriguez, J., Baeza, J., Freer, J., Duran, N., Bio-
chem. Biophys. Res. Commun. 1998, 251, 399–402.

[17] Parra, C., Santiago, M. F., Rodriguez, J., Duran, N., Bio-
chem. Biophys. Res. Commun. 1998, 249, 719–22.

[18] Machuca, A., Hiroshi, A., Duran, N., Biochem. Biophys. Res.
Commun. 1999, 256, 20–26.

[19] Neilands, J. B., J. Biol. Chem. 1995, 270, 26723–26726.
[20] Howard, D. H., Clin. Microbiol. Ver. 1999, 12, 394–404.
[21] Fekete, F. A., Chandhoke, V., Jellison, J., Appl. Environm.

Microbiol. 1989, 55, 2720–2722.
[22] Bagg, A., Neilands, J. B., Biochemistry 1987, 26, 5471–

5477.
[23] Mei, B., Budde, A. D., Leong, A. S., Proc. Natl. Acad. Sci.

USA 1993, 90, 903–907.
[24] Voisard, C., Wang, J., Mcevoy, J. L., Xu, P., Leong, A. S.,

Mol. Cell Biol. 1993, 13, 7091–7100.
[25) Haas, H., Angermayr, K., Stoffler, G., Gene 1997, 184, 33–37.
[26] Zhou, L. W., Haas, H., Marzluf, G. A., Mol. Gen. Genet. 1998,

259, 532–40.
[27] Haas, H., Zadra, I., Stóffler, G., Angermayr, K., J. Biol. Chem.

1999, 274, 4613–4619.
[28] Heymann, P., Ernst, J. F., Winkelmann G., Biometals 1999,

12, 301–306.
[29] Heymann, P., Ernst, J. F., Winkelmann, G., Biometals 2000,

13, 65–72.
[30] Leong, S. A., Winkelmann, G., Met. Ions. Biol. Syst. 1998,

35, 147–186.
[31] An, Z., Zhao, Q., Mcevoy, J., Yuan, W. M., Markley, J. L.,

Leong, A. S., Proc. Natl. Acad. Sci. USA 1997, 94, 5882–
5887.

[32] De Mot, R., Vanderleyden, J., Can. J. Microbiol. 1989, 35,
960–967.

[33] Novo, M. M.T., Da Silva, C. A., Moreto, R., Cabral, P. C. P.,
Costacurta, A., Garcia Jr, O., Ottoboni, L. M. M., Antonie van
Leeuwenhoek 2000, 77, 187–195.

[34] Mangolin, A.C., Ottoboni, L. M. M., Machado, M. F. P. S.,
Electrophoresis 1999, 20, 626–629.

[35] Laemmli, U. K., Nature 1970, 247, 37.
[36] Blum, H., Beier, N., Gross, H. J., Electrophoresis 1987, 8,

93–99.
[37] Bowman, E. J., Bowman, B. J., Slayman, C., J. Biol. Chem.

1981, 253, 12336–12342.
[38] Mezence- Baquero, M. I., Boiron, P., Curr. Microbiol. 1995,

31, 220–223.
[39] Van der Helm, D., Winkelmann, G., (Eds.), Hydroxamates

and Polycarboxylates as Iron Transport Agents (Sidero-
phores) in Fungi, Marcel Dekker, New York 1994, pp. 38–98.

[40] Andrews, N. C., Fleming, M. D., Gunshin, H., Nutr. Ver. 1999,
57, 114–123.

[41] Yun, C.W., Tiedeman, J. S., Moore, R. E,. Philpott, C. C.,
J. Biol. Chem. 2000, 275, 16354–16359.

[42] Yun, C. W., Ferea, T., Rashford, J., Ardon, O., Brown, P. O.,
Botstein, D., Kaplan, J., Philpott, C. C., J. Biol. Chem. 2000,
275, 10709–10715.

Electrophoresis 2002, 23, 655–661 Iron-regulated proteins in basidiomycetes 661


