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The appearance of manganese peroxidase (MnP) activity in nitrogen-limited cultures of Phanerochaete
chrysosporium is dependent on the presence of manganese. Cultures grown in the absence of Mn developed
normally and produced normal levels of the secondary metabolite veratryl alcohol but produced no MnP
activity. Inmunoblot analysis indicated that appearance of MnP protein in the extracellular medium was also
dependent on the presence of Mn. Intracellular MnP protein was detectable only in cells grown in the presence
of Mn. MnP mRNA was detected by Northern (RNA) blot analysis only in cells grown in the presence of Mn.
If Mn was added to 4-day-old nitrogen-limited Mn-deficient cultures, extracellular MnP activity appeared after
6 h and reached a maximum after 18 h. Both actinomycin D and cycloheximide inhibited the induction of MnP
activity by Mn. These results indicate that Mn, the substrate of the enzyme, is involved in the transcriptional

regulation of the MnP gene.

Lignin, the second most abundant natural polymer, is a
complex, optically inactive phenylpropanoid matrix that
constitutes 20 to 30% of woody plants (6, 36). White rot
basidiomycetes are primarily responsible for the initiation of
the decomposition of lignin in wood (4, 16, 20). The white rot
basidiomycete Phanerochaete chrysosporium degrades lig-
nin during the secondary metabolic phase of growth, which
is triggered by limiting cultures for nutrient nitrogen (4, 20).
Under ligninolytic conditions, P. chrysosporium secretes
two extracellular heme peroxidases, manganese peroxidase
(MnP) and lignin peroxidase (LiP), which, along with an
H,0,-generating system, are apparently the major compo-
nents of its lignin degradation system (4, 16, 20). The
structure and mechanism of LiP have been studied exten-
sively (16, 20, 28, 42), and ¢cDNA (7, 44) and genomic
sequences (2, 41, 46) encoding several LiP isozymes have
been reported.

MnP was discovered in our laboratory (22) and has been
purified and characterized (12, 13, 16, 22, 29, 31, 47). This
peroxidase is an H,0,-dependent heme glycoprotein of M,
~46,000 with an iron protoporphyrin IX prosthetic group.
Like LiP, MnP exists as a series of isozymes (26). Nucleo-
tide sequences of cDNAs encoding two MnP isozymes have
recently been reported (32, 33). MnP catalyzes the Mn(II)-
dependent oxidation of a variety of phenolic lignin model
compounds (12, 13, 16, 31, 49). Most importantly, MnP
preferentially oxidizes Mn(II) to Mn(III), and the latter is
chelated by organic acids (13, 16). The Mn(III)-organic acid
complex produced is primarily responsible for the oxidation
of the organic substrates (12, 13, 31, 47, 48). Herein, we
demonstrate that the production of MnP by cultures of P.
chrysosporium is regulated by Mn as well as by nutrient
nitrogen (33). Furthermore, inhibitor studies and Northern
(RNA) blot analysis suggest that this regulation occurs at the
level of gene transcription.
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MATERIALS AND METHODS

Culture conditions. P. chrysosporium OGC101 (1) was
maintained on slants as previously described (14). The
organism was grown at 38°C from a conidial inoculum in
20-ml stationary cultures in 250-ml Erlenmeyer flasks as
described previously (9). Cultures were incubated under air
for 2 days, after which they were purged daily with 100% O,.
Under these conditions, lignin degradation is optimal (16,
20). Unless otherwise indicated, the medium was as previ-
ously described (21), with 2% glucose as the sole carbon
source and 1.2 mM ammonium tartrate (limiting nitrogen) or
12 mM ammonium tartrate (sufficient nitrogen) and 20 mM
sodium-2,2-dimethylsuccinate (pH 4.5) as the buffer. As
indicated, various concentrations of MnSO, were added to a
modified trace elements solution (21). The 10X basal me-
dium contained the following per liter of glass-distilled
water: KH,PO,, 2.0 g; MgSO, - 7H,0, 0.5 g; CaCl,, 0.1 g;
thiamine, 0.01 g; and mineral solution, 10.0 ml. Minerals (per
liter of glass-distilled water) consisted of the following:
nitrilotriacetate, 1.5 g; MgSO, - 7H,0, 3.0 g; NaCl, 1.0 g;
FeSO, - 7TH,0, 100 mg; CoSO,, 100 mg; CaCl, - 2H,0, 100
mg; ZnSO,, 100 mg; CuSO, - 5SH,0, 10 mg; AIK(SO,),, 10
mg; H;BO,, 10 mg; and NaMo - O,, 10 mg. MnSO, - H,O
was added to the indicated concentrations. Mycelium
weights were determined after collection and drying on tared
filter paper disks.

Enzyme assays. MnP activity was measured by using
the diammonium 2,2'-azino-bis(3-ethyl-6-benzothiazolinesul-
fonate) (ABTS) assay as previously described (13). Assay
mixtures (1 ml) contained 20 mM sodium succinate (pH 4.5),
50 mM sodium lactate, 200 pM MnSO,, gelatin (3 mg),
ABTS (80 pg), and 100 pM H,O,. Reactions were initiated
by the addition of 10 pl of culture medium and monitored at
415 nm (13). LiP activity was measured by using the veratryl
alcohol oxidation assay as previously described (15, 43).
Veratryl alcohol in the extracellular medium was separated
by high-performance liquid chromatography using a C-18
reverse-phase column and monitored at 310 nm.

Disc electrophoresis and immunoblotting. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was carried out
as previously described (17, 23). Electrophoretic transfer to
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nitrocellulose was as described previously (45), using a
Bio-Rad transfer apparatus. Rabbit polyclonal antibody was
prepared against purified MnP isozyme I (33). Immunode-
tection was performed according to a modification of a
previous procedure (3, 24). Nitrocellulose transfers were
first incubated in TTBS (10 mM Tris chloride [pH 8.0]
containing 0.05% Tween 20 and 150 mM NaCl) and 3%
gelatin. Transfers were incubated with primary antibody (25
pl of rabbit anti-MnP in 50 ml of TTBS) and washed three
times with TTBS. Transfers were then incubated with goat
anti-rabbit immunoglobulin G conjugated to alkaline phos-
phatase in TTBS. After three further washes, alkaline phos-
phatase was detected by using the 5-bromo-4-chloro-3-in-
dolyl phosphate-nitroblue tetrazolium assay (24). Color
development was stopped by rinsing the transfer in distilled
water. All incubations and washes were carried out at room
temperature with gentle shaking. Intracellular protein ex-
tracts were prepared by grinding frozen mycelia with a
mortar and pestle in liquid N, and extracting with 20 mM
sodium succinate (pH 4.5).

RNA preparation and Northern blot hybridizations. Cul-
tures were filtered through Miracloth, washed twice with
distilled water, quick-frozen in liquid N,, and stored at
—80°C until used. Frozen mycelia (~2 g) were ground to a
powder with a mortar and pestle under liquid N, and
homogenized with a Polytron (Brinkmann Instruments,
Inc.), using three 10-s bursts in 10 ml of TSE (10 mM Tris
chloride [pH 7.5] containing 1 mM sodium dodecyl sulfate
and 5 mM EDTA) and 0.2 mg of proteinase K (Sigma
Chemical Co.) per ml. The mixture was incubated at 45°C for
1 h and then extracted with an equal volume of water-
saturated phenol. The organic phase was back-extracted
with 0.5 volumes of TSE, and the two aqueous phases were
reextracted with an equal volume of phenol. The resultant
aqueous phase was extracted twice with an equal volume of
chloroform-isoamyl alcohol (24:1). Nucleic acids were pre-
cipitated with ethanol and then dissolved in water. RN A was
precipitated with 2 M LiCl, dissolved in water, and stored at
—80°C.

MnP isoenzyme I cDNA (33) was used as a template for
random-primed synthesis of 32P-labeled probes (10). Ran-
dom hexanucleotide primers and [a->2P]JdCTP (800 Ci/mmol)
were obtained from Pharmacia LKB Biotechnology Inc. and
from Dupont, NEN Research Products, respectively. RNA
was electrophoresed in 1.0% agarose gels containing 0.7 M
formaldehyde, transferred to Biotace RP membranes, and
hybridized at 42°C as described elsewhere (R. M. Fourney,
J. Miyakoshi, R. S. Day III, and M. C. Paterson, Focus 10:5,
1988).

RESULTS

A time course for MnP activity in the extracellular me-
dium of nitrogen-limited cultures of P. chrysosporium is
shown in Fig. 1. Cultures grown in the presence or absence
of 180 uM Mn(II) were assayed for enzyme activity from day
1 through day 8. Cultures grown in the absence of Mn had no
detectable MnP activity through day 8, whereas MnP activ-
ity was detectable by day 4 in cultures grown in the presence
of 180 M Mn(II) and reached a maximum on day 5, after
which MnP activity steadily decreased. Under these condi-
tions, cultures grown in the presence of Mn had approxi-
mately two times more LiP activity than cultures grown in
the absence of this metal. However, the appearance of LiP
activity was not absolutely dependent on Mn (data not
shown). Mn(II) could not be replaced by 180 pM Fe(III), Ni,
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FIG. 1. Effect of Mn supplementation on the appearance of
extracellular MnP activity. Nitrogen-limited cultures were grown
from a conidial inoculation as described in the text. Extracellular
MnP activity from duplicate cultures grown in the presence (A) or
absence (O) of 180 M Mn was assayed as described in the text.
Mycelia from triplicate cultures grown in the presence (A) or
absence (@) of Mn were collected by filtration, dried, and weighed.

Mo, Zn, Co, or Mg as an inducer of MnP. Figure 1 also
shows the growth curve for cultures grown in the presence
and absence of Mn. Cultures entered stationary phase on
approximately day 3, and MnP activity in the extracellular
medium reached a maximum on day 5. These results indicate
that the addition of excess Mn did not have a significant
effect on growth. The extracellular medium of cultures
grown in either the presence or absence of Mn contained
approximately 350 pM veratryl alcohol on day 6. There was
also no difference in the linear growth rates (1.54 mm/h) as
measured in growth tubes (35) when P. chrysosporium was
grown on solid, nitrogen-sufficient medium in the presence
or absence of Mn.

The appearance of MnP in the extracellular medium as
detected by immunoblot analysis correlated with enzyme
activity (Fig. 2). In cultures grown in the presence of Mn,
MnP protein was detected starting on day 4, persisting
through day 6. MnP protein was not detectable in the
extracellular medium of cultures grown in the absence of
Mn. To determine whether the absence of MnP in the
extracellular medium of Mn-deficient cultures was the result
of defective secretion, the presence of intracellular MnP was
determined. Immunoblot analysis of intracellular MnP from
5-day-old cells demonstrated MnP protein in cells grown in
the presence of Mn but not in its absence (data not shown).

The effect of Mn concentration on MnP induction is shown
in Fig. 3. P. chrysosporium was grown for 4 days in the
absence of Mn, after which the indicated concentrations of
Mn were added to the media, and the cultures were then
purged with 100% O, and reincubated. No MnP activity was
detected before the addition of Mn(II). MnP activity first
appeared 6 h after the addition of Mn and reached a
maximum 18 to 24 h after the addition. Furthermore, the
extent of induction of MnP activity correlated with the
Mn(II) concentration up to ~180 .M Mn. Above this con-
centration, the effect of induction leveled off (data not
shown). Addition of Mn to the cell-free extracellular medium
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FIG. 2. Immunoblot analysis of extracellular MnP protein. Sam-
ples of the extracellular medium from Mn-deficient and complete
cultures were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, electrophoretic transfer, and immunodetection
as described in the text. Samples were as follows: MnP standard
(lane 1); day 3, Mn deficient (lane 2); day 3, Mn complete (lane 3);
day 4, Mn deficient (lane 4); day 4, Mn complete (lane 5); day 5, Mn
deficient (lane 6); day S, Mn complete (lane 7); day 6, Mn deficient
(lane 8); day 6, Mn complete (lane 9).

from cultures grown for 5 days in the absence of Mn did not
result in detectable MnP activity.

Figure 4 shows an immunoblot analysis of the effect of
various Mn concentrations on MnP induction. Nitrogen-
limited cultures of P. chrysosporium were grown for 4 days
in the absence of Mn. Mn was then added to the indicated
final concentrations, and the cultures were incubated for an
additional 18 h. The intensity of the protein bands detected
by Western immunoblot analysis correlated with the amount
of Mn added to the cultures and reached a maximum at 180
M Mn.

The effects of the inhibitors cycloheximide and actinomy-
cin D on the induction of MnP by Mn are shown in Fig. 5.
When either of these inhibitors was added with Mn to
4-day-old cultures grown in the absence of Mn, subsequent
appearance of MnP activity was inhibited at least 85%. In
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FIG. 3. Effects of various concentrations of Mn on the appear-
ance of extracellular MnP activity. Mn-deficient cultures were
grown for 4 days, after which Mn was added to a final concentration
of 0 uM (O), 10 pM (4), 50 pM (M), or 180 uM (@). At the indicated
time intervals after the addition of Mn, the extracellular MnP
activity was assayed as described in the text. '
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FIG. 4. Effect of Mn concentration on MnP protein induction.
Various concentrations of Mn were added to 4-day-old Mn-deficient
cultures. Samples were removed and subjected to immunodetection
as described in the text. Final Mn concentrations in the cultures
were as follows: 0 uM (lane 1), 90 pM (lane 2), 180 pM (lane 3), 360
uM (lane 4). Lane 5, MnP standard.

vitro MnP activity was not significantly inhibited by these
compounds. The inhibiting effect of the RNA synthesis
inhibitor actinomycin D suggests that Mn regulates MnP
gene transcription, either directly or indirectly. Because of
the inhibition of the appearance of MnP activity by actino-
mycin D, we determined the effect of Mn on the levels of
MnP mRNA. No MnP mRNA was detectable in nitrogen-
limited cultures grown in the absence of Mn (Fig. 6). In
cultures grown in the presence of 180 uM Mn, MnP mRNA
was detected on day 4 and reached a maximum on day 5.
This result is in agreement with the appearance of enzyme
activity and MnP protein in the presence or absence of 180
pM Mn.

DISCUSSION

MnP is a heme-containing enzyme isolated from the extra-
cellular medium of ligninolytic cultures of the white rot
basidiomycete P. chrysosporium (12, 13, 22, 31, 47). MnP
requires H,O, as a cosubstrate and catalyzes the Mn(II)-
dependent oxidation of a variety of simple phenols and
phenolic lignin substructures (12, 13, 31, 47, 49). The en-
zyme oxidizes Mn(II) to Mn(III). The generated Mn(III) is
chelated by an organic acid, and the complex diffuses from
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FIG. §5. Effects of actinomycin D and cycloheximide on the
induction of MnP activity. Mn-deficient cultures were grown for 4
days, after which Mn (180 nM) was added alone (A), simultaneously
with actinomycin D (50 pg/ml) (@), or with cycloheximide (50 p.g/ml)
(O). Extracellular enzyme activity was assayed at the indicated
intervals after the additions, as described in the text.
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FIG. 6. Northern blot analysis of P. chrysosporium RNA probed
with 32P-labeled MnP cDNA. RNA from Mn-deficient and complete
cultures was isolated, separated by electrophoresis, and probed as
described in the text. Samples were as follows: day 4, Mn deficient
(lane 1); day 4, Mn complete (lane 2); day 5, Mn deficient (lane 3);
day 5, Mn complete (lane 4); day 6, Mn deficient (lane 5); day 6, Mn
complete (lane 6).

the enzyme to oxidize the organic substrate (12, 13, 31, 47).
Thus, Mn(III)/Mn(II) acts as a redox couple which presum-
ably can diffuse into the wood and oxidize polymeric lignin.
Although both Mn(II) and phenols are able to reduce the
oxidized enzyme intermediate, MnP compound I, to MnP
compound II, only Mn(II) is capable of efficiently reducing
MnP compound II to the native resting enzyme (47, 48).
Thus, MnP cannot complete its catalytic cycle in the absence
of Mn(II). This appears to explain the absolute' dependence
of MnP catalytic activity on Mn(II).

Lignin degradation by P. chrysosporium is a secondary
metabolic process that is triggered by nitrogen limitation (4,
20); LiP and MnP activities appear in the extracellular
medium only during the secondary metabolic phase of
growth (4, 16, 20, 22, 44). Northern blot analysis has
demonstrated that the expression of LiP (44) and MnP (33) is
controlled at the level of gene transcription by available
nutrient nitrogen.

Previous work indicated that the rate of lignin degradation
by P. chrysosporium and Lentinus edodes (20, 25, 34) and
the production of lignin peroxidase by P. chrysosporium (19)
are influenced by the concentration of Mn and other trace
elements in the culture medium. This finding encouraged us
to examine the effects of Mn on the production of MnP by P.
chrysosporium.

Comparisons of P. chrysosporium linear growth rates and
mycelial biomass production (Fig. 1) in Mn-deficient and
complete cultures indicate that Mn has no significant effect
on growth. In contrast, accumulation of MnP activity in the
extracellular medium of nitrogen-limited cultures is abso-
lutely dependent on the presence of Mn (Fig. 1). Addition of
Mn to the cell-free extracellular medium of cultures grown in
the absence of Mn does not restore MnP activity, indicating
that the role of Mn is not as an activator of the enzyme. This
was tested directly by using protein immunoblotting (West-
ern blotting). Antiserum detects extracellular MnP protein
only in Mn-supplemented cultures, indicating that no active
or inactive extracellular MnP protein is present in the
absence of Mn (Fig. 2). The possibility that the antiserum
used in these experiments does not recognize precursors of
MnP or an apoprotein can be ruled out because the primary
translation product synthesized in vitro is recognized (un-
published results).

Enzyme and immunoblot assays of intracellular extracts
prepared from nitrogen-limited cultures demonstrate that
MnP is detectable only in extracts of cells grown in the
presence of Mn. This finding further suggests that Mn
regulates the synthesis of the MnP protein rather than its
secretion.

When Mn is added to cultures previously grown for 4 days
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in the absence of Mn, extracellular MnP accumulation
ensues within 6 h and reaches a maximum within 18 h (Fig.
3 and 4). The rapid response to Mn suggests that this effect
is probably not indirect, for example, by controlling the rate
of nitrogen depletion and consequently the onset of second-
ary metabolism and production of MnP. The similar growth
curves for cultures grown in the presence and absence of Mn
(Fig. 1) also indicate that Mn probably does not affect
nitrogen utilization. Furthermore, as described above, the
synthesis of the P. chrysosporium secondary metabolite
veratryl alcohol from phenylalanine, which is also triggered
by nitrogen depletion (20, 40), is not affected by Mn. The
concentration of veratryl alcohol in the extracellular medium
of Mn-deficient cultures was the same as in complete cul-
tures (350 nM). The decrease in enzyme activity observed
after the optimal activity is reached may be due to a decrease
in transcription (Fig. 6), a decrease in RNA or protein
stability, or inactivation of the enzyme.

The rapid positive response to the addition of Mn to
4-day-old cultures suggests that the metal affects transcrip-
tional or translational processes during the synthesis of MnP
protein. The effects of the inhibitors actinomycin D and
cycloheximide suggest that Mn is specifically involved in the
transcriptional control of the MnP genes (Fig. 5). The
translational inhibitor cycloheximide would prevent the ap-
pearance of MnP regardless of whether Mn affects transcrip-
tion or translation (Fig. 5). In contrast, the inhibitory effect
of the RNA synthesis inhibitor actinomycin D (Fig. 5)
strongly suggests that Mn is involved in the transcriptional
control of MnP synthesis. Since preexisting MnP mRNA
would probably be translated in the presence of actinomycin
D, it is unlikely that Mn exerts its influence solely by
stabilizing mRNA or by affecting the rate of MnP mRNA
translation. When Mn and actinomycin D are added simul-
taneously to 4-day-old cultures, MnP accumulation is
strongly inhibited (Fig. 5), suggesting that the Mn induction
effect is at the level of transcription. Northern blot analysis
confirms that Mn exerts its influence at the level of transcrip-
tion. MnP mRNA is detectable in 4-day-old Mn-sufficient
cultures but not in Mn-deficient cultures (Fig. 6). All of these
results indicate that Mn, the substrate of the enzyme, is also
regulating transcription of the MnP gene.

The regulation of secondary metabolic processes by metal
ions has been recognized for several decades (50, 51). Mn is
required for the synthesis of such secondary metabolites as
patulin (37-39), malformin (51), and bacitracin (52). In the
best-studied system, Penicillium urticae, Scott et al. (37-39)
have shown that the synthesis of the patulin biosynthetic
enzyme m-hydroxybenzyl alcohol dehydrogenase is regu-
lated by Mn at the level of transcription.

Clarification of the details of Mn regulation of MnP
synthesis will require further study. The metal may complex
to a specific DNA-binding protein, as demonstrated for the
induction of yeast metallothionein by Cu (5, 11). This is an
attractive mechanism because of the high degree of speci-
ficity involved. Metal ion activation of gene transcription has
recently been reviewed (30). Examples include the Hg-MerR
activation of Hg resistance genes of Escherichia coli (30),
molybdenum regulation of nitrogenase in Azotobacter vine-
landii (18), and the Fe-regulating system in E. coli (8).
However, other, less specific mechanisms for Mn induction
are also possible. The activation of an idiophase-specific
RNA polymerase has been proposed for the regulation of
patulin biosynthesis (38). Alternatively, Mn levels might
regulate a secondary messenger such as cyclic AMP. For
example, Mn-specific adenyl cyclases such as have been
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found in yeast cells (27) could be regulating cyclic AMP
levels. However, the latter mechanisms seem less likely
because they would be expected to result in global responses
affecting a variety of secondary metabolic functions such as
the synthesis of veratryl alcohol. We are undertaking addi-
tional experiments to elucidate the site of Mn control of MnP
gene transcription.

ACKNOWLEDGMENTS

This work was supported by grants FG06-86ER-13550 from the
U.S. Department of Energy, DMB 8607279 from the National
Science Foundation, and 86-FSTY-9-0207 from the U.S. Depart-
ment of Agriculture.

10.

11.

12.

13.

14.

15.

16.

LITERATURE CITED

. Alic, M., C. Letzring, and M. H. Gold. 1987. Mating system and

basidiospore formation in the lignin-degrading basidiomycete
Phanerochaete chrysosporium. Appl. Environ. Microbiol. 53:
1464-1469.

. Asada, Y., Y. Kimura, M. Kuwahara, A. Tsukamoto, K. Koide,

A. Oka, and M. Takanami. 1988. Cloning and sequencing of a
ligninase gene from a lignin-degrading basidiomycete, Phaner-
ochaete chrysosporium. Appl. Microbiol. Biotechnol. 29:469-
473.

. Blake, M. S., K. H. Johnston, G. J. Russell-Jones, and E. C.

Gotschlich. 1984. A rapid, sensitive method for detection of
alkaline phosphatase-conjugated anti-antibody on Western
blots. Anal. Biochem. 136:175-179.

. Buswell, J. A., and E. Odier. 1987. Lignin biodegradation. Crit.

Rev. Biotechnol. 6:1-60.

. Butt, T. R., and D. J. Ecker. 1987. Yeast metallothionein and

applications in biotechnology. Microbiol. Rev. 51:351-364.

. Crawford, R. L. 1981. Lignin biodegradation and transforma-

tion. John Wiley & Sons, Inc., New York.

. de Boer, H. A., Y. Z. Zhang, C. Collins, and C. A. Reddy. 1987.

Analysis of nucleotide sequences of two ligninase cDNAs from
a white-rot filamentous fungus, Phanerochaete chrysosporium.
Gene 60:93-102.

. de Lorenzo, V., S. Wee, M. Herrero, and J. B. Neilands. 1987.

Operator sequences of the aerobactin operon of plasmid ColV-
K30 binding the ferric uptake regulation (fur) repressor. J.
Bacteriol. 169:2624-2630.

. Enoki, A., G. Goldsby, and M. H. Gold. 1981. B-Ether cleavage

of the lignin model compound 4-ethoxy-3-methoxyphenyl-glyc-
erol-B-guaiacyl ether and derivatives by Phanerochaete chry-
sosporium. Arch. Microbiol. 129:141-145.

Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132:6-13.

Fiirst, P., S. Hu, R. Hackett, and D. Hamer. 1988. Copper
activates metallothionein gene transcription by altering the
conformation of a specific DNA binding protein. Cell 55:
705-717.

Glenn, J. K., L. Akileswaran, and M. H. Gold. 1986. Mn(II)
oxidation is the principal function of the extracellular Mn-
peroxidase from Phanerochaete chrysosporium. Arch. Bio-
chem. Biophys. 251:688-696.

Glenn, J. K., and M. H. Gold. 198S. Purification and character-
ization of an extracellular Mn(II)-dependent peroxidase from
the lignin-degrading basidiomycete, Phanerochaete chryso-
sporium. Arch. Biochem. Biophys. 242:329-341.

Gold, M. H., and T. M. Cheng. 1978. Induction of colonial
growth and replica plating of the white rot basidiomycete
Phanerochaete chrysosporium. Appl. Environ. Microbiol. 35:
1223-1225.

Gold, M. H., M. Kuwahara, A. A. Chiu, and J. K. Glenn. 1984.
Purification and characterization of an extracellular H,O,-re-
quiring diarylpropane oxygenase from the white rot basidio-
mycete Phanerochaete chrysosporium. Arch. Biochem. Bio-
phys. 234:353-362.

Gold, M. H., H. Wariishi, and K. Valli. 1989. Extracellular

MANGANESE REGULATES Mn PEROXIDASE EXPRESSION

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

.35

3129

peroxidases involved in lignin degradation by the white rot
basidiomycete Phanerochaete chrysosporium, p. 127-140. In
J. R. Whitaker and P. E. Sonnet (ed.), Biocatalysis in agricul-
tural biotechnology. ACS Symposium Series 389. American
Chemical Society, Washington, D.C.

Hames, B. D. 1981. An introduction to polyacrylamide gel
electrophoresis, p. 1-91. In B. D. Hames and D. Rickwood
(ed.), Gel electrophoresis of proteins: a practical approach. IRL
Press, Oxford.

Jacobson, M. R., P. Premakumar, and P. E. Bishop. 1986.
Transcriptional regulation of nitrogen fixation by molybdenuim
in Azotobacter vinelandii. J. Bacteriol. 167:480—486.

Kirk, T. K., S. Croan, M. Tien, K. E. Murtagh, and R. L.
Farrell. 1986. Production of multiple ligninases by Phanero-
chaete chrysosporium: effect of selected growth conditions and
use of a mutant strain. Enzyme Microb. Technol. 8:27-32.
Kirk, T. K., and R. L. Farrell. 1987. Enzymatic ‘‘combustion’’:
the microbial degradation of lignin. Annu. Rev. Microbiol.
41:465-505.

Kirk, T. K., E. Schultz, W. J. Connors, L. F. Lorenz, and J. G.
Zeikus. 1978. Influence of culture parameters on lignin metabo-
lism by Phanerochaete chrysosporium. Arch. Microbiol. 117:
277-285.

Kuwahara, M., J. K. Glenn, M. A. Morgan, and M. H. Gold.
1984. Separation and characterization of two extracellular
H,0,-dependent oxidases from ligninolytic cultures of Phaner-
ochaete chrysosporium. FEBS Lett. 169:247-250.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-68S.

Leary, J. J., D. J. Brigati, and D. C. Ward. 1983. Rapid and
sensitive colorimetric method for visualizing biotin-labeled
DNA probes hybridized to DNA or RNA immobilized on
nitrocellulose: bio-blots. Proc. Natl. Acad. Sci. USA 80:4045-
4049.

Leatham, G. F. 1986. The ligninolytic activities of Lentinus
edodes and Phanerochaete chrysosporium. Appl. Microbiol.
Biotechnol. 24:51-58.

Leisola, M. S. A., B. Kozulic, F. Meussdoerffer, and A. Fiechter.
1987. Homology among multiple extracellular peroxidases from
Phanerochaete chrysosporium. J. Biol. Chem. 262:419-424.
Londesborough, J. C., and T. Nurminen. 1972. A manganese-
dependent adenyl cyclase in baker’s yeast, Saccharomyces
cerevisiae. Acta Chem. Scand. 26:3396-3398.

Marquez, L., H. Wariishi, H. B. Dunford, and M. H. Gold. 1988.
Spectroscopic and kinetic properties of the oxidized intermedi-
ates of lignin peroxidase from Phanerochaete chrysosporium.J.
Biol. Chem. 263:10549-10552.

Mino, Y., H. Wariishi, N. J. Blackburn, T. M. Loehr, and M. H.
Gold. 1988. Spectral characterization of manganese peroxidase,
an extracellular heme enzyme from the lignin-degrading basid-
iomycete, Phanerochaete chrysosporium. J. Biol. Chem. 263:
7029-7036.

O’Halloran, T. V. 1989. Metalloregulatory proteins: metal-
responsive molecular switches governing gene expression, p.
105-146. In H. Sigel and A. Sigel (ed.), Metal ions in biological
systems. Marcel Dekker, Inc., New York.

Paszczyiiski, A., V.-B. Huynh, and R. Crawford. 1986. Compar-
ison of ligninase-I and peroxidase-M2 from the white-rot fungus
Phanerochaete chrysosporium. Arch. Biochem. Biophys. 244:
750-765.

Pease, E. A., A. Andrawis, and M. Tien. 1989. Manganese-
dependent peroxidase from Phanerochaete chrysosporium: pri-
mary structure deduced from cDNA sequence. J. Biol. Chem.
264:13531-13535.

Pribnow, D., M. B. Mayfield, V. J. Nipper, J. A. Brown, and
M. H. Gold. 1989. Characterization of a ¢cDNA encoding a
manganese peroxidase, from the lignin-degrading basidiomycete
Phanerochaete chrysosporium. J. Biol. Chem. 264:5036-5040.
Reid, I. D. 1979. The influence of nutrient balance on lignin
degradation by the white-rot fungus Phanerochaete chryso-
sporium. Can. J. Bot. §7:2050-2058.

Ryan, F. J., G. W. Beadle, and E. L. Tatum. 1943. The tube



3130

36.

37.

38.

39.

41.

42.

43.

BROWN ET AL.

method of measuring growth rate of Neurospora. Am. J. Bot.
30:784-799.

Sarkanen, K. V. 1971. Precursors and their polymerization, p.
95-163. In K. V. Sarkanen and C. H. Ludwig (ed.), Lignins:
occurrence, formation, structure and reactions. John Wiley &
Sons, Inc., New York.

Scott, R. E., and G. M. Gaucher. 1986. Maganese and antibiotic
biosynthesis. II. Cellular levels of manganese during the transi-
tion to patulin production in Penicillium urticae. Can. J. Micro-
biol. 32:268-272. )

Scott, R. E., A. Jones, and G. M. Gaucher. 1986. Manganese and
antibiotic biosynthesis. III. The site of manganese control of
patulin production in Penicillium urticae. Can. J. Microbiol.
32:273-279.

Scott, R. E., A. Jones, K. S. Lam, and G. M. Gaucher. 1986.
Manganese and antibiotic biosynthesis. I. A specific manganese
requirement for patulin production in Penicillium urticae. Can.
J. Microbiol. 32:259-267.

. Shimada, M., F. Nakatsubo, T. K. Kirk, and T. Higuchi. 1981.

Biosynthesis of the secondary metabolite veratryl alcohol in
relation to lignin degradation in Phanerochaete chrysosporium.
Arch. Microbiol. 129:321-324.

Smith, T. L., H. Schalch, J. Gaskell, S. Covert, and D. Cullen.
1988. Nucleotide sequence of a ligninase gene from Phanero-
chaete chrysosporium. Nucleic Acids Res. 16:1219.

Tien, M. 1987. Properties of ligninase from Phanerochaete
chrysosporium and possible applications. Crit. Rev. Microbiol.
15:141-168.

Tien, M., and T. K. Kirk. 1984. Lignin-degrading enzyme from
Phanerochaete chrysosporium: purification, characterization,
and catalytic properties of a unique H,0,-requiring oxygenase.
Proc. Natl. Acad. Sci. USA 81:2280-2284.

44,

47.

49.

50.
S1.

52.

J. BACTERIOL.

Tien, M., and C.-P. D. Tu. 1987. Cloning and sequencing of a
cDNA for a ligninase from Phanerochaete chrysosporium.
Nature (London) 326:520-523.

. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic

transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

. Walther, 1., M. Kalin, J. Reiser, F. Suter, B. Fritsche, M.

Saloheimo, M. Leisola, T. Teeri, J. K. C. Knowles, and A.
Fiechter. 1988. Molecular analysis of a Phanerochaete chryso-
sporium lignin peroxidase gene. Gene 70:127-137.

Wariishi, H., L. Akileswaran, and M. H. Gold. 1988. Manganese
peroxidase from the basidiomycete Phanerochaete chryso-
sporium: spectral characterization of the oxidized states and the
catalytic cycle. Biochemistry 27:5365-5370.

. Wariishi, H., H. B. Dunford, 1. D. MacDonald, and M. H. Gold.

1989. Manganese peroxidase from the lignin-degrading basidio-
mycete Phanerochaete chrysosporium: transient-state kinetics
and reaction mechanism. J. Biol. Chem. 264:3335-3340.
Wariishi, H., K. Valli, and M. H. Gold. 1989. Oxidative cleavage
of a phenolic diarylpropane lignin model dimer by manganese
peroxidase from Phanerochaete chrysosporium. Biochemistry
28:6017-6023.

Weinberg, E. D. 1970. Biosynthesis of secondary metabolites:
roles of trace metals. Adv. Microb. Physiol. 4:1-44.

Weinberg, E. D. 1982. Biosynthesis of microbial metabolites—
regulation by mineral elements and temperature, p. 181-194. In
V. Krumphanzl, B. Sikyta, and Z. Vanek (ed.), Overproduction
of microbial products. Academic Press, Inc. (London), Ltd.,
London. )
Weinberg, E. D., and S. M. Tonnis. 1967. Role of manganese in
the biosynthesis of bacitracin. Can. J. Microbiol. 13:614-615.



