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The new dimethoxycatechol 4,5-dimethoxy-1,2-benzenediol (DMC) and the new dimethoxyhydroquinone
2,5-dimethoxy-1,4-benzenediol (DMH) were isolated from stationary cultures of the brown rot fungus Gloeo-
phyllum trabeum growing on a glucose mineral medium protected from light. The structure was elucidated by
gas chromatography-mass spectrometry through comparison to a synthetic standard. Further confirmation
was obtained by forming a dimethoxyoxazole derivative by condensation of DMC with methylene chloride and
through examination of methylated derivatives. DMC and DMH may serve as ferric chelators, oxygen-reducing
agents, and redox-cycling molecules, which would include functioning as electron transport carriers to Fenton’s

reactions. Thus, they appear to be important components of the brown rot decay system of the fungus.

The fundamental processes that mediate the degradation of
lignocellulose and various anthropogenic chemicals by white
rot fungi such as Phanerochaete chrysosporium have been
known for several years (12, 17). New information refining the
details of these processes in white rot fungi appears frequently.
With regard to the degradation of lignin, a variety of extracel-
lular peroxidases and oxidases, several systems that generate
hydrogen peroxide, several small molecules that mediate free-
radical reactions, and various metal ions together constitute
what has been termed the lignolytic or ligninolytic system.
Lignin degradation by white rot fungi is a free-radical-based
process that has also been termed “biological combustion” (8,
16, 24, 25, 32).

Brown rot fungi, on the other hand, have been much less
investigated than white rot fungi, and their mechanisms of
wood decay remain more of a mystery. Several recent review
articles have attempted to explain the biochemical mechanisms
underlying brown rot decay (1, 14, 19, 28). An understanding
of brown rot decay is needed to limit the damage to wood
products by this type of fungal attack on lignocellulose, dam-
age that costs billions of dollars annually in the United States.
All present models of brown rot decay are only partially sup-
ported by experimental data. All of them assume that such
decay involves a Fenton-type catalytic system that produces
hydroxyl radicals that attack wood components.

A mechanism for the production of hydroxyl radicals by the
brown rot fungus Coniophora puteana was described by Hyde
and Wood (19), whose model suggested the reduction of
Fe(III) by cellobiose dehydrogenase (CDH) within the cells,
diffusion of the Fe(II) produced away from the hyphae, for-
mation of an Fe(II)-oxalate complex, and, finally, Fenton-re-
action-based hydroxyl radical formation at a “safe” distance
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from the hyphae. A weak point of this model is the very slow
interaction of CDH with Fe(III). The production of CDH by
brown rot fungi growing on natural substrates has been ques-
tioned (12), although Schmidthalter and Canevascini (27) did
purify CDH from C. puteana. However, C. puteana may not be
a typical brown rot fungus, if a typical “brown rotter” can
indeed be described (1).

Roles for oxalic acid in both brown rot and white rot decay
were suggested by Shimada et al. (28), who postulated that
brown rot fungi may use oxalic acid as a proton donor for
enzymatic and nonenzymatic hydrolysis of polysaccharides and
as a chelator for an Fe(II)-H,O, system generating hydroxyl
radicals. A model of brown rot decay proposed by Enoki et al.
(10, 11) requires the presence of extracellular NADH or ascor-
bate as a reductant of Fe(III), but no evidence was presented
to suggest that NADH is excreted outside the cells of brown
rot fungi. One unconfirmed report indicates that the white rot
fungus P. chrysosporium secretes NAD' and NADP* (22).

The model of Goodell et al. (14) proposes that a low-mo-
lecular-weight metal chelator other than oxalate is involved in
brown rot wood decay. The authors suggested that the natural
chelators produced by brown rot fungi not only have a strong
affinity for Fe(III) but also mediate redox cycling of iron at the
low pHs associated with these fungal cultures. Fe(II) produced
by the cultures could then react with H,O, to produce active
oxygen species involved in brown rot decay of wood. This
model does not fully explain the electron source needed for the
continuous reduction of Fe(III), a product of Fenton’s chem-
istry.

Here we provide evidence that the brown rot fungus G.
trabeum growing on glucose in a mineral medium synthesizes
de novo and secretes 4,5-dimethoxy-1,2-benzenediol (4,5-di-
methoxycatechol [DMC]) and 2,5-dimethoxy-1,4-benzenediol
(2,5-dimethoxyhydroquinone [DMH]). These compounds were
detectable in 2-week-old cultures, reaching a maximum con-
centration of about 50 pM after 5 to 7 weeks.

MATERIALS AND METHODS

Reagents. All chemicals, unless otherwise specified, were purchased from
Aldrich (Milwaukee, Wis.) or Sigma Chemical Co. (St. Louis, Mo.), at the
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TABLE 1. Mass spectra and GC retention times of aromatic compounds used in this research

Compound (no.)

GC retention

Mass spectrum m/z [relative intensity (%)]

time®

DMC isolated from fungal culture (I) 13.63 170 (79), 155 (100), 127 (36.6), 112 (19.2), 109 (6.3)

DMC (synthetic) (II) 13.70 170 (71.2), 155 (100), 127 (31.5), 112 (15.3), 109 (5.3)

DMH (III) 16.46 170 (60.7), 155 (100), 127 (56.1), 112 (27), 109 (9.0)

DMH (synthetic) 13.40 170 (62.3), 155 (100), 127 (67.5), 112 (32), 109 (8.2)

2,5-Dimethoxy-1,4-benzoquinone (IV) 15.73 170 (28.8), 168 (100), 155 (14.8), 140 (29.1), 138 (39.2), 127 (11.5), 125
(32.6), 112 (47.3), 110 (23.3), 97 (21.4), 82 (11.5), 80 (76.5), 53 (46.2),
41 (18.4)

2,4,5-Trimethoxyphenol (V) 14.19 184 (75.8), 169 (100), 141 (11.9), 126 (26.6), 123 (7.8), 109 (43.8), 95
(7.1), 81 (8.2)

1,2,4,5-Tetramethoxybenzene (VI) (after methyl- 14.65 198 (100), 183 (86.3), 155 (37.0), 140 (27.1), 125 (20.8), 123 (28.7), 111

ation of the culture extract) (3.7), 95 (11.7)

1,2,3,4-Tetramethoxybenzene (VII) 12.68 198 (100), 183 (66.3), 168 (14.1), 155 (10.8), 140 (32.9), 123 (15.7), 97
(10.6), 95 (10.6)

1,2,3,5-Tetramethoxybenzene (VIII) 14.88 198 (66.5), 183 (100), 168 (1.6), 155 (31.4), 140 (18.31), 125 (16.0), 123
(11.7), 109 (5.9), 95 (4.8)

2,3-Dimethoxy-5-methyl-1,4-benzenediol (IX) 11.57 184 (100), 169 (24.4), 154 (10.3), 151 (6.4), 141 (11.3), 126 (25.50), 123
(24.4), 95 (5.4)

2,3-Dimethoxy-5-methyl-1,4-benzoquinone (X) 10.75 182 (80.1), 157 (30.2), 153 (18.2), 139 (27.2), 137 (100), 136 (29.0), 111
(21.7), 96 (12.0), 83 (56.7), 69 (43.4)

1,3-Benzodioxole (XI) 3.85 122 (67.7), 121 (100), 93 (2.2), 86 (5.9), 65 (10.3), 64 (15.9), 65 (24.0)

5,6-Dimethoxybenzo-1,3-dioxole (XIT) 8.55 182 (14.1), 181 (100), 166 (13.7), 138 (92.2), 136 (73.8), 126 (14.8), 124
(68.7), 122 (21.4), 110 (22.0), 109 (41.0), 108 (37.5), 85 (44.1), 82 (30.9)

Benzenethanol (XIII) 5.48 122 (34.7), 92 (66.7), 91 (100), 77 (5.4), 65 (22.5), 63 (4.6), 51 (6.9)

Benzoic acid (XIV) 6.85 122 (89.4), 105 (100), 77 (71.6), 74 (9.4), 51 (27.4), 50 (14.0)

a-Hydroxybenzeneacetic acid methyl ester (XV) 9.01 166 (13.7), 107 (100), 108 (8,5), 79 (60.5), 77 (34.34), 51 (102), 39 (3.0)

“ Underlined retention times represent compounds isolated from G. trabeum cultures.

highest obtainable purity. Coenzyme Q, (2,3-dimethoxy-5-methyl-1,4-benzoqui-
none) was purchased from Fluka (Buchs, Switzerland). 1,2,3,4-Tetramethoxy-
benzene, 1,2,4,5-tetramethoxybenzene, and 1,2,3,5-tetramethoxybenzene were
obtained from Philip Kersten (USDA Forest Products Laboratory, Madison,
Wis.) and were prepared as described earlier (21). 4,5-Dimethoxy-1,2-benzoqui-
none was prepared from catechol according to the method of Wounzlick and
Jahnke (30), slightly modified. Sulfuric acid replaced oxalic and acetic acids for
the removal of lead from the product. Prior to the removal of lead, the quinone
was reduced to its hydroquinone form with Na-dithionite. 2,5-Dimethoxy-1,4-
benzoquinone was prepared by the same procedure, substituting hydroquinone
for catechol. Briefly, a solution containing 2 g of NaOH in 100 ml of pure
methanol and 20 g of PbO, was stirred at 20°C, and a solution of 2.2 g of catechol
or hydroquinone was added dropwise. The mixture was kept under nitrogen at 20
to 24°C for 15 min after the organic reactant was completely added. The resulting
solution was filtered under vacuum to remove PbO. The soluble lead was pre-
cipitated by addition of 50% H,SO, to the filtrate until the pH reached 5. The
suspension was filtered again, and the clear solution was twice extracted with
methylene chloride. The combined solvent extracts were reduced by evaporation
to 1/10 of the original volume. The sample was then acidified with acetic acid,
saturated with nitrogen, and cooled to 5°C, where the products crystallized. To
obtain the corresponding hydroquinones (DMC and DMH), the mixture was
reduced with Na-dithionite (4 g in 10 ml of water) after the first filtration (13).
After reduction, the pH was adjusted to 4 with H,SO,, and the procedure was
continued as described above for the benzoquinones. Benzo-1,3-dioxole (meth-
ylenedioxybenzene) was synthesized from catechol, and 5,6-dimethoxybenzo-1,3-
dioxole was synthesized from 4,5-dimethoxy-1,2-benzenediol as described previ-
ously (5).

Culture conditions. Gloeophyllum trabeum (ATCC 11539) was obtained from
the University of Maine collection. It was grown at room temperature in a
defined liquid medium originally developed for P. chrysosporium (4) and con-
taining 1% glucose, 0.5 mM NH,NO;, 0.5 mM asparagine, and 0.1 mM MnCl,
(20). The medium was buffered with 10 mM 2,2’-dimethylsuccinic acid sodium
salt at a pH of 4.5. Stationary cultures were incubated in Roux flasks containing
150 ml of medium at 24°C. The flasks were inoculated with about 2 cm? of
mycelial mat from a 6-week-old liquid culture. After this material was added, it
was broken into small pieces by shaking the flasks for about 20 s. Since DMC and
related compounds are light sensitive, the cultures were incubated in the dark. In
cultures exposed to laboratory light, DMC was not detected.

Extraction and analysis of culture broths. G. trabeum cultures grown for 2 to
12 weeks were analyzed for production of organic compounds. Noninoculated
media were always prepared alongside experimental flasks and used as controls
for all extractions and analyses. In no cases were the organic metabolites found
in uninoculated cultures. All observations were repeated multiple times to con-
firm their reproducibility (data not presented). In a typical procedure, a culture

was filtered through glass wool to remove mycelia, and the filtrate was extracted
twice with half volumes of methylene chloride. Prior to the second extraction, 0.3
ml of 50% H,SO, was added to the filtrate. Methylene chloride extracts were
combined, dried over Na,SO,, and filtered, and the solvent was removed by
evaporation under a gentle stream of nitrogen. During the concentration step,
the solution was protected from moisture. The dried extract was dissolved in a
small volume of methylene chloride or acetonitrile and analyzed. For some
analyses, the dry extract was first methylated with diazomethane added in meth-
yltertbutyl ether. Diazomethane was generated from Diazald (N-methyl-N-ni-
troso-p-toluenesulfonamide) with a diazomethane-generating glassware kit (Al-
drich) according to the previously described directions (3, 9). Samples were
analyzed on the day of preparation. DMC was unstable in concentrated extracts
and was detectable only in fresh samples.

Gas chromatography-mass spectrometry (GC-MS) was performed with a
Hewlett-Packard (HP) series IT 5890 gas chromatograph equipped with a capil-
lary fused-silica column (30 m by 0.25 mm) coated with CP-SIL 8CB MS
(Chrompack, Middelburg, The Netherlands). The injector temperature was set
at 250°C, and the GC-MS interface was set at 280°C. The analyses were run
under an oven linear temperature gradient from 100 to 200°C at a rate of
5°C/min and then from 200 to 300°C at 20°C/min. Samples (2 pl) were introduced
to the GC by an automatic injector (HP-7673). A HP quadrupole MS (5989A)
controlled by HP MS Chemstation software (PC version) was used for MS
analyses under the following standard conditions: repeller, 7 V; emission, 300 V;
and electron energy, 70 eV. The source temperature was 250°C, and the quad-
rupole temperature was 125°C. The scan parameters were 30 to 350 or 30 to 750
m/z. Perfluorotributylamine was used as the calibration standard for the MS
engine. Interpretation of the MS spectrum was aided by the Wiley and National
Institute of Standards and Technology library of mass spectra stored in the
Chemstation database (approximately 200,000 spectra).

RESULTS

G. trabeum produced a number of aromatic metabolites
while growing in a defined mineral medium with glucose as the
carbon and energy source. The medium was similar to that
used in many studies of the growth of P. chrysosporium, except
that it contained a small additional amount of asparagine to
enhance the yield of this slow-growing brown rot fungus. We
identified benzoic acid (compound XIV), benzene ethanol
(XIII), and the methyl ester of a-hydroxybenzeneacetic acid
(XV). MS spectra of these metabolites (Table 1) gave high-
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FIG. 1. GC-MS three-ion chromatogram of methylated metabolites ex-
tracted from a 4-week-old G. trabeum culture. The ions extracted from the total
ion chromatogram (50 to 650 mass units) were 170, 184, and 198. Single-hydroxyl
methylation increased the mass by 14; two-hydroxyl methylation increased the
mass by 28. Three possible isomeric structures of dihydroxydimethoxybenzene
resulting from methylation are shown.

quality matches with spectra of identical compounds stored in
the Wiley HP Chemstation database (spectra not shown here).
These minor metabolites have not been previously observed in
cultures of G. frabeum and thus increase the number of its
known metabolites beyond those reported in an earlier inves-
tigation of the growth of the fungus on cellulose (14).

G. trabeum cultures also produced, but in significantly higher
concentrations, dimethoxycatechols (i.e., DMC [compound I])
and dimethoxybenzoquinone (DMH [compound III]), both
showing a characteristic molecular weight of 170. A methylene
chloride extract of the culture methylated with diazomethane
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FIG. 2. GC-MS three-ion chromatogram (TIC) of reference tetramethoxy-
benzenes. The retention time and mass spectrum of synthetic 1,2,4,5-tetrame-
thoxybenzene matched the metabolite in the methylated extract shown in Fig. 1.
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FIG. 3. Synthesis of DMC and DMH.

showed the expected conversion of the DMC to 2,4,5-trime-
thoxyphenol (V) and 1,2,4,5-tetramethoxybenzene (VI) (Fig.
1). Thus, the derivatization confirmed that the metabolite con-
tained two free hydroxyl substituents. We observed that by
increasing the reaction time of methylation, the proportion of
DMC converted to tetramethoxybenzene increased. Three syn-
thetic isomeric forms of tetramethoxybenzene were used as
standards (Table 1) to confirm the structure of the fungal
DMC metabolite. The GC retention time and the mass spec-
trum of the methylated fungal product matched those of syn-
thetic 1,2,4,5-tetramethoxybenzene (VI) (Fig. 2). Finally, to
distinguish unequivocally among the isomeric possibilities—
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FIG. 4. (Upper panel) Mass spectrum of natural dimethoxycatechol (DMC)
occurring as a fungal metabolite. (Lower panel) Mass spectrum of synthetic
DMC.
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FIG. 5. Mass spectrum of 5,6-dimethoxybenzo-1,3-dioxole, a reaction prod-
uct of DMC with methylene chloride, under alkaline conditions at a temperature
of 120°C.

1,2-, 1,3-, or 1,4-benzenediol—we prepared synthetic DMC
(II) and DMH (III) from catechol and hydroquinone, respec-
tively (Fig. 3). Compound II might also be prepared by the
method of Prati and Rossi (26). The mass spectrum and GC
retention time of the dimethoxycatechol extracted from the
fungal culture matched synthetic 4,5-dimethoxy-1,3-ben-
zenediol (Fig. 4 and Table 1). Similarly, the mass spectrum and
GC retention time of synthetic 2,5-dimethoxy-1,4-benzenediol
matched the synthetic standard. As further proof of the struc-
ture, the DMC produced by G. trabeum reacted with methyl-
ene chloride to form 5,6-dimethoxybenzo-1,3-dioxole (XII)
(Fig. 5), in a manner similar to that of catechol, which formed
1,3-benzodioxole (methylenedioxybenzedine [XI]) (Fig. 6) (5).
This reaction (Fig. 7) is characteristic of ortho hydroquinones
only. Both dioxoles produced very characteristic mass spectra,
with the most intensive signal from the parent ions minus a
proton (Table 1 and Fig. 5 and 6).

DISCUSSION

The newly described, de novo-synthesized G. trabeum me-
tabolites DMC and DMH were produced during most of the
fungal growth cycle at levels as high as 0.05 mM at 5 weeks.
The concentration then slowly decreased as the culture aged
but remained detectable for up to 12 weeks of culture. DMC
and DMH are interesting compounds in that the methoxyl
groups increase redox reactivity of the hydroxyls, which can
readily reduce oxygen. The methoxy ortho quinone in the two-
electron oxidized form is a good metal chelator. Since DMC
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FIG. 6. Mass spectrum of benzo-1,3-dioxole, a reaction product of catechol
and methylene chloride.
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FIG. 7. Reaction of DMC with methylene chloride.

was found both extracellularly and within the fungal cells, it is
a good candidate for an electron carrier between hyphae and
Fenton reaction centers outside the cell. Also, DMC and
DMH in their quinone forms could be directly involved in a
variety of redox reactions during brown rot decay of lignocel-
lulose. DMC and DMH thus appear to fit well into the Fenton
chemistry model of brown rot decay of wood proposed by
Goodell et al. (14).

DMC has several important implications for fungal brown
rot decay mechanisms. This compound first of all is similar in
structure to catecholate-type ferric-chelating agents previously
described in microorganisms (31). Such catechol-containing
siderophores include, for example, chrysobactin, enterobactin,
and vibriobactin (31). Thus, DMC may serve to increase the
availability and solubility of Fe(III) outside the fungal cells.
Fe(III) and DMC should form a classic octahedral, hexacoor-
dinate complex involving three molecules of DMC and one of
Fe(III). It is well known that the solubility of Fe(III) oxyhy-
droxy polymers in natural aquatic environments is very low.
The concentration of Fe(III) in water in the presence of air is
estimated to be about 10~ '®* M at pH 7.4 (23). For Fenton’s
reactions to occur at an appreciable rate, the Fe(III) must be
solubilized before it can be reduced to the Fe(II) state, whose
solubility is on the order of 100 mM. Thus, DMC may well
facilitate the stabilization in solution of Fe(III) to make it
available for reduction to Fe(II) and participation in extracel-
lular Fenton’s reactions.

Another important role for DMC and DMH may be as the
major participants in an extracellular redox cycle. DMC is
probably involved in the reduction of other compounds as part
of a hydroquinone-quinone redox cycle in which the hydroqui-
none loses electrons to form the corresponding benzoquinone
(Fig. 8). We suggest that a quinone cation radical might be
involved in fungal cultures, since their acidic conditions favor
that route (Fig. 8) (29), rather than the semiquinone radical as
postulated by Guillen et al. (15).

DMC and DMH can also participate in the reduction of

In alkaline solution
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FIG. 8. Redox reaction of DMC under alkaline and acidic conditions. The
formation of semiquinone radicals is more probable under alkaline conditions
(29), but cation radicals will be more probable under acidic conditions of G.
trabeum culture.
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Redox cycling by 4,5-dimethoxycatechol
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FIG. 9. Oxygen reduction by DMC. Superoxide ions and hydrogen peroxide
will be formed as a result of this reaction. Superoxide dismutase (SOD) could
catalyze the removal of oxygen free radicals, increasing the pool of available
hydrogen peroxide (15). The resulting quinone could be reduced to hydroqui-
none by quinone-specific reductases.

oxygen to a superoxide anion and hydrogen peroxide (Fig. 9)
(15). Superoxide dismutase, found universally in aerobic mi-
croorganisms, will convert superoxide anions to hydrogen per-
oxide, an activity reported in saprophytic fungi (18). Its inter-
action with lignin peroxidase as a source of hydrogen peroxide
has been suggested (2).

We observed only the hydroquinone forms of DMC and

PRB3835S
4000000
3500000 {
3000000
2500000
2000000
1500000 §

10000004 "

5000004

4

TIC: GLEOPHSQ.D j

. T T 5 T T —1 T
FTime--> 5.00 10.00 15.00 20.00 25.00 30.00
pbundance Scan 307 (11.492 min): GLEOPHSQ.D

700000 184

165

600000 +

500000 ]

400000 4

300000 1

126
200000 ] 12
69
100000 39 53 141 g,
go 95
109
0 : 3L .MM .\1“\ _h“w, u[“r, ,mUH ol L‘J LI : “ - HET,

m/z--> 20 40 60 80 100 120 140 160 180

FIG. 10. Reduction of coenzyme Q, by a culture of G. trabeum. The reduced
Q, retention time was 11.57 min; the original Q, retention time was 10.75 min.
The GC-MS chromatogram shows Qqreduceay (Upper panel) and Qqoxidized)
(lower panel) in a culture extract after 4 days of incubation with 20 ppm of Q,
added at time zero. DMC eluted at 12 min. The mass spectra of reduced and
oxidized coenzyme Q, are shown in Table 1. TIC, total-ion chromatogram.
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DMH in culture filtrates or cells of G. trabeum, which implies
the presence of quinone-reducing enzymes in the fungus. Sev-
eral quinone-reducing enzymes have been isolated from vari-
ous fungi, and their properties and functions were discussed in
a recent review (1). These specialized enzymes, which convert
quinones to hydroquinones both within and outside the fungal
hyphae, include cellobiose-quinone oxidoreductase, cellobiose
dehydrogenase, and intracellular NAD(P)H-dependent qui-
none reductases (6, 7). G. trabeum was able to reduce Q,
(compound X). After 1 day of incubation in a 2-week-old
stationary culture, 50% of a 10 mg/liter addition of Q, was
reduced to the hydroquinone form (IX). After 4 days, the
conversion was 90%, and very little degradation of the IX
formed was observed over the course of the experiment (Fig.
10).

We recognize that DMC and DMH may not be the only
hydroquinones produced by G. trabeum under all growth con-
ditions (14). However, the isolated hydroquinones are clearly
important metabolites of this fungus under the growth condi-
tions we employed. Thus, we have observed significant
amounts of the new metabolites DMC and DMH in glucose-
fed cultures of G. frabeum an mineral medium. We have also
observed strong reductive capacity of the fungal cultures to-
ward quinone structures. These data imply multiple roles of
DMC in fungal brown rot, including stabilizing Fe(III) for
reduction to Fe(II) and thereby increasing the availability of
iron for extracellular Fenton’s reactions. DMC and DMH may
also function directly in redox cycling with iron and other
molecules, as they appear to remain in their reduced hydro-
quinone form throughout the fungal growth cycle.
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