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Glyoxal oxidase (GLOX) is an H202-producing enzyme secreted by ligninolytic cultures of Phanerochaete
chrysosporium. The oxidase is reversibly inactivated during purification, but can be reactived when coupled to
lignin peroxidase (LiP) with veratryl alcohol as the peroxidase substrate. To characterize the modulation of this
extracellular oxidase activity, we studied effects of pH, peroxide concentration, peroxidase source (fungal vs
plant), and peroxidase substrate with recombinant GLOX (rGLOX). Our results show that a peroxidase system
is not required for rGLOX activity. However, the activity is transient and the enzyme is partly and reversibly
inactivated by the produced peroxide. rGLOX activity is more sustained at pH 6 than pH 4.5, and therefore the
activation at pH 4.5 by a coupled peroxidase system is more clearly demonstrable. Results with peroxidase
substrates of widely varying redox potentials strongly suggest that oxidized intermediates produced by coupled
peroxidases are the GLOX activators. Both LiP and horseradish peroxidase (HRP) may be used to fully activate
rGLOX using methoxybenzenes as peroxidase substrates. Notably, rGLOX is activated when lignin itself is used
in coupled reactions with LiP. In contrast, guaiacol and catechols are both inactivating and lignin degradation
products are expected to have similar effects. Taken together, our results suggest that ligninolysis by peroxidase
could be regulated by GLOX activity and influenced by the presence of veratryl alcohol, lignin, and lignin
degradation products. Such coordinated metabolism would influence the kinetics of free radical generation by the
LiPs and, therefore, the overall efficiency of lignin depolymerization.
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Introduction

The extracellular components of the ligninolytic system of
Phanerochaete chrysosporium discovered so far include
two types of peroxidases that are classified as lignin perox-
idases (LiPs) and manganese peroxidases (MnPs) (for re-
views see references 1 and 2). An H202-producing enzyme
glyoxal oxidase (GLOX) is also secreted by Phanerocha-
ete.3 LiPs initiate the degradation of lignin model com-
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pounds by oxidizing the substrates by one electron to gen-
erate reactive intermediates that spontaneously fragment.
Both LiPs and MnPs are thought to be major enzymes im-
plicated in the initial breakdown of lignin in situ and both
types of enzymes are indeed able to partially depolymerize
natural or synthetic lignins in vitro. 4-7 Considering the role
of peroxidases in lignin degradation, GLOX is also clearly
an important enzyme of the ligninolytic system of P. chry-
sosporium as a physiological H202 source. Furthermore,
GLOX can be purified in an inactive form that is reactivated
by lignin peroxidase catalysis.8 This suggests that GLOX
may play a pivotal role in regulating the extracellular per-
oxidase activities in culture by modulating peroxide produc-
tion.

Kinetic and biophysical properties of purified GLOX
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have been determined.8 The enzyme is a glycoprotein of
approximately 68 kDa and maybe activated by Cu2+ after
purification of the enzyme; the mechanism for this activa-
tion has not been fully explained. The substrate specificity
of GLOX is broad, with simple aldehyde and ci-hydroxy  -
carbonyl compounds supporting activity. Two substrates,
methylglyoxal and glyoxal, have been found in ligninolytic
cultures of P. chrysosporium grown on glucose. It would
also appear that fragmentation of lignin by LiP activity may
provide two-carbon fragments (e.g., glycoladehyde) as an-
other source of GLOX substrates. 9 Further suggesting a
close physiological relatedness between the enzymes, the
transcripts of GLOX and LiP are coordinately expressed in
both nitrogen- and carbon-starved cultures. 10,11 The pri-
mary structure of GLOX, as predicted from its cDNA se-
quence, shows no significant homology with other recorded
proteins. 10

The emphasis of the present study was to characterize the
reversible inactivation and reactivation of GLOX in uncou-
pled and peroxidase-coupled reactions. Effects of pH, per-
oxide concentration, peroxidase source (fungal vs plant),
and peroxidase substrate on GLOX activity were deter-
mined. The availability of recombinant peroxidase-free
GLOX (rGLOX) greatly enhanced the experimental feasi-
bility because of the high enzyme levels required for oxy-
gen-uptake experiments.

12 Regulation of metabolism is a
critical aspect in any biological system for the control of
metabolize concentration and flux. The possible physiolog-
ical significance of such a regulated peroxide source in lign-
inolysis in discussed.

Materials and methods

Enzymes and enzymatic activities

LiP was produced from P. chrysosporium BKM F-1767 (ATCC
24725) as described previously. 8 The LiP isozyme H1 was puri-
fied as previously described13 and used throughout this study. LiP
activity was assayed spectrophotometrically by veratryl alcohol
oxidation at 25°C in 0.1 M Na-tartrate buffer, pH 3.14 A small
residual GLOX activity was found in LiP H1 preparation. How-
ever, the contaminating GLOX activity from purified LiP was
<2% of the total GLOX activity in our experimental conditions.

rGLOX corresponding to glx- 1c of P. chrysosporium was pro-
duced in Aspergillus nidulans.10,12 The crude culture medium 
(900 ml) was filtered through glass wool, concentrated 21-fold by
tangential ultrafiltration (Minitan, Millipore Corp., Bedford, MA)
and dialyzed against 5 mM sodium phosphate, pH 7. This prepa-
ration was then used without further purification. For control ex-
periments, concentrated culture fluid from Aspergillus trans-
formed with the selection marker but not with glx- lC was prepared
as described earlier for the GLOX recombinant strain. GLOX
activity was determined at 25°C in 0.05 M Na-dimethylsuccinate
buffer, pH 6, with methylglyoxal as oxidase substrate and phenol
red as peroxidase substrate in a coupled reaction with horseradish
peroxidase (HRP).8 No peroxidase activity was found in the con-
centrated rGLOX preparation. Finally, no GLOX or peroxidase
activities were detected in the concentrated fluid of the strain trans-
formed only with the selection marker.

HRP (type II) and catalase were obtained from (Sigma, St.
Louis, MO) and used without further purification. HRP activity
was assayed at 25°C in 0.05 M Na-dimethylsuccinate buffer, pH
4.5, by guaiacol oxidation as previously described.15

Chemicals

Methylglyoxal (Sigma) was used as rGLOX substrate throughout
this study without further purification. The syntheses of 1,2,3,4-
tetramethoxybenzene (1,2,3,4-TMB), 1,2,3,5-tetramethoxyben-
zene (1 ,2,3,5 -TMB), and 1,2,4,5 -tetramethoxybenzene (1,2,4,5-
TMB) were as previously described. 16 Veratryl alcohol (Fluka)
was vacuum-distilled prior to use. Lignin was purified from Sitka
spruce (Picea sitchensis) cell-wall residue as previously de-
scribed17 All other chemicals were of analytical grade and used
without further purification. Deionized, ultrafiltrated water (Milli -
Q; Millipore Corp.) was used in all experiments.

Oxygen and hydrogen peroxide measurements

Dissolved oxygen concentrations in rGLOX-catalyzed reactions
were determined with a YSI model 53 electrode (Yellow Springs
Instruments, Yellow Springs, OH). Hydrogen peroxide production
was also monitored electrochemically with a Pt/Ag electrode (YSI
2510). All reactions were performed at 25°C and in a 2-ml ther-
mostated chamber (Gilson, Middleton, WI) fitted with either the
oxygen or hydrogen peroxide electrode. In all cases, the chamber
was capped to limit oxygen diffusion. All components of the re-
action media were tested for artifactual responses with the elec-
trodes. Guaiacol and 1,2,4,5-TMB induced strong artifactual cur-
rents with the peroxide electrode. In these cases, H202 was mea-
sured by the amount of oxygen liberated when excess catalase ( 1
mg) was added to reactions that were monitored with the oxygen
electrode.

rGLOX-uncoupled and peroxidase-coupled reactions

Experiments were designed to test the effects of pH (4.5 vs 6.0),
peroxidase (LiP vs HRP), and peroxidase substrate, on rGLOX
activity. Unless specified otherwise, components were used at the
following concentrations: 20 mM Na-dimethylsuccinate buffer (pH
4.5 or 6), 10 mM methylglyoxal, 4.5 nkat ml -1 rGLOX, 2 mM

peroxidase substrate, and either LiP or HRP at 25 µg ml -1 (12
nkat ml -1) and 10 µg ml -1 (14 nkat ml -1), respectively. Lignin
was used as peroxidase substrate at a concentration of 1 mg ml –1,
We also added 5% (v/v) dimethylformamide to the reaction me-
dium to obtain the desired colloidal state. 17

Lignin structural analysis

Chemical analysis of lignin was performed by thioacidolysis di-
rectly on the freeze-dried reaction medium as previously de-
scribe d.18,19 This method allows the quantitative determination of
monomers linked in the polymer by &O-4 bonds. The degrada-
tion yields of ether-linked guaiacyl and catechol-like structures in
oxidized lignins were determined relative to control experiments
performed without LiP. 19

Results
The experiments described here were designed to identify
the interactions required for the reversible inactivation of
GLOX and its reactivation in a coupled peroxidase reaction.
Thus, rGLOX activity was first studied in the absence of a
peroxidase system. Conditions for enzyme inactivation
were determined and the possibility of end-product inhibi-
tion checked. Then the influences of peroxidases (LiP vs
HRP) and their associated substrates on rGLOX activity
were investigated. Lignin as the natural substrate for LiP
was also tested for its effects on the coupled activity of
rGLOX and to assess the physiological significance of such
an enzymatic system in ligninolysis.
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rGLOX activity in the absence of peroxidase

Previous study showed that purified GLOX from P. chry-
sosporium is inactive unless coupled to a peroxidase sys-
tem. 8 The availability  of rGLOX provided the opportunity
to study active rGLOX before purification, and in the ab-
sence of contaminating peroxidases. Figure 1 clearly shows
that rGLOX is active as determined by oxygen uptake in the
presence of methylglyoxal. Peroxide production is concom-
itant with oxygen consumption and is in reasonable agree-
ment with a stoichiometry of 1:1. (data not shown). The
initial uptake rates and total oxygen consumption by
rGLOX are dependent on both enzyme concentration and
pH. It is also apparent that there is a progressive inactiva-
tion during enzyme turnover. These effects are more appar-
ent at pH 4.5 than at pH 6.0 and cannot be simply explained
by Michaelis-Menten kinetics in response to oxygen con-
centration.

Influence of H2O2 on rGLOX activity

A plausible explanation for the progressive inactivation of
rGLOX during enzyme turnover is product inhibition by
H2O2; H2O2 would accumulate in the absence of a peroxi-
dase system. Figure 2 shows the inactivation of rGLOX at
pH 4.5 and 6 by various concentrations of hydrogen per-
oxide. rGLOX is clearly more sensitive to H2O2 at pH 4.5
than at pH 6; indeed, a total inhibition of the oxygen uptake
is obtained at pH 4.5 with only 0.2 mM H2O2. In contrast,
25% of the initial rate is observed at pH 6 with 2.1 mM

H2O2. When excess catalase (1 mg) was added to the reac-
tion medium containing rGLOX and methylglyoxal at pH
4.5, the progressive inhibition was diminished and a low
but continual consumption of dissolved oxygen was ob-
served (data not shown).

Figure 1 Activity of rGLOX at pH 4.5 and 6.0. Reactions were
followed by oxygen consumption at pH 4.5 (A) and 6.0 (B). The
initial reactions contain buffer and methylglyoxal. Reactions
were initiated with rGLOX (arrow) with activities ranging from
5.5 to 60 nkat ml-’, as indicated at the end of each trace. En-
zymes units were determined with the standard assay at pH 6.0
with phenol red and HRP as described in MATERIALS AND METHODS

Figure 2 Inhibition of rGLOX at pH 4.5 and 6.0 by exogenous
H 202. Reactions were followed by oxygen consumption at pH
4.5 (A) and 6.0 (B) with reaction solutions as in figure 7 but with
exogenous peroxide as indicated (µM). The reactions were ini-
tiated with 4.5 nkat ml- I rGLOX (arrow)

Activation of rGLOX by LiP and model compounds

Previous study showed that GLOX is activated by LiP plus
veratryl alcohol. 8 To establish the experimental conditions
for observing this activation, we varied the LiP concentra-
tions in our standard conditions at pH 4.5 and measured O2

consumption responses (Figure 3). Activations were not
immediate or complete with low LiP concentrations. By
increasing peroxidase levels, activations proceeded more
rapidly and were maximal at LiP activities >8 nkat ml –1.
Further analyses were therefore performed with 12 nkat LiP
m l– 1.

To test the role of the peroxidase substrate in this acti-
vating system, we ran a series of reactions. In addition to
veratryl alcohol, several methoxybenzene congeners, guai -
acol, catechol, and lignin were tested in coupled reactions
(Figure 4). All tetramethoxybenzenes used in this study are

Figure 3 Activation of rGLOX as a function of LiP concentra-
tion. Reaction solutions contained, methylglyoxal, veratryl alco-
hol, and LiP as indicated (nkat ml -1, units determined with stan-
dard assay at pH 3.0). The reactions were initiated with 4.5 nkat
ml -1 rGLOX (arrow)
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Figure 4 Activation of rGLOX as a function of LiP substrate.
Reaction conditions were as in Figure 1 but with 4.5 nkat ml-1

rGLOX and peroxidase substrate as indicated. After inactivation
of oxidase, LiP was added. When lignin was used as the perox-
idase substrate, 5% dimethylformamide was also included in
the reaction medium. VA, veratryl alcohol

readily oxidized by LiP, whereas anisole is not. 20 Guaiacol
was slowly oxidized by LiP and H2O2 at pH 4.5; activity
was about 1 to 2% that of HRP at the same enzyme con-
centration (data not shown).

Veratryl alcohol is not unique in the activation of
rGLOX by an LiP-coupled system; 1,2,4,5-TMB (E ½ =
0.81 V), 1,2,3,5-TMB (E ½ = 1.09 V), and 1,2,3,4-TMB
(E ½ = 1.25 V) also activate the oxidase very effectively
(Figure 4). With 1,2,3,5-TMB, the peroxide that accumu-
lated prior to LiP addition was rapidly consumed and the
peroxide concentration returned to zero. With 1,2,3,4-
TMB, there was first a burst in peroxide concentration on
addition of LiP and then levels quickly returned to zero.
Experimental conditions did not allow us to follow peroxide
kinetics with 1,2,4,5-TMB. Only very weak rGLOX acti-
vation was observed with anisole (E ½ = 1.76, the meth-
oxybenzene of highest redox potential). In this case, per-
oxide slowly accumulated with addition of LiP. Even
though guaiacol was oxidized in the coupled system (as
evidenced by spectrophotometric measurements), activation
of rGLOX was marginal. The response with catechol was
unusual in that it inactivated rGLOX even prior to LiP ad-
dition.

Activation of rGLOX by LiP and
macromolecular lignins

30% decrease in guaiacyl units involved in (3-0-4 linkages,
and the formation of substantial amounts of 3 ,4-dihydroxy-
phenylpropane substructures.

Activation of rGLOX by HRP and model compounds

The possibility that a peroxidase other than LiP could acti-
vate rGLOX was tested with the same array of monomeric
substrates and with HRP (Figure 5). Previous results indi-
cated that 1,2,4,5-TMB is readily oxidized by HRP and
H 2O 2, whereas 1,2,3,5-TMB is a poor substrate, and
1,2,3,4-TMB oxidation is not detected. 20 Interestingly,
HRP slowly oxidizes veratryl alcohol as evidenced by the
low but significant increase in absorbance at 310 nm (data
not shown). The veratryl alcohol-oxidizing activity deter-
mined for HRP at pH 4.5 is equivalent to 0.01 % that of LiP
at the same enzyme concentration. We therefore established
experimental conditions for the maximal activation of
rGLOX with HRP using 1,2,4,5-TMB as peroxidase sub-
strate. Accordingly, 14 nkat ml –1 HRP was used in the
standard conditions.

An HRP-coupled reaction can also activate rGLOX, but
the pattern of activation with peroxidase substrates is clearly
different than with LiP (Figure 5). Indeed, only the 1,2,4,5-
TMB coupled reaction fully activated rGLOX with HRP.
The oxidase was moderately activated with veratryl alcohol,
1,2,3,4-TMB and 1,2,3,5-TMB, but only marginally with
anisole. With these poor HRP substrates, there was an ac-
cumulation of peroxide with no detectable consumption
rates. Finally, as shown for LiP, the activation with HRP
and guaiacol was marginal and no significant peroxide ac-
cumulation was detected using catalase.

Inhibition of rGLOX activation by guaiacol
and catechol

The results presented here show that activation of rGLOX
with guaiacol and LiP or HRP is marginal (Figures 4 and

Moderate activation of rGLOX was also observed with
macromolecular spruce milled wood lignin plus LiP (Figure
4). The presence of 5% dimethylformamide in the reaction
medium did not affect rGLOX activity. When veratryl al-
cohol was included in the reaction medium, oxygen con-
sumption by rGLOX increased, but was not as fast as with
rGLOX, LiP, and veratryl alcohol alone. Finally, under
closely related experimental conditions, chemical charac- Figure 5 Activation of rGLOX as a function of HRP substrate.
terization of oxidized lignins by thioacidolysis showed a Reaction conditions were as in Figure 4
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5), even though this substrate is oxidized by the peroxi-
dases. To test whether these conditions with guaiacol gen-
erate rGLOX inhibitors, the oxidase was incubated with
guaiacol under otherwise activating conditions (LiP plus
veratryl alcohol). Figure 6 shows indeed that rGLOX ac-
tivity is rapidly inhibited by guaiacol addition to a LiP plus
veratryl alcohol system. Furthermore, such inhibition oc-
curs only during guaiacol oxidation, as guaiacol alone did
not inhibit rGLOX in the absence of a peroxidase, nor did
its final oxidation products interfere with rGLOX activa-
tion. Similar results were obtained with HRP in place of
LiP. As with guaiacol, catechol rapidly inactivated rGLOX
in the presence of peroxidases and veratryl alcohol.

Discussion

rGLOX activity in the absence of a coupled
peroxidase system

First, we demonstrated that rGLOX is able to produce hy-
drogen peroxide at a basal level without the participation of
a coupled peroxidase system. This reaction is characterized
by a rapid initial oxygen consumption and hydrogen perox-
ide production, followed by a progressive inactivation of
the enzyme. Similar progressive and reversible inactivation,
as determined by oxygen consumption, was also observed
with crude, concentrated, and dialyzed extracellular protein
from ligninolytic cultures of P. chysosporium (unpublished

Figure 6 Inhibition of rGLOX activation by guaiacol. Reactions
were first run with rGLOX with methylglyoxal (MG) plus guaia-
col (G) and veratryl alcohol (VA, trace 1) or methylglyoxal plus
veratryl alcohol (traces 2 and 3). For clarity, traces begin after
almost total inactivation of rGLOX. The reactions were then fur-
ther continued with LiP (traces 1 and 3) or with LiP plus an
immediate addition of guaiacol (trace 2)

results). Our data suggest that the progressive inactivation
of rGLOX could be related to the accumulation of peroxide
during catalysis. However, only a partial inhibition of
rGLOX was observed when exogenous H2O2 was added at
levels equivalent to those obtained after peroxide accumu-
lation during catalysis at pH 4.5 and 6. Thus, simple feed-
back inhibition by H2O2 does not solely explain the phe-
nomenon. The progressive inactivation of rGLOX observed
in the absence of a peroxidase system may therefore be a
consequence of both enzyme turnover and peroxide inhibi-
tion of catalytic activity.

Regulation of rGLOX catalytic activity by
peroxidase-substrate couples

We have characterized the (in)activation of rGLOX with
three classes of peroxidase substrates: nonphenolic mono-
mers, phenolic monomers, and polymeric lignin. Two dif-
ferent peroxidases were also tested in the coupled reactions,
LiP from Phanerochaete and the plant peroxidase HRP. A
critical difference between these enzymes is that LiP has
enzyme intermediates of higher redox potential, albeit ex-
hibiting the same catalytic cycle as HRP, i.e., native en-
zyme, Compound I (a two-electron oxidized intermediate),
and compound II (a one-electron intermediate) which is
then reduced back to native resting peroxidase.21,22

Nonphenolic methoxybenzenes were chosen to test
whether the redox potential of these compounds could affect
the ability of the peroxidase system to activate rGLOX.
Such congeners of the homologous series of methoxyben-
zenes vary in redox potential and have been useful in char-
acterizing the oxidations catalyzed by LiP, HRP, laccase,20

and MnP. 23 The results obtained here strongly suggest that
oxidized intermediates produced by coupled peroxidases are
the GLOX activators. Indeed, the best nonphenolic sub-
strates for the peroxidases provide the best activation. Also,
poor peroxidase substrates yield moderate activation of the
oxidase, probably because of the low amounts of rGLOX
activating intermediates formed. A direct consequence of
this weak peroxidase reaction is the accumulation of H2O2

in the medium after rGLOX activation, which could in turn
lead to a partial inactivation of rGLOX as demonstrated in
Figure 2.

In contrast to the methoxybenzenes, guaiacol does not
activate rGLOX in the presence of peroxidase, even though
guaiacol is oxidized by both LiP and HRP without accumu-
lation of peroxide. Furthermore, guaiacol has no effect on
the progressive inactivation of rGLOX in the absence of a
peroxidase, but strongly inhibits the oxidase activation with
veratryl alcohol and LiP. Thus, the effect of guaiacol ap-
pears to be both inhibition of activation, and of rGLOX
activity in the presence of a peroxidase. Catechol, however,
inhibits rGLOX in the absence or presence of peroxidase,
suggesting a different type of interaction of this substrate
with the oxidase. Clearly, these multiple and divergent ef-
fects of peroxidase substrates cannot be explained in simple
terms of reactivity of the substrates with peroxidases. The
specific components and their interactions in regulation
(e.g., protein-protein interaction, electron transfer reac-
tions, radical mediation, etc.) must be determined before a
mechanism for modulation of GLOX activity can be drawn.
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On the physiological role of GLOX in ligninolysis

This study has shown that rGLOX is regulated in the pres-
ence of a coupled enzyme system using monomers as the
peroxidase substrates. Indeed, the inhibition and activation
of rGLOX is described, as is the prevention of activation by
certain peroxidase substrates. Notably, macromolecular
spruce lignin is also an activator of rGLOX and is clearly
oxidized during the catalysis; a decrease in guaiacyl units
involved in (3-0-4 linkages, and a partial demethylation or
demethoxylation of the lignin is observed. In the context of
this study, such lignin chemistry is of interest because the
oxidation of lignin may lead to the formation of effecters
with inactivating properties similar to those described here
(i.e., guaiacol and catechol). Thus, a full complement of
regulatory elements, including components derived from
lignin, may control GLOX catalysis during ligninolysis.
Finally, mutual regulation of peroxidases and GLOX could
lead to controlled radical formation in lignin resulting in
sustained activity for LiP and limitation of radical coupling
reactions, driving the oxidative process toward depolymer-
ization.
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