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Determination of the activity of laccase, and mediated oxidation
of a lignin model compound, in aqueous-organic mixed solvents
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Abstract

The activity and stability of laccase fromPoliporus pinsitusin ten mixed solvents, consisting of 1:1 buffered-water/organic-cosolvent, is
studied by resorting to the new spectrophotometric assay based on 3-hydroxyantranilic acid (HAA). The enzyme is found to initially retain at
least 70% of its activity, for content as high as 60% (w/w) of cosolvents such as dioxane, isopropanol, ethylene glycol, and acetonitrile, and
the results obtained by use of the HAA assay are compared with those obtained with other chromogens and laccases of different origin. The
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nzyme activity does not remain stable in the mixed solvents, but decreases as a function of time; the decrease becomes subs
4-hours period in the case of dioxane, isopropanol, or acetonitrile, whereas ethylene glycol does not affect the enzymatic activity
esult of the present study is the evaluation of the effect caused by the cosolvents on the efficiency of oxidation of an hydrophobic no
ubstrate when using four laccase-mediator (ABTS, HPI, VLA, TEMPO) systems. Some mediator-specific solvent effects emerge
2004 Elsevier B.V. All rights reserved.
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. Introduction

In our preliminary investigation on the activity of laccase
EC 1.10.3.2) in mixed solvents[1], it has been demon-
trated that the well-established spectrophotometric assay
ased on ABTS•+ as the indicator[2] is unreliable in the
resence of dioxane. As a better alternative to ABTS or
ther chromogens, such as pyrocatechol, syringaldazine, and
,6-dimethoxyphenol, a natural substrate of laccase such as
-hydroxyantranilic acid (HAA)[3] has been proposed for
se in aqueous-organic mixed solvents[1]. By means of this
ew assay, which is based on the oxidation/dimerisation re-
ction depicted inFig. 1, it was shown that laccase from
oliporus pinsitusinitially retains a significant fraction of

Abbreviations:HAA (3-hydroxy-antranilic acid); ABTS (2,2′-azinobis
3-ethylbenzothiazoline-6-sulfonate) salt); HPI (N-hydroxyphthalimide);
LA (violuric acid); TEMPO (2,2′,6,6′-tetramethyl-piperidine-N-oxyl).

∗ Corresponding author. Fax: +39 06 490421.
E-mail address:carlo.galli@uniroma1.it (C. Galli).

its activity when exposed to aqueous buffer/dioxane
at 25◦C. However, the activity decays within few hou
and this inactivation is yet more pronounced at 45◦C. In
the present study, the affinity of laccase for HAA is de
mined in buffered-water by means of a Lineweaver–B
plot, and the spectrophotometric method based on HA
used for a determination of laccase activity at 25◦C in a
series of aqueous-organic mixed solvents, where the
tion of the organic component is varied in all proportio
from 0 to 100%. The results obtained by means of the H
assay are compared with those obtained (with laccas
different origin) with other chromogens[4–7]. The time-
dependence of laccase activity in 1:1 mixed solvents is m
itored, and results qualitatively similar for the organic co
vent tested; the only exceptions are ethylene glycol, w
can be used in high concentration without affecting eithe
activity or stability of the enzyme, and 2,4-dimethoxyetha
which is surprisingly detrimental to the enzyme. Fina
the effect of selected cosolvents is evaluated on the
diating ability of ABTS, HPI, VLA and TEMPO in th
381-1177/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2004.07.001
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Fig. 1. Laccase catalysed oxidation–dimerisation reaction of HAA.

laccase-mediator catalysed oxidation of 4-methoxybenzyl al-
cohol.

2. Experimental procedures

2.1. Enzyme preparation

Laccase fromP. pinsituswas kindly donated by Novo
Nordisk Biotech and purified by ion-exchange chromatog-
raphy [8,9] on Q-Sepharose by elution with phosphate
buffer; laccase having an absorption ratioA280/A610of 20–30
was considered sufficiently pure[10]. It had an activity of
9000 U/mL according to the standard spectrophotometric as-
say with ABTS in buffered-water[2].

2.2. Materials

HAA, TEMPO, HPI, VLA, 4-methoxybenzyl alcohol (all
purchased from Aldrich) were used as received. ABTS (also
from Aldrich) was recrystallised from ethanol/water prior to
use. All organic solvents were of the highest available grade
(C. Erba). Buffers were prepared from citric or tartaric acid
using ultrapure water obtained from a MilliQ apparatus; the
pH was adjusted with a NaOH solution.
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2.4. Stability of laccase in mixed solvents

50 U/mL solutions of laccase in 1:1 buffered-water–
organic mixed solvents were prepared by diluting the pu-
rified laccase stock solution into the desired solvent mixture,
and kept at 25◦C. At the different time points, aliquots of
this solution were used in the spectrophotometric assay with
HAA.

2.5. Oxidation of 4-methoxybenzyl alcohol by
laccase-mediator systems

The oxidation reactions were performed in air at room
temperature in magnetically stirred buffered-water (0.1 M cit-
rate buffer at pH 5.0) or 1:1 buffered-water–organic mixed
solvent (3 mL). The concentration of the reagents was: [4-
methoxybenzyl alcohol] = 20 mM, [mediator] = 6 mM, with
10 units of laccase. After a reaction time of 24 h, the in-
ternal standard 4-methoxyacetophenone was added, and the
reaction crude extracted with ethyl acetate. The yields of ox-
idation were determined by GC analysis, suitable response
factors being determined from authentic products. A Varian
3400 Star instrument, fitted with a 20 m× 0.25 mm methyl
silicone gum capillary column, was employed in the GC anal-
yses (N2 carrier gas) with a ramp of oven temperature from
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.3. Laccase assay with HAA

Indicator solutions were prepared by adding 1 mg H
6.5 mmol) to 10 ml of solvent (either sodium tartrate bu
.1 M pH 3.5, or buffered-water-organic solvent mixtu
r neat organic solvent). HAA did not completely disso

n buffer only (saturated solution), and the solution p
ented a tiny amount of precipitate (undissolved HAA)
as decanted prior to use; no solid residue was instea
erved in the cosolvent-containing solutions. Conseque
higher concentration of HAA (λmax = 290, 340 nm) wa

resent in the experiments carried out in mixed solve
accase was added in the cuvette, so that its final con

ration was 0.06–0.2 U/ml, and the absorption at 430
orresponding to HAA2 (cf. Fig. 1), was monitored ove
ime (about 1 h). All data are corrected for difference
accase concentrations. Laccase activity is expressed
nitial, linear increase in absorbance at 430 nm per unit
AU/s).
0 to 230 C. The identity of the products was also confirm
y GC–MS analysis, run on a HP 5892 GC, equipped w
2 m× 0.2 mm methyl silicone capillary column (He carr
as), and coupled to a HP 5972 MSD instrument oper
t 70 eV. Mass recovery was greater than 90% with al
osolvents used.

. Results

.1. Affinity of laccase for HAA

The laccase-catalysed reaction delineated inFig. 1 has
een carried out on varying the concentration of HAA, and

nitial rate of appearance of HAA2 determined at 430 nm b
pectrophotometry. In this way, a linear Lineweaver–B
lot (Fig. 2) could be obtained, the slope of which, under
ssumption of simple Michaelis–Menten kinetics, is rel
see equation inFig. 2legend) to the Michaelis constant (KM),
.e. the affinity of the enzyme for HAA. TheKM value (i.e., 3.3

10−4 M) is comparable to that obtained for the structur
imilar 2,6-dimethoxyphenol withP. radiatalaccase[6].

.2. Dependence of laccase activity on organic
osolvent content

The initial laccase activity values, i.e. determined im
iately after diluting the enzyme in the solvent system, in
:1 buffered-water:organic mixed solvents are summa

n Table 1. In the vast majority of these solvent mixtur
he residual activity of the enzyme is quite high, be
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Fig. 2. Lineweaver–Burke plot for the laccase catalysed oxidation–
dimerisation of HAA. A value ofKM = 3.3 × 10−4 M is obtained for
the Michaelis constant through the following equation, assuming simple
Michaelis-Menten kinetics: (1/v) = (1/vmax) + (Km/vmax) × (1/[S]), where
[S] is HAA concentration in mol× L−1 and v is the rate of increase in
absorption at 430 nm, in AU× s−1.

40–75% of the activity determined in buffer only. However,
two of the cosolvents tested behave differently: ethylene
glycol, which does not affect the enzymatic activity, and
2,4-dimethoxyethane, which inactivates the enzyme sub-
stantially, i.e. down to 10% residual activity. On varying over
a wide range the content of the organic cosolvent, in the case
of dioxane, isopropanol, ethylene glycol, and acetonitrile
(Fig. 3), the cosolvent concentrations at which the activity
of laccase is halved (C50) come out in the 60–75% range,
when determined with the HAA assay. With the exception
of ethylene glycol, these values are significantly higher than
those obtained by Khmelnitsky et al.[4] with laccase from
Poliporus versicolor, and by Luterek et al.[11] with laccase
from Cerrena unicolor,using other chromogens, thereby
supporting the higher reliability of the HAA assay.

Of course, organic solvents may affect diverse laccases
differently, but another point is perhaps more important.

Table 1
Initial rate of oxidation of HAA (AU/s) by laccase, determined immediately
after diluting the enzyme in the mixed solvent

Mixed solvent
(1/1 w/w)a

(AU/s) × 103 Residual activity
vs. buffer only (%)

Buffer only
(reference)

4.4 100

Dioxane 3.3 75
A
E
A
I
D
D
G
2
d
E
c

AA
1 thod
[

Fig. 3. Dependence of initial laccase activity on organic solvent concen-
tration in miscible buffered-water–organic solvent mixtures. Cosolvents are
ethylene glycol (�), acetonitrile (�), isopropanol (�), and dioxane (�).
Each data point is the average of at least three measurements. The error bars
visualise the spread of the values.

Haber and co-workers[6] have pointed out that the appar-
ent solvent inhibitory effect depends on the indicator used
for determining the enzymatic activity, since the organic co-
solvent behaves as a competitive or mixed inhibitor, as shown
in Scheme 1.

One should, therefore, consider that the residual activity
of an enzyme could only be underestimated by indicators
that suffer more strongly from competition by the organic
solvent.

With respect to the initial laccase activity as a function
of the content of cosolvents (Fig. 3), all plots (except that
of ethylene glycol) exhibit three regions: first, an appar-
ent sudden decrease of activity (15–20%) for a relatively
small (5–10%) content of cosolvent, followed by a region
where the enzymatic activity remains unaffected in spite of
an increase of the content of organic cosolvent up to ca.
60% and, finally, a third region where the activity drops, to
become almost negligible when the organic cosolvent ex-
ceedes 80%. We suspect that the first region is mostly an
artefact, which begins to take place during the set-up of
the spectrophotometric determination. In the second region,
the water content of the mixed solvent clearly decreases
and, consequently, the hydration of the enzyme does change
[4,6,7,11,12], but not to the point of causing an immediate
denaturation of laccase. This takes place in the third region,
i -
p ained
s edge
[

S oxi-
d or
T

cetone 2.9 60
thanol 2.1 45
cetonitrile 3.3 75

sopropanol 3.2 70
imethylformamide 1.9 40
imethylsulfoxide 1.7 40
lycerol 2.9 60
,4-
imethoxyethane

0.4 10

thylene gly-
ol

4.4 100

a In 2.5 mL tartrate buffer or tartrate buffer/cosolvent 1/1 (w/w); H
.2–1.7 mg/mL; laccase 0.2 U/mL (as determined with the ABTS me

2] in citrate buffer at pH 5.0).
nstead, as the activity drops down sharply[6], and inde
endently on the nature of the cosolvent. The trends obt
how consistency with previous literature data and knowl
4,6].

cheme 1. Mixed inhibition by a cosolvent (I) in the laccase-catalysed
ation of a substrate (S), such as HAA, or a mediator, such as HPI, VLA
EMPO (Scheme taken from ref[6]).
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Fig. 4. Time-dependence of laccase activity in 1:1 buffered-water–organic
solvent mixtures. Cosolvents are ethylene glycol (�), acetonitrile (�), iso-
propanol (�), and dioxane (�).

3.3. Stability of laccase in 1:aqueous-organic solvent
mixtures

Fig. 4 shows the time-dependence of laccase activity in
four significant aqueous-organic solvent mixtures at a 1:1
w:w composition. The presence of this content of ethylene
glycol does not affect either laccase activity or stability at
room temperature for 24 h. Set aside ethylene glycol, all or-
ganic cosolvents tested exert the same qualitative effect on
laccase, i.e. the inactivation follows a roughly exponential
time-profile. In fact, the solvent composition used in this case
falls in the denaturing region of the enzyme[6], so that any
differences among solvent mixtures are amenable to differ-
ences in the denaturation kinetics. The effect is likely to de-
pend quantitatively on specific features of the cosolvent used,
but attempts to correlate the effect with a thermodynamic
parameter such as water activity (aw) were not conclusive
[6,13]. A better outcome had a correlation of the inhibitory
effect with the Reichardt–Dimroth solvent polarity parameter
(ET) [6].

Rather than attempting to rationalise in depth the effect of
the cosolvent on the denaturation of the enzyme, we were
more interested in sorting out a cosolvent that induces a
slower denaturation of laccase, in order to take advantage
from an appropriate time window for the oxidation of fast-
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Scheme 2. A laccase-mediated oxidation.

3.4. Laccase-mediated oxidation of 4-methoxybenzyl
alcohol

Oxidation of non-phenolic substrates by laccase can occur
only in the presence of mediators. The oxidation is not carried
out by the enzyme directly, but rather by the oxidised form
of the mediator (Medox, in Scheme 2).

Non-phenolic substrates are more likely to be water-
insoluble, and clearly the problem of finding a good
cosolvent becomes more stringent for their oxidation.
A compromise must be reached between a moderate
depression of laccase activity and a convenient increase
of solubility of the substrate. Competitive binding of the
cosolvent with respect to the mediator can now cause
a mixed inhibition to the enzyme, thereby retarding the
formation of the Medox species and, consequently, the
ensuing non-enzymatic oxidation. Use of longer reaction
times, if the the enzyme activity survives long enough, may
enable laccase to catch up from this competitive binding. We
have addressed here the oxidation of a simple non-phenolic
lignin model compound (i.e., 4-methoxybenzylalcohol)
by laccase, at room temperature for a 24 h reaction time,
in four significant 1:1 buffered-water–organic solvent
mixtures. Four mediators have been investigated, which are
representative of the different non-enzymatic mechanisms
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eacting but water-insoluble substrates. For example,
ols are natural substrates of laccase, and are rapidly
ised if solubility problems are absent. With a sparingly
ble oligomeric phenol, the extent of oxidation could be
anced by a factor of three when using a 1:1 buffer-dio
ixture with respect to buffer alone[14], whereas aceton

rile as the co-solvent had a more detrimental effect on
xidation of this oligomeric phenol. Looking more clos
t the data inFig. 4, it indeed emerges that acetonitrile
ctivates laccase substantially within three hours whe

n the presence of dioxane, the enzyme retains a si
ant part of its activity (60%) after 2 h. The same resid
ctivity is detected in the buffered-water–isopropanol m

ure after less than one hour. This is an useful and pra
nformation.
f oxidation that can take place[15]. In fact, the Medox
orm of ABTS (i.e., ABTS•+ or ABTS++) oxidises the
ubstrate by electron transfer; in contrast, the Medox form
f both HPI and VLA (i.e., the aminoxyl radical, >NO•)

ollows a H-atom abstraction route[16], whereas the Medox
orm of TEMPO (i.e., the oxoammonium ion, >+N O)
ndertakes an ionic mechanism[17]. It is expected that th
ield of the oxidised product (4-methoxybenzaldehyde)
e negatively affected not only by the decreased activity
tability of laccase in the mixed solvents, but also by
dditional detrimental effect caused by the cosolvent to
edox species. The data reported inTable 2confirm this

xpectation, in general. More in detail, in the case of AB
t has already been shown[1] that the stability of its radica
ation is decreased in the presence of dioxane, and one
asily argue that other organic cosolvents exert a si
ffect, so to explain the low oxidation yields obtained.

TEMPO is commonly used for the oxidation
liphatic alcohols in combination with co-oxidants[18–21];

t is no wonder, then, that negligible yields of
ethoxybenzaldehyde are obtained in the presence o
ropanol and ethylene glycol, since the cosolvent, whic

n large molar excess, competes with the substrate to b
dised by TEMPO-oxoammonium. In the case of HPI,
he contrary (Table 2), which in our experience has a lo
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Table 2
Oxidation of 4-MeO-benzyl alcohol in mixed solvents with laccase-mediator
systemsa

Mixed solvent 1/1 w/w ABTS HPI VLA TEMPO

Citrate buffer 0.1 M pH 5.0 20 70 90 100
Dioxane <5 (>75) 10 (86) 30 (67) 20 (80)
Acetonitrile <5 (>75) 5 (93) 10 (89) 10 (90)
Isopropanol 5 (75) 10 (86) 10 (89) 5 (95)
Ethylene glycol <5 (>75) 30 (57) 60 (33) <5 (>95)

Yields of 4-MeO-benzaldehyde (%) with respect to the initial amount of
4-MeO-benzyl alcohol are given. The percent decrease of such yield, as
induced by the cosolvent, is reported in parentheses with respect to the yield
in buffered-water only.

a Substrate 60 mM; Mediator 20 mM; laccase 3 U/ml (ABTS method[2]),
24 h reaction time at 25◦C. The GC yields of 4-MeO-benzaldehyde were
calculated with the internal standard method; the rest of mass balance is
recovered starting material.

tendency to oxidise aliphatic alcohols, a depression in the
yield of 4-methoxybenzaldehyde should more closely reflect
the lower stability of laccase at this content (i.e., 1:1) of co-
solvents. In fact, no major effects from the polarity of the
mixed solvents are expected in the radical oxidation route
followed by the Medox (i.e., >N O•) of this mediator[22].
The same qualitative trend is obtained with mediator VLA,
which follows the same oxidation route[15,22]. We finally
observe that, in the presence of ethylene glycol, the yield of 4-
methoxybenzaldehyde under HPI and VLA mediation (i.e.,
30 and 60%, respectively;Table 2) is lower than in buffer
only (70 and 90%). Because laccase is stable (within this
time-frame) in the presence of ethylene glycol, and since no
specific depletion of the aminoxyl radical of the mediator is
expected in ethylene glycol, the above decrease in substrate
conversion may be attributed to an inhibition mechanism con-
sistent withScheme 1 [6], or to a specific mediator-induced
suppression of the enzyme activity[23].

4. Conclusions

The spectrophotometric method based on HAA as an
indicator allowed us to determine that, in a series of 1/1 (w/w)
aqueous-organic solvent mixtures, laccase fromP. pinsitus
i to
t the
c n im-
m col,
w tute
a ) the
e co-
s lene
g hese
r case
e htly
d nd
c edox
c d
h . As

an original extension of this study, the effect caused by the
cosolvents on the efficiency of oxidation of a non-phenolic
lignin model compound by four laccase-mediator (ABTS,
HPI, VLA or TEMPO) systems has been investigated. The
depression in the extent of oxidation of 4-methoxybenzyl
alcohol is in part to be attributed to the limited stability
of laccase in the cosolvents. However, mediator-specific
effects should also be taken into account, because the solvent
can compete for the enzyme with the mediator (as the
conversions obtained with HPI and VLA seem to indicate),
or else it can undermine the stability of the oxidised form
of the mediator (as in the case of ABTS), which is the direct
oxidising species, thereby depressing the efficiency of the
non-enzymatic oxidation route (cf.Scheme 2).
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