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bstract

The stability and catalytic activity during oxidation of syringaldazine (SGZ) by laccase from Cerrena unicolor (CUL) was studied in aqueous
olutions of ethanol, acetone and dimethyl sulfoxide (DMSO). Additional, the oxidation of other two substrates, catechol (CAT) and 2,6-
imethoxyphenol (DMOP), was studied in ethanol and in DMSO solutions, respectively. It was observed that in 3 M solutions of the studied
olvents CUL was practically stable for 30 min of the experiments, which show its good applicability in solutions of water-miscible organic sol-
ents. Moreover, it was observed that the effect of the tested organic solvents on the maximum rate of oxidation values (Vmax) of different substrates
as not dependent on the substrate. Within the studied range of concentrations (up to 8 M) ethanol did not affect Vmax values and the presence of
MSO reduced it at roughly the same rate for the studied substrates. In the case of SGZ as a substrate, the effect of the solvent on Vmax values
ncreased in the order ethanol < acetone < DMSO and in the case of KM in the order DMSO < acetone < ethanol. The experimental relationships
etween the content of organic solvents and the observed kinetic parameters were numerically described using the exponential relationships on
he solvent concentrations, in the first approximations replacing the variability of the activity coefficients of the reactants. The fitted exponential
oefficients were observed with the values observed for other fungal laccases and discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Laccases (benzenediol: oxygen oxidoreductases, E.C.
.10.3.2) are copper enzymes (four copper atoms per subunit),
atalysing the oxidation of a wide range of phenolic compounds,
rylamine compounds and some inorganics, simultaneously
educing oxygen to water [1,2]. Laccases and laccase-expressing
hite rot fungi are intensively studied as promising agents in

nvironmental remediation (degradation of halogen substituted
henols and anilines, pesticides, dioxins, chlorolignins, and azo
yes), in the biobleaching of a wood pulp, and in degradation of
olyaromatic hydrocarbons [3]. Laccases (but also lignin perox-

dases and Mn-dependent peroxidases) catalyse these processes,
ither alone or in the presence of appropriate mediators. Many
f laccase-catalysed processes are carried out in the presence
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f organic solvents [4–7]. The effect of organic solvents on the
tability and catalytic activity of laccases depends on the source
f the enzyme, cultivation conditions, and purification proce-
ure [8–11]. Therefore, a method of comparison the influence
f different organic solvents on various samples of laccases has
he practical importance.

The addition of water-miscible organic solvents to the aque-
us medium of enzymatic reactions usually reduces the observed
eaction rates. The molecules of solvent may directly interact
ith the enzymes, thus changing their structure, exchanging
ater molecules in the active centre of proteins, causing irre-
ersible inactivation of the enzymes [12–14], but it is not always
he case. However, in all cases the addition of organic solvents
ffects various physico-chemical properties of the medium of
nzymatic reaction, such as its hydrophobicity, dielectric con-
tant, pH, varying the chemical potentials of all reactants present

n the solutions, and the free energy of substrate binding by
he enzyme, even when the observed maximum reaction rates
emain practically not affected. It was also observed for laccase
rom Phlebia radiata in solutions of short chain alkanols [11].

mailto:ncrodaki@cyf-kr.edu.pl
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dx.doi.org/10.1016/j.molcatb.2006.08.005
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Catalytic activity of the enzymes strongly depends on
heir ability to bind the substrates, thus on the energy dif-
erence between binding the substrate by the enzyme and
ubstrate–solvent interactions [15,16]. Thermodynamic descrip-
ion of the influence of organic solvents on the enzymes activity
as already a long history. Dordick [16] was the first who tried
o separate the effect of the solvent addition on the enzyme
rom that exerted on substrate. He found the correlation between
he hydrophobicity, Hammett constant and Taft constant of the
ubstrate and the observed catalytic activity of the enzyme dur-
ng the oxidation of several m- and p-substituted phenols by
orseradish peroxidase in various mixtures of organic solvents
nd water [16,17]. The observed relationships seem to indicate
oreover that even 80% (v/v) dioxane, methanol and acetonitrile

id not destabilize the peroxidase–substrate complex. Wescott
nd Klibanov described the substrate specificity of subtilisin
arlsberg in water and anhydrous organic solvents and com-
ared the partitioning of two substrates between water and the
olvent [18].

The possible effect of organic solvents on the enzyme reac-
ion rate through changes of the thermodynamic activity of water
nd the activity coefficients of the substrate and enzyme species
as widely discussed by Lee and co-workers [19,20]. Smith and
anady [21] showed that the effect of the solvent on the activ-

ty coefficient of diluted solutions of an organic substrate may
e approximated with the ratio of its solubility in water and in
he respective solution of the organic solvent, varying exponen-
ially with the solvent concentration over a considerable range of
he solvent contents. The authors described the variation of the
inetic parameters of the hydrolysis of methylhydrocinnamate
atalysed by �-chymotrypsin in aqueous methanol solutions
sing the experimentally determined the relationship of solu-
ility [21].

The kinetics of laccase-catalysed reactions is a complex,
wo-site ping-pong bi-bi type of reaction [22], intensively
tudied in many laboratories [23]. Nevertheless, the simple

ichaelis–Menten equation is commonly used to describe the
inetics of laccase-catalysed reaction, as the enzyme is always
versaturated with oxygen as the second substrate. The fulfil-
ent of the Michaelis–Menten equation for complex enzymatic

eactions means that both kcat and KM are the functions of the
inetic constants of the steps of the catalytic process, and the
pparent KM contains the true substrate binding constant. For
accases the exact relationships are not known yet.

We may expect that at least for some enzymes the solvent
ffect on the substrate will predominate in the variability of the
pparent KM with the type and concentration of the solvent. Our
ecent results on the solvent effects on the apparent KM values for
he oxidation of Mn2+ ions and DMOP catalysed by the versatile
eroxidase from Bjerkandera fumosa confirm this hypothesis
24]. The observed KM values increase with the solvents con-
entrations for DMOP, and decrease for Mn2+, along with the
hange of their solubility. Moreover, studying various phenols

xidizing enzymes, such as bacterial tyrosinase [25], P. radiata
accase [26] and B. fumosa peroxidase [24], we have found that
he observed KM values, Vmax and Vmax/KM values varied expo-
entially with the solvent concentrations, while studied over the
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ange of its low and moderate contents. This prompted us to use
he exponential relationships in describing and comparing the
on-specific influence of various solvents on fungal laccases of
arious sources and to check how much the observed parameters
f the solvent influence on Vmax and KM depend on the laccase
ample, for the oxidation of selected substrates under the same
xperimental conditions.

. Experimental

.1. Materials

The white rot fungus Cerrena unicolor was cultivated in liq-
id, submerged cultures in 5 L bottles using mineral medium
ccording to Lindeberg and Holm [27]. The culture medium
as filtered and concentrated by ultrafiltration using a 10 kDa

ut-off membrane (Amicon). The concentrated fluid was applied
o a Sephadex G-25 column and the elution was performed with
mM Tris–HCl buffer, pH 7. The laccase-active fractions were
ollected, and lyophilised. Then, they were purified by the anion
xchange chromatography on DEAE Toyopearl 650 M and dial-
sed [28].

DMSO of spectroscopic grade, KH2PO4, Na2HPO4, p.a.
ere from Fluka (Switzerland), ethanol and acetone p.a. were

rom POCh (Poland), 4-hydroxy-3,5-dimethoxybenzaldehyde
zine (syringaldazine, SGZ), 2,6-dimethoxyphenol (DMOP)
nd catechol (CAT) were from Sigma/Aldrich (Germany).

.2. Methods

Kinetic measurements of enzymatic activity were carried out
sing UV/Vis spectrophotometer Shimadzu PC2101 in 100 mM
odium acetate buffer pH 5.52, at 30 ◦C for SGZ and DMOP
nd in 100 mM Na2HPO4/KH2PO4 buffer pH 5.7 for CAT,
t 30 ◦C. The rate of SGZ oxidation was studied at 525 nm
ε = 63 000 M−1 cm−1 [29]), the rate of CAT oxidation was stud-
ed at 410 nm (ε = 2211 M−1 cm−1 [30]), and the rate of DMOP
xidation was measured at 468 nm (ε = 14 800 M−1 cm−1 [31]).
t is worthy to note that in the last case many authors used dif-
erent values of absorption coefficient: 49 600 M−1 cm−1 [32],
5 645 M−1 cm−1 [30] or 27 500 M−1 cm−1 [33]. This absorp-
ion coefficient is difficult to measure, due to the subsequent
olymerization of the oxidation product what happens both in
queous and mixed aqueous–organic solvent solutions of high
ater content. The studied range of substrate concentrations

xceeded at least three times the fitted Km values for each studied
ichaelis–Menten relationship.
The experimental data were first analysed graphically and

he linearity of the CS/Vin versus CS plot, where CS represents
he substrate concentration and Vin denotes the initial reac-
ion rate, was checked. No systematic deviations from linearity
ere observed. Afterwards, they were fitted to the non-linear
ichaelis–Menten equation. All numerical fittings were done
sing Origin 5.0.
CUL stability in aqueous buffer solutions in 3 M DMSO,

cetone or ethanol was studied in triplicate, using the initial rate
f 70 �M DMOP oxidation as a marker of the laccase catalytic
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Table 1
Models of the effect of organic solvents on the kinetic parameters of the Michaelis–Menten equation

Model Vmax KM lim Vmax lim KM

I V 0
max K0

M exp(εCsol) V 0
max K0

M(1 + εCsol)

II V 0
max exp(−βCsol) K0

M exp(εCsol) V 0
max/(1 + βCsol) K0

M(1 + εCsol)

III V 0
max − δCsol K0

M exp(εCsol) V 0
max − δCsol K0

M(1 + εCsol)

IV V 0
max exp(−βCsol) K0

M exp(εCsol)(1 + Csol/KI) V 0
max/(1 + βCsol) K0

M(1 + εCsol)(1 + Csol/KI)

V V 0
max exp(−βCsol)/

(1 + Csol/KIS)
K0

M exp(εCsol)(1 + Csol/KI)/
(1 + Csol/KIS)

V 0
max/[(1 + βCsol)(1 + Csol/KIS)] K0

M(1 + εCsol)(1 + Csol/KI)/
(1 + Csol/KIS)

VI V 0
max − δCsol K0

M exp(εCsol)(1 + Csol/KI) V 0
max − δCsol K0

M(1 + εCsol)(1 + Csol/KI)

where Vin is the initial reaction rate; Vmax the maximum reaction rate; KM the Michaelis constant; CS the substrate analytical concentration; as the thermodynamic
activity of the substrate; Csol the concentration of the organic solvent; ε the substrate activity coefficient, leading to the apparent inhibition constant; β and δ the
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arameters of the variability of Vmax with the solvent concentration, as explain
nhibition constant; the superscript zero denotes the solution that does not cont
ow values of εCsol or low values of βCsol, respectively.

ctivity after the incubation in the respective reaction medium
or a desired time.

Protein concentrations were determined using Bradford
eagent and bovine serum albumin as a standard [34].

. Results and discussion

.1. Stability of laccase from C. unicolor (CUL) in
olutions of the studied organic solvents

CUL stability in the aqueous buffer solutions and in 3 M solu-
ions of DMSO, acetone and ethanol was studied for 30 min
Fig. 1), by comparing the initial rate of DMOP oxidation after
he desired time of the enzyme incubation in a thermostatted
uvette (30 ◦C).

It may be seen that the presence of organic solvents imme-

iately decreases the observed reaction rate, but the observed
atalytic activity of CUL does not reduce during the first 30 min
f the enzyme incubation. The enzyme does not denaturate under
hese conditions and may be practically applied for performing

ig. 1. The effect of organic solvents on the initial rate of DMOP oxidation
�A468/min) catalysed by CUL in the buffer (×) or in the presence of ethanol
�), acetone (�), and DMSO (�).
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the text above the table; KI the competitive inhibition constant; KIS the mixed
organic solvent. Limiting conditions for lim Vmax and lim KM are as follows:

arious reactions requiring the presence of organic solvents in
he system.

.2. Numerical description of the non-specific influence of
rganic solvents on the kinetic parameters of the
ichaelis–Menten equation

Organic solvents affect the whole system, changing the sol-
ation of molecules and thermodynamic activities of all its
omponents, including proteins. Earlier studies of the effect of
ow amounts of water-miscible organic solvents (up to 2.5 M) on
he activity of many enzymes, including laccases, have shown
hat this effect may be apparently described using the formal
quation of the competitive or mixed inhibition [11]. Smith and
anady [21] showed that these equations might be also obtained
ssuming that the effect of the organic solvent on the activity
oefficients of the substrates and most possibly of enzyme and
nzyme–substrate complexes take an exponential form. In such
case, the observed Michaelis constants are exponentially or

inearly dependent on the concentration of the organic solvent
21]. The verification of the Smith and Canady’s assumptions
equires the comparison of several enzymes in oxidation of the
ame substrates, not performed yet.

Enzymatic reactions catalysed by laccases in aqueous solu-
ions may be formally described by the Michaelis–Menten equa-
ions (1, 2) in the absence or presence of organic solvents
abbreviations are explained under Table 1):

in = V 0
maxCs

K0
M + Cs

(1)

in = Vmaxas

KM + as
(2)

We may assume after Smith and Canady [21] that in the solu-
ions of the solvent the thermodynamic activity of substrate (as)
s depend on its concentration (Cs) and on the concentration of

olvent (Csol), with exponential term replacing the activity coef-
cient of the substrate: as = Cs exp(−εCsol). Smith and Canady
bserved that for the particular case of the studied reaction
lso Vmax was exponentially dependent on Csol with practically
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increase linearly with the DMSO concentration for both sub-
strates, but with different rate (Fig. 4).
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he same exponential parameter [21]. We assume that for sim-
le enzymatic reactions, truly following the Michaelis–Menten
inetics the exponential term exp(−βCsol) gives the ratio of the
ctivity coefficients of the transition state and of the enzyme. For
ore complex enzymatic reactions, this term may be a function

f more than one activity coefficient of various transition forms
f the enzyme. Very often both activity coefficients vary simi-
arly with the solvent concentration, thus giving the Vmax equal to

0
max. If the solvent does not affect specifically the active centre
f the enzyme and kcat does not change with solvent concentra-
ion and its presence than we may observe Vmax equal to V 0

max.
t sufficiently low products of εCsol and βCsol the respective

xponents tend to the forms: 1 + εCsol and 1 + βCsol. In some
ases, the observed values of Vmax linearly decrease with the
olvent concentration beyond the limit of extrapolation of the
xponential term to the linearity. It is taken into account in the
odel III (Table 1), with the linearity coefficient δ.
Inserting the appropriate forms of Vmax and as into Eq. (2)

e obtain the general equation of the enzymatic reaction in the
olvent system:

in = V 0
max exp(−βCsol)Cs

K0
M exp(εCsol) + Cs

(3)

Table 1 summarizes various possible equations describing
he effect of organic solvent on the enzyme catalytic activity
esulting from Eq. (3).

The limiting terms of the values Vmax and KM presented
or the Models I and II resemble the equations describing the
ompetitive and mixed inhibition of the enzymatic reactions.
n general, organic solvents are neither competitive nor mixed
nhibitors, because they do not replace substrate molecules from
he active centre of the enzyme, and their inhibition concen-
rations are much higher than for the true inhibitors. To show
he equations describing the double role of the solvents as non-
pecific inhibitors and the competitive or mixed inhibitors of the
nzymes the Models IV–VI have been also introduced, with Eq.
4) for the competitive inhibition:

M = K0
M exp(εCsol)

1 + Csol

KI
(4)

nd Eqs. (5a) and (5b) for the mixed inhibition:

M = K0
M exp(εCsol)

1 + Csol/KI

1 + Csol/KIS
(5a)

nd

max = V 0
max

1 + Csol/KIS
(5b)

.3. Effect of water-miscible organic solvents on the
bserved catalytic activity of CUL

Three laccase substrates were studied in this work. The

aximum oxidization rates in buffer did not vary much

or them. They reached 30.8 �mol/min−1 mg−1 of CUL for
MOP, 28.3 �mol/min−1 mg−1 of CUL for CAT and about
2 �mol/min−1 mg−1 of CUL for SGZ (extrapolated value). K0

M

F
D
t

ig. 2. The effect of DMSO on the oxidation of 0.02 M DMOP catalysed by
UL.

alues were 0.6 mM for CAT, 10 �M for DMOP and less than
0 �M for SGZ. The range of solvent concentrations for SGZ
tarts from 1 M or more solutions because of the poor solubil-
ty of SGZ in water, limiting the possibility of determining the

ichaelis–Menten kinetic parameters.
Fig. 2 shows that at the beginning the reaction rate of DMOP

xidation catalysed by CUL drops down relatively rapidly, even
t high substrate and DMSO concentrations, at which a rise
f the catalytic activity was observed for laccases from P.
adiata (PRL) and Pyricularia oryzae (POL) [26]. All men-
ioned laccases (CUL, POL and PRL) show the reaction rate
eclining exponentially to about 10 M DMSO solutions and
his decrease is much intensive for CUL than for the POL and
RL.

Figs. 3 and 4 show the effect of DMSO on the Vmax and KM
alues for the oxidation reaction of DMOP and SGZ by laccase
rom C. unicolor (CUL).

The values of Vmax decrease almost linearly with DMSO con-
entration at roughly the same rate in the case of both studied
ubstrates (Fig. 3). KM values in the case of DMOP oxidation
ig. 3. The effect of DMSO on Vmax values of the oxidation of SGZ (�) and
MOP (�), catalysed by CUL (points determined experimental, lines fitted with

he parameters given in Table 2).
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Fig. 4. The effect of DMSO on KM values of the oxidation of SGZ (�) and
DMOP (�), catalysed by CUL (points determined experimental, lines fitted
with the parameters given in Table 2).
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ig. 5. The effect of ethanol on Vmax of the oxidation of SGZ (�) and CAT
�), catalysed by CUL (points determined experimental, lines fitted with the
arameters given in Table 2).

The values of Vmax for the oxidation of SGZ and CAT (Fig. 5)
o not depend upon addition of ethanol over a wide range of its
oncentrations, similarly as it was observed for laccase from P.
adiata [11], while KM values (Fig. 6) increase exponentially
ith the addition of ethanol, similarly as it was observed for
accases from Panus tigrinus and T. versicolor [35]. Both in the
ase of DMSO and ethanol, the effect of the solvent on Vmax is
ot dependent on the tested substrate, and the influence on KM
alues is again substrate-dependent (cp. Fig. 4).

ig. 6. The effect of ethanol on KM values of the oxidation of SGZ (�) and
AT (�), catalysed by CUL (points determined experimental, lines fitted with

he parameters given in Table 2).

v
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ig. 7. The effect of organic solvents on Vmax values of the oxidation of SGZ
atalysed by CUL in the presence of ethanol (�), acetone (�), and DMSO (�);
oints determined experimental, lines fitted with the parameters given in Table 2.

Figs. 7 and 8 compare the effects of ethanol, acetone, and
MSO on the values of Vmax and KM for syringaldazine oxida-

ion. The effect of the studied organic solvents on Vmax val-
es (ethanol < acetone < DMSO) is different from the results
btained by Khmelnitsky et al. [36] for laccase from Coriolus
ersicolor, where the following series was observed under the
nzyme denaturating conditions: DMSO < ethanol < acetone. In
he case of P. radiata laccase (PRL), DMSO was the only
ne strongly inactivating solvent over a studied range of low
olvent concentrations [11]. The effect of the solvents on
M values for CUL and SGZ (DMSO < acetone < ethanol) is

eversed in comparison to that observed for PRL and DMOP
ethanol < acetone < DMSO) [11].

.4. Application of the theoretical models to the effect of
ater-miscible organic solvents on the catalytic activity of
UL

Figs. 2–7 show that the effect of various water-miscible sol-
ents on CUL catalytic activity, within the studied range of the
olvent concentrations may be described using the following
odels: ethanol, Model I; acetone and DMSO, Model III.
Table 2 collects the values of the adjusted model coefficients

δ, ε, β). In Table 3, the numerical data for other laccases are
hown, based on the earlier experimental data [11]. For compar-

son of the data in Tables 2 and 3, Table 2 contains also a column
howing the values of β (Model II) for the same experimental
ata.

ig. 8. The effect of organic solvents on KM values of the oxidation of SGZ
atalysed by CUL in the presence of ethanol (�), acetone (�), and DMSO (�);
oints determined experimental, lines fitted with the parameters given in Table 2.
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Table 2
Inhibition parameters of organic solvents on CUL catalytic activity (Models
I–III)

Solvent Substrate δ (M−1) ε (M−1) β (M−1)

Ethanol SGZ 0 0.51 ± 0.06 0
Ethanol CAT 0 0.36 ± 0.03 0
Acetone SGZ 1.80 ± 0.25 0.26 ± 0.05 0.16 ± 0.09
D
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MSO SGZ 5.50 ± 1.30 0.10 ± 0.04 0.36 ± 0.14
MSO DMOP 4.70 ± 0.20 0.73 ± 0.07 0.25 ± 0.04

The comparison of the values of ε (the effect of moderate
oncentrations of organic solvents on KM) for various laccases
hows the following:

KM values are not solely dependent on the variations of the
substrate activity in solutions of organic solvents, but the
exponential relationship is very useful in comparison the
influence of organic solvents on various laccases.
The exponential relationships cover a relatively wide range of
solvent concentrations, even the solvent-sensitive laccases.
In the case of CUL, PTL, and CVL the effect is similar for the
studied phenolic substrates oxidized by an individual enzyme
in the presence of a selected solvent, except for SGZ, oxidized
by CUL in DMSO. On contrary, the earlier studied PRL has
showed the stronger effects for SGZ than for DMOP.
The described effect depends not only on the solvent prop-
erties (mainly its hydrophobicity) but also on laccase source
and preparation.
The following order of the ε values may be observed
for SGZ oxidation: CUL–DMSO < CUL–acetone < CUL–
ethanol ≈ CVL–ethanol < PTL–ethanol.
The following order of the ε values may be observed
for DMOP oxidation: CVL–ethanol < PRL–ethanol <
PRL–DMSO ≈ PTL–ethanol ≈ CUL–DMSO.
ε = 0.7 M−1 may be used for predicting the solvent effect on
substrate KM values for many typical solvents, simple phe-
nolic compounds and fungal laccases. In many cases, it will

overestimate the effect.

he comparison of the β values (the effect of the moderate
oncentrations of organic solvents on Vmax values) shows the

able 3
nhibition parameters of organic solvents on the catalytic activity of other lac-
ases (Models I and II)a

nzyme–solvent Substrate ε (M−1) β (M−1)

RL–DMSO (0–3.5 M) DMOP 0.70 ± 0.08 0.57 ± 0.04

BL–ethanol (0–5 M) DMOP 0.44 ± 0.03 0.07 ± 0.01
SGZ 0.37 ± 0.01 0.12 ± 0.01

BL–ethanol (0–3 M) DMOP 0.71 ± 0.06 0.06 ± 0.01
SGZ 0.78 ± 0.10 0.31 ± 0.05

RL–ethanol (0–2.5 M) DMOP nd 0
SGZ nd 0

a Model parameters calculated for the data presented earlier: PRL, P. radiata
accase; CVL, C. versicolor laccase; PTL, blue laccase from P. tigrinus [11];
d, not determined beyond the linear range.
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ollowing:

Ethanol does not affect much any of the studied laccases;
DMSO strongly affects CUL and PRL and this effect depends
on the tested laccase and independent on the investigated sub-
strate.

The data collected in Tables 2 and 3 show also the variation
f ln Vmax/KM for various studied systems (given by the differ-
nce between the values of β and ε). Except for SGZ in DMSO
xidized in the presence of CUL, the values are negative and
ary between −0.1 and −0.6.

. Conclusions

The experimental and numerical results show the regions of
rganic solvent concentration, in which laccase from C. unicolor
nd other laccases may be used for conversion of substrates that
re poorly soluble in water. CUL is more sensitive to acetone than
accase from P. radiata, comparably sensitive but more effective
n DMSO than laccase from P. radiata and less sensitive to the
resence of ethanol than the studied samples of laccases from
. versicolor and P. tigrinus.

The observed KM values of the investigated phenolic sub-
trates of various studied laccases vary in a similar way for the
ndividual enzymes and solvents, they increase with the solvent
ydrophobicity and to some extent they are dependent on the
rigin of laccase. Short chain alkanols exert little influence on
any fungal laccases over a long range of their concentrations.
or relatively little sensitive laccases, for example, that from C.
ersicolor [36] and from P. radiata [11] the denaturating effect
f the solvents (C. versicolor laccase) and variations of KM val-
es (P. radiata laccase) were parallel. It is not the case for the
nvestigated here, more sensitive highly purified laccase from C.
nicolor.
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