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Abstract

The activity and stability of laccase froRoliporus pinsitusn 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
enzyme activity does not remain stable in the mixed solvents, but decreases as a function of time; the decrease becomes substantial over :
24-hours period in the case of dioxane, isopropanol, or acetonitrile, whereas ethylene glycol does not affect the enzymatic activity. The major
result of the present study is the evaluation of the effect caused by the cosolvents on the efficiency of oxidation of an hydrophobic non-phenolic
substrate 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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1. Introduction its activity when exposed to aqueous buffer/dioxane 1:1
at 25°C. However, the activity decays within few hours,

In our preliminary investigation on the activity of laccase and this inactivation is yet more pronounced at°@5 In
(EC 1.10.3.2) in mixed solventd], it has been demon- the present study, the affinity of laccase for HAA is deter-
strated that the well-established spectrophotometric assaymined in buffered-water by means of a Lineweaver—Burke
based on ABTS' as the indicatof2] is unreliable in the plot, and the spectrophotometric method based on HAA is
presence of dioxane. As a better alternative to ABTS or used for a determination of laccase activity at°’@5in a
other chromogens, such as pyrocatechol, syringaldazine, anderies of aqueous-organic mixed solvents, where the frac-
2,6-dimethoxyphenol, a natural substrate of laccase such agion of the organic component is varied in all proportions,
3-hydroxyantranilic acid (HAA)3] has been proposed for from 0 to 100%. The results obtained by means of the HAA
use in aqueous-organic mixed solvefifs By means of this ~ assay are compared with those obtained (with laccases of
new assay, which is based on the oxidation/dimerisation re- different origin) with other chromogeng-7]. The time-
action depicted irFig. 1, it was shown that laccase from dependence of laccase activity in 1:1 mixed solvents is mon-
Poliporus pinsitusinitially retains a significant fraction of  itored, and results qualitatively similar for the organic cosol-
vent tested; the only exceptions are ethylene glycol, which
can be used in high concentration without affecting either the
(3-ethylbenzothiazoline-6-sulfonate) salt); HR-fydroxyphthalimide); act_|V|ty_or Stabll.lty of the en.zyme’ and 2'4-d|methoxye.thane’
VLA (violuric acid); TEMPO (2,2,6,G—tetrar’nethyl—piperidineN—oxyI). Y which is surprisingly detrimental t_o the enzyme. Finally,

* Corresponding author. Fax: +39 06 490421. the effect of selected cosolvents is evaluated on the me-

E-mail addresscarlo.galli@uniromad.it (C. Galli). diating ability of ABTS, HPI, VLA and TEMPO in the
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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 raigy/As10 0f 20-30
was considered sufficiently puf&0]. It had an activity of

9000 U/mL according to the standard spectrophotometric as-

say with ABTS in buffered-watdP].

2.2. Materials

HAA, TEMPO, HPI, VLA, 4-methoxybenzyl alcohol (all
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2.4. Stability of laccase in mixed solvents

50U/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 25C. 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 (3mL). 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 ;0.25 mm methyl
silicone gum capillary column, was employed in the GC anal-
yses (N carrier gas) with a ramp of oven temperature from
50to 230°C. The identity of the products was also confirmed
by GC-MS analysis, run on a HP 5892 GC, equipped with a
12 mx 0.2 mm methyl silicone capillary column (He carrier
gas), and coupled to a HP 5972 MSD instrument operating

purchased from Aldrich) were used as received. ABTS (also @t 70€V. Mass recovery was greater than 90% with all the
from Aldrich) was recrystallised from ethanol/water prior to  cosolvents used.

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 3- Results

pH was adjusted with a NaOH solution. o
3.1. Affinity of laccase for HAA

2.3. Laccase assay with HAA

Indicator solutions were prepared by adding 1 mg HAA
(6.5 mmol) to 10 ml of solvent (either sodium tartrate buffer
0.1M pH 3.5, or buffered-water-organic solvent mixtures,
or neat organic solvent). HAA did not completely dissolve
in buffer only (saturated solution), and the solution pre-

The laccase-catalysed reaction delineatedrign 1 has
been carried out on varying the concentration of HAA, and the
initial rate of appearance of HAAdetermined at 430 nm by
spectrophotometry. In this way, a linear Lineweaver—Burke
plot (Fig. 2) could be obtained, the slope of which, under the
assumption of simple Michaelis—Menten kinetics, is related
(see equationikig. 2legend) to the Michaelis constaity ),

sented a tiny amount of precipitate (undissolved HAA) that i.e. the affinity of the enzyme for HAA. They value (i.e., 3.3
was decanted prior to use; no solid residue was instead ob-x 10~4 M) is comparable to that obtained for the structurally
served in the cosolvent-containing solutions. Consequently, similar 2,6-dimethoxyphenol witR. radiatalaccasg6].

a higher concentration of HAAMnax = 290, 340 nm) was

present in the experiments carried out in mixed solvents. 3.2. Dependence of laccase activity on organic

Laccase was added in the cuvette, so that its final concen-cosolvent content

tration was 0.06—-0.2 U/ml, and the absorption at 430 nm,

corresponding to HAA (cf. Fig. 1), was monitored over The initial laccase activity values, i.e. determined imme-
time (about 1 h). All data are corrected for differences in diately after diluting the enzyme in the solvent system, in ten
laccase concentrations. Laccase activity is expressed as thé:1 buffered-water:organic mixed solvents are summarised
initial, linear increase in absorbance at 430 nm per unit time in Table 1 In the vast majority of these solvent mixtures,
(AU/s). the residual activity of the enzyme is quite high, being
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] ) o Fig. 3. Dependence of initial laccase activity on organic solvent concen-
Fig. 2. Lineweaver-Burke plot for the laccase catalysed oxidation— tration in miscible buffered-water—organic solvent mixtures. Cosolvents are

dimerisation of HAA. A value ofky = 3.3 x 10—4"_/' is obtained for ethylene glycol ¢), acetonitrile @), isopropanol &), and dioxane W).
the Michaelis constant through the following equation, assuming simple Each data point is the average of at least three measurements. The error bars
Michaelis-Menten kinetics: () = (1NMmax) + (Km/Vmax) % (1/[S]), where visualise the spread of the values.

[S is HAA concentration in molx L~ andv is the rate of increase in
absorption at 430 nm, in Atk s~1.

Haber and co-worker5] 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

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- . . ..
Y y One should, therefore, consider that the residual activity

stantially, i.e. down to 10% residual activity. On varying over f Id onlv b d timated by indicat
a wide range the content of the organic cosolvent, in the case”! an enzyme could only be underestimated by ndicators

of dioxane, isopropanol, ethylene glycol, and acetonitrile th?t sutfrer more strongly from competition by the organic
(Fig. 3), the cosolvent concentrations at which the activity solvent. . - .
of laccase is halvedCg) come out in the 60—75% range, With respect to the initial [accase activity as a function
when determined with the HAA assay. With the exception of the content of cosolv_entsz(q. 3 aII_ plots _(except that
of ethylene glycol, these values are significantly higher than of ethylene glycol) exhibit thr_ee regloni. first, an appar-
those obtained by Khmelnitsky et 44] with laccase from ent sudden decrease of activity (15-20%) for a relatively

— 0, i
Poliporus versicolorand by Luterek et a[11] with laccase \‘j'vrﬂalrl (t5h 10 r{Oz) ;:norgent (t)ir/ifofoxeinr:, forl1lo¥fvedt t:jyir? reigtjlonf
from Cerrena unicolor,using other chromogens, thereby ere the enzymatic activity remains unatiecte Spite o

supporting the higher reliability of the HAA assay. an increase of the content of organic cosolvent up to ca.

0 ) ) . o
Of course, organic solvents may affect diverse Iaccases60/° and, finally, a third region where the activity drops, to

. S : become almost negligible when the organic cosolvent ex-
differently, but another point is perhaps more important. i o
y P P P P ceedes 80%. We suspect that the first region is mostly an

Table 1 artefact, which begins to take place during the set-up of
able : ; ; ;
Initial rate of oxidation of HAA (AU/s) by laccase, determined immediately tEe SpeCtrOphOtomeTChdetermmatloln' In thle STcond region,
after diluting the enzyme in the mixed solvent the water content of the mixed solvent clearly decreases
and, consequently, the hydration of the enzyme does change

gﬁex/vsvgvent (As) x 10° \F,zse_st;ilfjleriﬁ;;"g%) [4,6,7,11,12] but not to the point of causing an immediate
denaturation of laccase. This takes place in the third region,

Buffer  only 4.4 100 . L. .

(reference) instead, as the activity drops down sharf$}, and inde-

Dioxane 33 75 pendently on the nature of the cosolvent. The trends obtained

Acetone 2.9 60 show consistency with previous literature data and knowledge

Ethanol 2.1 45 [4,6].

Acetonitrile 3.3 75

Isopropanol 3.2 70

Dimethylformamide 1.9 40

Dimethylsulfoxide 1.7 40 E+S 5 ES k E+p

Glycerol 2.9 60

2_'4' 0.4 10 Kfﬂ +I KES1L +l

dimethoxyethane

(I:E;Tylene gly- 4.4 100 El +3S ESI

#In 2.5mL tartrate buffer or tartrate buffer/cosolvent 1/1 (w/w); HAA  scheme 1. Mixed inhibition by a cosolvent (1) in the laccase-catalysed oxi-
1.2-1.7mg/mL; laccase 0.2 U/mL (as determined with the ABTS method gation of a substrates, such as HAA, or a mediator, such as HPI, VLA or
[2] in citrate buffer at pH 5.0). TEMPO (Scheme taken from rfd]).
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Scheme 2. A laccase-mediated oxidation.
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3.4. Laccase-mediated oxidation of 4-methoxybenzyl
alcohol
0 5 10 15 20 25
Time (h) Oxidation of non-phenolic substrates by laccase can occur
only in the presence of mediators. The oxidation is not carried

Fig. 4. Time-dependence of laccase activity in 1:1 buﬂer_eq-water—organic out by the enzyme directly, but rather by the oxidised form
solvent mixtures. C_osolvents are ethylene glyd| @cetonitrile @), iso- of the mediator (Megk, in Scheme
propanol &), and dioxanel). . .

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.

3.3. Stability of laccase in 1:aqueous-organic solvent A compromise must be reached between a moderate
mixtures depression of laccase activity and a convenient increase
of solubility of the substrate. Competitive binding of the
Fig. 4 shows the time-dependence of laccase activity in cosolvent with respect to the mediator can now cause
four significant aqueous-organic solvent mixtures at a 1:1 a mixed inhibition to the enzyme, thereby retarding the
w:w composition. The presence of this content of ethylene formation of the Megyk species and, consequently, the
glycol does not affect either laccase activity or stability at ensuing non-enzymatic oxidation. Use of longer reaction
room temperature for 24 h. Set aside ethylene glycol, all or- times, if the the enzyme activity survives long enough, may
ganic cosolvents tested exert the same qualitative effect onenable laccase to catch up from this competitive binding. We
laccase, i.e. the inactivation follows a roughly exponential have addressed here the oxidation of a simple non-phenolic
time-profile. In fact, the solvent composition used in this case lignin model compound (i.e., 4-methoxybenzylalcohol)
falls in the denaturing region of the enzyi@, so that any by laccase, at room temperature for a 24 h reaction time,
differences among solvent mixtures are amenable to differ-in four significant 1:1 buffered-water—organic solvent
ences in the denaturation kinetics. The effect is likely to de- mixtures. Four mediators have been investigated, which are
pend quantitatively on specific features of the cosolvent used,representative of the different non-enzymatic mechanisms
but attempts to correlate the effect with a thermodynamic of oxidation that can take pladd5]. In fact, the Medx
parameter such as water activit,) were not conclusive  form of ABTS (i.e., ABTS* or ABTS") oxidises the
[6,13]. A better outcome had a correlation of the inhibitory substrate by electron transfer; in contrast, the jddrm
effect with the Reichardt—Dimroth solvent polarity parameter of both HPI and VLA (i.e., the aminoxyl radical, >ND*®)
(ET) [6]. follows a H-atom abstraction rouf#6], whereas the Megl
Rather than attempting to rationalise in depth the effect of form of TEMPO (i.e., the oxoammonium ion, N=0)
the cosolvent on the denaturation of the enzyme, we wereundertakes an ionic mechanigtv]. It is expected that the
more interested in sorting out a cosolvent that induces ayield of the oxidised product (4-methoxybenzaldehyde) can
slower denaturation of laccase, in order to take advantagebe negatively affected not only by the decreased activity and
from an appropriate time window for the oxidation of fast- stability of laccase in the mixed solvents, but also by any
reacting but water-insoluble substrates. For example, phe-additional detrimental effect caused by the cosolvent to the
nols are natural substrates of laccase, and are rapidly oxi-Medyx species. The data reported Tiable 2 confirm this
dised if solubility problems are absent. With a sparingly sol- expectation, in general. More in detail, in the case of ABTS
uble oligomeric phenol, the extent of oxidation could be en- it has already been showh] that the stability of its radical
hanced by a factor of three when using a 1:1 buffer-dioxane cation is decreased in the presence of dioxane, and one could
mixture with respect to buffer alor{@4], whereas acetoni-  easily argue that other organic cosolvents exert a similar
trile as the co-solvent had a more detrimental effect on the effect, so to explain the low oxidation yields obtained.
oxidation of this oligomeric phenol. Looking more closely TEMPO is commonly used for the oxidation of
at the data irFig. 4, it indeed emerges that acetonitrile in- aliphatic alcohols in combination with co-oxidafi8—21}
activates laccase substantially within three hours whereas,it is no wonder, then, that negligible yields of 4-
in the presence of dioxane, the enzyme retains a signifi- methoxybenzaldehyde are obtained in the presence of iso-
cant part of its activity (60%) after 2h. The same residual propanol and ethylene glycol, since the cosolvent, which is
activity is detected in the buffered-water—isopropanol mix- in large molar excess, competes with the substrate to be ox-
ture after less than one hour. This is an useful and practicalidised by TEMPO-oxoammonium. In the case of HPI, on
information. the contrary Table 2, which in our experience has a low
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Table 2 an original extension of this study, the effect caused by the
Oxidation of 4-MeO-benzyl alcohol in mixed solvents with laccase-mediator ~5gglyents on the efficiency of oxidation of a non-phenolic
system8

lignin model compound by four laccase-mediator (ABTS,

Mixed solvent 1/1 wiw ABTS  HPI VLA TEMPO  Hp| VLA or TEMPO) systems has been investigated. The
Citrate buffer 0.1MpH 5.0 20 70 20 100 depression in the extent of oxidation of 4-methoxybenzyl
Dioxane <5(>75) 10(86) 30(67) 20(80)  g|cohol is in part to be attributed to the limited stability
g%itﬁ)r;g:; <55((7>57)5) 5189(:26) 11%(?;3) 150 ((995(;) of laccase in the cosolvents. However, mediator-specific
Ethylene glycol <5(>75) 30(57) 60(33) <5(>95 effectsshould also be taken into account, because the solvent

Yields of 4-MeO-benzaldehyde (%) with respect to the initial amount of can cor_npete fOI’. the e_nzyme with the medmtqr (as the
4-MeO-benzyl alcohol are given. The percent decrease of such yield, asconversions obtained with HPI and VLA seem to indicate),
induced by the cosolvent, is reported in parentheses with respect to the yieldor else it can undermine the stability of the oxidised form

in buffered-water only.
a Substrate 60 mM; Mediator 20 mM; laccase 3 U/ml (ABTS meti2dy
24 h reaction time at 28C. The GC yields of 4-MeO-benzaldehyde were

calculated with the internal standard method; the rest of mass balance is

recovered starting material.

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 (cscheme 2

tendency to oxidise aliphatic alcohols, a depression in the Acknowledgements

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 Medy (i.e., >N-O°®) of this mediatof22].

The same qualitative trend is obtained with mediator VLA,

which follows the same oxidation rouf#5,22] 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%, respectivelyfiable 2 is lower than in buffer
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