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Summary. A specific immobilization of laccase (EC 
1.10.3.2) onto a ready-to-use p-benzoquinone-activated 
agarose support is described. The single-step procedure 
leads to a laccase protein coupling of 18% and an en- 
zyme activity immobilization yield of 27%, while the re- 
tained specific activity of the immobilized enzyme was 
150% of the specific activity of the free laccase. This 
peculiar result is thought to be related to the fact that 
during the process of support activation by p-benzoqui- 
none, a significant amount of the hydroquinone by- 
product of the activation process is coupled to the sup- 
port. These coupled derivatives constitute substrate 
(hydroquinone) analogues for which laccase exhibits a 
high affinity. Therefore, simultaneous affinity retention 
on the hydroquinone groups and covalent coupling on 
the p-benzoquinone groups allow the binding of the en- 
zyme in an advantageous conformation which can gen- 
erate this increase specific activity by immobilization. 
The entire process can be considered as an affinity im- 
mobilization. The immobilized enzyme is much more 
stable to the inhibitory action of chloride and azide 
ions, with a recovery of 100% of the activity, than the 
free laccase, with a recovery of 67% and 32%, respec- 
tively, after removal of the inhibitors by dialysis. The 
stability was 95% after storage for 14 months at 4 ° C. 
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Introduction 

Laccase (benzenediol:oxygen oxidoreductase, EC 
1.10.3.2) is a copper enzyme catalysing the oxidation of 
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various types of phenols, cresols, chlorophenols, aryl- 
diamines and derivatives to the corresponding qui- 
nones (Peisach and Levine 1965; Shuttleworth and Bol- 
lag 1986). The enzyme is becoming more popular for 
use in various biotechnological fields due to its capac- 
ity to oxidize phenols. For instance, laccase has been 
proposed to be used in detoxification and treatment of 
phenolic wastes to prevent the phenols from contami- 
nating natural resources (Bollag et al. 1988). Some 
other interesting potential applications of laccase are 
related to the degradation of lignin in the context of 
efforts to introduce new ways to transform ligno-cellu- 
losic materials (Ander and Eriksson 1976). 

In order to improve the storage and operational sta- 
bility of the enzyme and to obtain a re-usable contin- 
uous solid-liquid substrate oxidation system, several 
procedures were developed for laccase immobilization. 
Thus, the enzyme was immobilized by adsorption on 
Concanavalin-A-Sepharose and by covalent binding to 
BrCN-activated Sepharose 4B (Froehner and Ericksson 
1975) and by azo linkages (Shuttleworth and Bollag 
1986) to a variant of celite (a diatomaceus silica deriva- 
tive). 

Usually, a covalent immobilization procedure im- 
plies two distinct steps: the activation of the support 
and the coupling of the enzyme. The whole procedure 
involves several operations and is often longer than 1-2 
days. 

Within the last decade, several ready-to-use sup- 
ports in bead or granular form, for example BrCN-Se- 
pharose 4B, vinyl-sulfone-activated supports (Porath 
and Axen 1976) and epoxy(oxiran)-activated supports 
such as Eupergit ® (Kr~imer 1988), and in membrane 
form, for example Immobylon T M  (Millipore), Immuno- 
dyne T M  (Pall Corp.), etc. have been introduced. 

The advantage of these ready-to-use activated sup- 
ports for the immobilization is that the support only 
needs to be swollen for a few minutes, washed with a 
proper buffer and immediately treated with the product 
to be coupled, or alternatively, directly swollen in the 
medium containing the product to be coupled. 

Recently, new types of ready-to-use p-benzoqui- 



99 

none(p-BQ)-ac t iva ted  suppor t s  (agarose,  po lyvinyla lco-  
hol, chi tosan)  have been  in t roduced  (Mateescu  et al. 
1989). The p ro te in  coup l ing  on  suppor ts  act ivated with 
pBQ has b e e n  descr ibed  by  Brand t  et al. (1975). The  
p rocedure  consists  o f  two steps suppor t  ac t iva t ion  by 
t r ea tment  with an  excess of  pBQ and,  after washings ,  
coup l ing  of  the p ro te in  on  the act ivated support .  

Our  ready- to-use  pBQ-ac t iva ted  suppor t  can be ob- 
t a ined  in a dr ied  form and  stored for more  than  a year  
(Mateescu et al. 1989). Fo r  p ro te in  coupl ing ,  the sup- 
port  shou ld  be s imply  swol len in  the coupl ing  (e.g. 
phospha te )  buf fe r  for a few minutes ,  f i l tered and  then  
i ncuba t ed  with the p ro te in  of  interest  for several hours .  
C o u p l i n g  yields of  10-95% have been  ob ta ined  with 
several immob i l i z ed  mater ia ls  (p ropy lamine ,  bov ine  se- 
r um a l b u m i n ,  etc.). 

The coup l ing  reac t ion  involves add i t ion  of  the com- 
p o u n d  to be immobi l i zed  to the act ivated v inyl -keto  
func t ion  of  the p -BQ residues of  the suppor t  (Scheme 
1). This reac t ion  may  involve  the free amino  hydroxyl  
or thiol  groups  of  the c o m p o u n d  to be immobi l ized .  In  
add i t ion  to the p -BQ groups,  the suppor t  also exhibi ts  
HQ groups  ob t a ined  as by-produc t s  of  the ac t iva t ion  
process. As HQ const i tu tes  one of  the m a i n  substrates  
of  laccase, it was in teres t ing to see the behav iou r  of  this 
enzyme when  coup led  to our  p-BQ-ac t iva ted  suppor ts  
which also con ta in  HQ groups which can  be recognized  
by laccase as subst ra te  ana logues .  

In  this paper ,  the immobi l i za t i on  and  some proper-  
ties of  Rhus vernicifera laccase on  p -BQ-ac t iva ted  aga- 
rose are described.  This enzyme ob t a ined  f rom the lac- 
quer  tree (Rhus vernicifera) con ta ins  four  copper  
a t o m s / m o l e c u l e  classified into three di f ferent  k inds  of  
copper  which  have been  ind ica ted  as type-1 (blue) cop- 
per(II) ,  type-2 copper( I I )  and  type-3 (two atoms)  cop- 
per(II) .  

Materials and methods 

Materials. Commercial grade reagents were used in this work 
without purification. Cross-linked agarose bead gels (Sepharose- 
CL 4B) and BrCN-activated Sepharose 4B, supplied by Pharma- 
cia Fine Chemicals, Uppsala, Sweden) were used. 

Synthesis of the activated p-BQ supports. The p-BQ-activated aga- 
rose support was obtained by a procedure described previously 
(Mateescu et al. 1989). Practically, 100ml agarose (Sepharose- 
CL 4B) gel bed was washed on a Btichner funel with 0.1 M phos- 
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Scheme 1. Hypothetical representation of laccase 'affinity immo- 
bilization' on p-BQ-activated supports 

phate pH 8, filtered and then incubated with the 160 ml of the 
same buffer solution containing 10.4 g p-BQ for 6 h with contin- 
uous agitation. The gel was then filtered and intensively washed 
with water, phosphate buffer and 30% (by vol.) acetone in water, 
until the excess of non-coupled p-BQ and HQ were eliminated. As 
a final step, the gel was washed, then filtered, dried with acetone 
and, after complete drying, stored in dark flasks. The amount of 
p-BQ active groups on the support was determined by titration of 
a known activated gel-volume (e.g. the volume generated by swell- 
ing 100 mg dried activated support) with KI in H2SO4 medium 
and measuring the amount of I2 released due to the action of p- 
BQ; a 2% starch solution was used, as indicator. 

The immobilization of laccase on p-BQ-activated agarose. Samples 
of 1 g dried p-BQ-activated agarose were swollen in the coupling 
buffer (0.01 M phosphate pH 6), washed with the same buffer on 
a Btichner funel, filtered and then treated with 25 ml purified lac- 
case preparation (3.5 mg/ml) and then incubated (with agitation) 
for 24 h. The coupling reaction was blocked by addition of 9 ml 
2 M Tris/H2SO~ pH 7 for another 6-10 h and then the gel with the 
coupled laccase was alternatively washed with the same stopping 
Tris/H2SO4 buffer and water, until no absorbance at 280 nm and 
no protein in the washings was detected by the method of Brad- 
ford (1979). 

Enzyme. Laccase was purified according to the method of Rein- 
hammar (1970) starting from a crude preparation extracted with 
0.01 M phosphate pH 6 from the acetone powder of Rhus vernici- 
fera. 

Enzyme activity. The activity of free laccase was determined by 
the method of O'Neil et al. (1984), based on the measurement of 
the rate of the enzyme-catalysed potassium ferrocyanide oxida- 
tion by absorbance at 420 nm. The enzyme activity of the immo- 
bilized laccase was determined by a modification of this method 
(Mateescu et al. 1989), as follows. An exact volume (obtained with 
an Eppendorf automatic pipette) of immobilized laccase suspen- 
sion, corresponding to a precise volume of gel bed (e.g. 0.1 ml), 
was introduced in a microcolumn and incubated for exactly 1 rain 
with 2 ml ferrocyanide substrate reagent, with agitation in the 
closed microcolumn. Immediately after this interval, the microco- 
lumn was opened and the reaction medium containing the oxi- 
dized substrate was collected directly in the spectrophotometer 
cells. The rate of change of absorbance at 420 nm against the rea- 
gent blank was determined. 

Enzyme eoncentration. The concentration of immobilized laccase 
was determined by atomic absorption spectrometry of copper us- 
ing an Instrumentation Laboratory aa/ae spectrophotometer 257, 
with hollow cathode lamp type 3 QNY Cu-Zn (Cathodeon Ltd.). 
The copper was considered as an internal standard for the laccase 
macromolecule. Samples of swollen gel (0.1-0.5 ml) were treated 
with 0.5 rnl concentrated nitric acid, for 3 min at 100 ° C, for mi- 
neralization. For both free and immobilized enzyme, an opera- 
tional specific activity was considered (measured as U/rag cop- 
per). From the copper content values, it is possible to calculate the 
laccase protein concentration using the relation: mass laccase= 
434.5 × mass copper (where the factor 435.5 is calculated consid- 
ering four copper atoms/laccase molecule). The copper content of 
the p-BQ support alone (without coupled enzyme) was also deter- 
mined as a blank. After proper dilution, the absorbance was mea- 
sured at 324.7 nm. The inhibitory effects of chloride (C1-) and 
azide (N3) ions were determined by addition of NaCI and NaN3 
in the buffer for the assay of the enzyme activity, in several in- 
creasing concentrations, up to a final concentration of 0.02 M in 
the enzymatic activity determination medium. 

Effects of inhibitors. The free and the immobilized enzyme were 
preincubated for 3 rain with the buffer containing the inhibitor(s) 
and then the substrate reagent was added and the rate of change 
of absorbance measured as in case of enzyme activity determina- 
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tion. The removal of the inhibitor(s) to study the recovery of en- 
zyme activity of the immobilized enzyme was realized by simply 
washing with the buffer, directly on the microcolumn of the assay. 
For the free enzyme, the inhibitor was removed from the enzyme- 
inhibitor mixture by dialysis against the buffer. For each example, 
the enzyme activity was determined after the removal of the inhi- 
bitor. 

Immobilization of  crude enzyme. Immobilization of a crude Rhus 
vernicifera laccase preparation on p-BQ-activated agarose and on 
BrCN-activated Sepharose 4B supports was also carried out. 
Practically, 0.5 g of each dried activated support was treated with 
25 ml crude laccase extracted from R. vernicifera acetone powder 
(the protein concentration of the crude extract was 2 mg/ml). The 
following indicators were considered to quantify the immobiliza- 
tion procedures: the coupling yield, considered as the percentage 
of coupled protein compared to the total amount of protein intro- 
duced in the coupling reaction; the immobilization yield, consid- 
ered as the percentage of the immobilized enzyme activity com- 
pared to the total activity introduced for the immobilization; the 
retained (residual) specific activity of the immobilized enzyme as 
a percentage of the specific activity of the free (initial) enzyme. In 
the case of the immobilized enzyme, all the enzyme concentra- 
tions based on the copper determination were calculated by sub- 
tracting the copper content of the agarose (Sepharose) supports as 
such, which is not negligible and varied between lots (in the de- 
tected range 0.005-0.010 mg copper/ml gel). 

Results and discussion 

The ready-to-use p-BQ-activated agarose support  ob- 
tained as described above exhibits a degree of  derivati- 
zation of  80 ixmol p -BQ/g  dried gel. This value was 
higher than that obtained for otherp-BQ-activated sup- 
ports based on polyvinyl alcohol and chitosan (about 
50 Ixmol p -BQ/g  dried gel) and in the same range of  ca- 
pacities as for other affinity chromatography materials 
used for ligand immobilization (e.g. 24-55 ~tmol active 
groups/g  AH- or CH-Sepharose 4B). 

The p-BQ-activated agarose support  obtained con- 
tains not only p-BQ active groups but also HQ groups 
introduced as a by-product  during the activation proce- 
dure (Scheme 1). As HQ is a substrate for laccase, it 
was thought that a support  exhibiting both p-BQ and 
HQ groups could be a convenient material for the im- 
mobilization of  this enzyme (Mateescu et al. 1989). 

The swelling volume of  the p-BQ-activated agarose 
obtained is 11.5 ml /g  dried gel. The maximal binding 
capacity of  the support  in laccase immobilization was 
of 1.68 mg laccase/ml  gel, corresponding to a coupling 
yield of 18.3% (value in the range of  other coupled 
compounds on various supports). For instance, the cou- 
pling yields of  different compounds (propylamine, ~- 
amylase, bovine serum albumin) on p-BQ-activated 
supports (agarose, polyvinyl alcohol, chitosan) were in 
the range 10-95%. Using the same p-BQ-activated aga- 
rose, the coupling yield of  bovine serum albumin was 
of 95%. The lower value obtained in the case of  laccase 
immobi l iza t ioncan  be explained by the fact that lac- 
case is a glycoprotein with a molecular mass of  
110 kDa which only 55% represents the protein moiety 
(Reinhammar 1970; Holwerda and Gray 1974). As a 
consequence, the relative number of  free amino func- 

tional groups of  the enzyme involved in the covalent 
coupling to the p-BQ active groups is lower. 

The immobilization yield was 27%. The specific ac- 
tivity of  the immobilized enzyme (10.8 m U / m g  coupled 
protein) when stabilized was higher than that of the 
free enzyme (7.04 m U / m g  protein); thus the retained 
specific activity of the immobilized enzyme was about 
150%. This peculiar result can be explained by the fact 
that laccase can recognize the HQ functional groups of  
the support, as a substrate analogue, and, at the same 
time, react with the active p-BQ active groups of  the 
support. Therefore,  there are probably two distinct in- 
teractions of laccase with the activated support:  (a) the 
enzyme can recognize the substrate analogue HQ 
groups by affinity and possibly is retained in a favora- 
ble conformation which can be maintained during (b) 
the simultaneous covalent coupling of  the enzyme at 
the level o fp -BQ  active groups. 

Since both the retention by affinity and covalent 
binding occur synergistically, this peculiar type of cou- 
pling, and indeed the whole process, can be considered 
as an affinity immobilization. 

The hypothesis of  affinity retention prior to and 
during the coupling is also supported by the fact that a 
tenfold stronger binding of  laccase was observed by 
Clemmer et al. (1970) for hydroquinone derivatives of 
the type H3C-O-HQ than for the unmodified HQ. In 
ourp-BQ-act ivated supports, we also have quite similar 
functional groups, i.e. support-O-HQ. This affinity im- 
mobilization can explain the higher specific activity 
after immobilization. Various controls were executed in 
order to confirm this behaviour. For instance, no ferro- 
cyanide oxidation was observed in the presence ofp-BQ- 
activated support alone (without immobilized laccase). 

A similar effect of enhanced enzyme activity of  lac- 
case by immobilization was also mentioned by Shuttle- 
worth and Bollag (1986); they obtained a coupling 
yield of  89% and an immobilization yield of  99%. 

On the other hand, it was mentioned that Rhus  lac- 
case appears to be present in two molecular forms (An- 
dreasson and Reinhammar 1976) one 'active' and an- 
other 'inactive'. The equilibrium between the two forms 
was thought to be controlled by pH. At pH 6, the au- 
thors mentioned a higher experimental concentration 
of  te 'active' form; in the presence of  the reducing sub- 
strate and O2, it was possible to maintain the level of  
the 'active' form by limiting the transition to the 'inac- 
tive' form. 

As our coupling procedure occurs at exactly pH 6, 
it is possible that enzyme in the 'active' form was pre- 
ferentially immobilized and, in the presence of  large 
amounts of HQ as reducing substrate on the support  
and of  oxygen, the 'active' form was retained. At the 
same time, transitions to the 'inactive' form are less 
probable, because immobilization can prevent major 
modification of  the protein. The preservation of  the 'ac- 
tive' form of laccase can explain, in the light of this 
concept, the higher specific activity of the immobilized 
enzyme as compared with free laccase, where both 'ac- 
tive' and 'inactive' forms can co-exist (and as conse- 
quence the specific activity is lower). 
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Another  peculiar observation is that after immobili- 
zation, the enzyme activity seems to be gradually en- 
hanced, at a rate of  about 7.8%, within a period as long 
as a week, and is then stabilized. It is possible that, due 
to the affinity of  the enzyme for the -O-HQ derivative, 
some post-immobilization re-arrangements can occur. 
Additional experiments and studies in this direction are 
now in progress in our laboratories in order to eluci- 
date this behaviour.  Moreover,  a complementary expla- 
nation can complete the understanding of  this observa- 
tion. It is well known that laccase rapidly reduces oxy- 
gen to water only when all of  its electron acceptors are 
reduced (Reinhammar 1970). HQ is a good agent to re- 
duce laccase (Holwerda and Gray 1974). However, the 
re-oxidation of  the metallo-enzyme by Oz is much fas- 
ter than the reduction. As our support  carries an impor- 
tant quantity of  HQ, the immobilized laccase can be re- 
duced (by the HQ derivative of the support) and then 
re-oxidized by the 02. Thus, some new p-BQ is formed 
on the support  as a result of HQ oxidation induced by 
the immobilized laccase. These newly formed p-BQ re- 
sidues can be involved in a more advanced covalent 
binding of  the enzyme, and probably not in the enzyme 
re-oxidation on the basis of the low reduction potential 
(0.27 V) for the p - B Q / H Q  couple. The oxygen is proba- 
bly involved in the enzyme re-oxidation. Much larger 
amounts of support -HQ derivatives can be converted in 
situ under  the catalytic action of the immobilized lac- 
case in new p-BQ groups which, when formed,  will be 
involved in new covalent links with the enzyme, gener- 
ating post-immobilization re-arrangements probably re- 
sponsible for the observed post-immobilization en- 
hancement  of  the enzyme activity. 

High retained specific activities, in the range 83- 
113%, were also obtained when a crude extract from the 
acetone powder  of R. vernicifera was immobilized on 
the p-BQ-activated agarose gel. With the immobiliza- 
tion on BrCN-activated Sepharose 4B, carried out un- 
der identical conditions and with the same ratio of ex- 
tract volume/act ivated support  volume, a retained spe- 
cific activity of  about  50% was obtained. As the support  
matrix was of  the same agarose type in both cases and 
as the protein is bound via the same type of  free NH2 
groups (obtained from the lysine residues), it is possible 
that the higher retained activity in the case of  p-BQ- 
activated supports is due to this specific binding of  the 
laccase, in which the HQ groups of  the support  can en- 
hance the activity values. 

The storage stability of  the immobilized enzyme is 
sufficiently high. After 14 months of  storage at 4 ° C, the 
enzymatic activity was 95% of  the initial activity. 

It is a well known that laccase is particularly sensi- 
tive to the inhibitory action of  chloride and azide ions 
(Morpurgo et al. 1974; Peisach and Levine 1965). The 
behaviour of  immobilized laccase in comparison with 
the free enzyme under  the action of  the chloride and 
azide ions has been studied in this work. The immobi- 
lized enzyme was found to be more stable to attack by 
0.02 M C I -  and N;- ions, maintaining 12-16% of  the 
activity, compared to the free enzyme which was re- 
duced to 10% under  the action of  C1- and totally inhi- 

Table 1. The influence of C1 and N3 ions on free and immo- 
bilized laccase activity 

Type of sample 
Activity (% control) of 

Free enzyme Immobilized enzyme 

Control (no CI- or N3-) 100 100 

+0.02 M C1- 10_+1.2 16+1.5 
+0.02 M N~- 0 12+1.1 

C1- removed 67 _+ 7.5 100 
N;- removed 32_+ 4 100 

bited by N;-. The immobilized laccase exhibited total 
recovery (100%) after removal of the inhibitors, while 
the recovered activities of  the free enzyme were only of  
67% and 32% after the removal of  C I -  and N 3  ions, 
respectively (Table 1). This total (100%) recovery of  the 
activity of  the immobilized enzyme is important, pro- 
viding more information on the mechanism of  inhibi- 
tion type, which in case of  the immobilized enzyme 
seems to be reversible. 

At the same time, this excellent recovery capacity of 
the immobilized laccase suggests considerable possibil- 
ities for application in various biotechnological fields. 
An interesting possibility is that the high-affinity N3- 
binding to the type-2 Cu(II) which occurs in free lac- 
case (Morpurgo 1982; Spira-Solomon et al. 1986), and 
which is thought to be due to the presence of a bridge 
between the type-2 Cu(II) and one of  the neighbouring 
type-3 Cu(I), becomes reversible in the case of  the im- 
mobilized enzyme. This reversibility is probably due to 
some conformational  modification of  the enzyme in- 
duced by the coupling with the support, which contri- 
butes to the protection of the copper sites under  inhibi- 
tory attack. 

An extensive kinetic study with both the free and 
immobilized laccase is also in progress in our  laborato- 
ries. 
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