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Abstract

The interaction of metal oxides with extracellular enzymes may influence humus formation and bioremediation processes. In this study, short-
range ordered aluminum hydroxide exhibited a strong affinity for laccase from Trametes villosa (X, =6.18 pgmg™!) as evidenced by an H-
type adsorption isotherm. Based on oxygen uptake measurements, free laccase had only slightly greater kinetic parameters (K, =0.18 mM;
Vinax = 14.35 mmol O, min™!) than those of adsorbed laccase (K =0.15mM; Vipay = 12.77 mmol O, min™!). Free and adsorbed laccase showed
similar activities under various pH conditions (from 3.8 to 7.8) and also showed similar activity loss over time (0-30 days). Adsorbed laccase was
less resistant to thermal (4—100 °C) and proteolytic degradation, but also less sensitive to inhibition by humic acid than free laccase. Attenuated total
reflectance infrared (ATR-IR) spectroscopy did not show significant changes in the secondary structure of laccase due to adsorption on aluminum
hydroxide. These results indicate that laccase in soil may be found predominantly complexed with short-range ordered aluminum hydroxide, and
laccase activity and stability is little affected by adsorption to the mineral. Consequently, use of immobilized enzymes such as laccase on aluminum

hydroxide can be considered a practical tool for soil remediation.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Laccase; Aluminum hydroxide; Adsorption; Enzyme activity; Soil enzymes

1. Introduction

Extracellular enzymes participate in a variety of transforma-
tion reactions in soil, including humus synthesis and degradation
of organic pollutants [1-3]. Phenoloxidases such as laccase,
tyrosinase, or peroxidase, constitute an important group of
enzymes involved in these reactions [4-7]. Extracellular lac-
cases, including that from Trametes villosa (EC 1.10.3.2), can
catalyze the oxidation of organic substrates with the concomi-
tant reduction of molecular oxygen [8], and may play a role in
the formation of humic polymers and transformation of soil and
water organic pollutants [9,10].

Although laccases are well-studied enzymes in the labora-
tory, little is known of their behavior in terrestrial systems,
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where enzymatic activity may be modulated by adsorption on
soil components [11-14]. According to recent findings [10,15],
adsorption phenomena may considerably change enzyme prop-
erties, such as specific activity, substrate affinity, or thermal and
pH stability. Previous studies, for instance, consistently demon-
strated that immobilization on soil and soil components led to
increased laccase stability [ 16—18]. However, in at least one case,
immobilized laccase (Rhizoctonia praticola laccase complexed
with celite) did not display increased stability compared to the
free enzyme [19].

Regardless, enzymes immobilized on solid supports, such
as porous glass beads, various clay minerals, or soil, have been
considered for the removal of toxic xenobiotics from the environ-
ment [2,18,20-22]. For obvious reasons (low cost, availability),
soil is an appealing option for enzyme immobilization. To assess
this option properly, it is necessary to determine the distribution
of enzyme molecules among various soil components, a difficult
task, because of losses associated with extraction and purifica-
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tion of soil enzyme. If, however, enzyme affinity can be deter-
mined for each of the pure soil components, it should be possible
to predict the overall effect of interaction with the soil matrix.

Major inorganic adsorbents in soil include clay minerals
with well-ordered crystalline structures, and short-range ordered
mineral oxides. The latter are ubiquitous in terrestrial systems.
There, they exist as discrete colloidal phases, frequently coating
clay surfaces and forming complexes with organic matter [23].
With their relatively high specific surface areas and charge den-
sities, they represent the majority of reactive sites in many soils,
and show great potential to adsorb extracellular enzymes [23].

The purpose of this study was to determine the extent of
adsorption of laccase from T. villosa on short-range ordered alu-
minum hydroxide and to examine the effect of adsorption on:
(1) laccase activity under different conditions, (2) laccase resis-
tance to degradation by protease and exposure to humic acid,
and (3) the secondary structure of the laccase molecule, using
attenuated total reflectance infrared (ATR-IR) spectroscopy. In
so doing, the potential of aluminum hydroxide-sorbed laccase
for soil remediation may be assessed.

2. Materials and methods
2.1. Materials

Short-range ordered aluminum hydroxide was synthesized by gradual neu-
tralization of a 0.5M AICI3 solution to pH 7.0 using 0.5M NaOH [24]. The
suspension was aged for 48 h at room temperature and centrifuged at 10,300 x g
for 20 min. The precipitate was washed with deionized water to completely
remove Cl~ and then freeze-dried. Analysis of aluminum hydroxide by X-ray
diffraction and infrared spectroscopy showed the presence of poorly crystalline
structures, with characteristic peaks matching those reported in the literature
[25]. The X-ray powder diffraction patterns were obtained using a PADV X-ray
diffractometer with Co-Ka radiation source (Scintag, Inc., Cupertino, CA). The
specific surface area of aluminum hydroxide was 297.5m? g~! as determined
by N sorptometry on a Micromeretics ASAP 2021 sorptometer (Norcross, GA)
from the linear segment of the multi-point Ny adsorption isotherms according
to the Brunauer—-Emmett—Teller theory (BET) [26].

Extracellular laccase (7. villosa, EC 1.10.3.2) was obtained from Novo
Nordisk (Danbury, CT) and is likely of a single molecular form (evidence below).
Protease was purchased from Sigma Chemical Co. (St. Louis, MO) and Bio-
Rad reagent for protein assays was obtained from Bio-Rad Lab (Richmond,
CA). Suwannee River humic acid was purchased from the International Humic
Substances Society (IHSS; St. Paul, MN).

2.2. Adsorption of laccase on aluminum hydroxide

To determine laccase adsorption isotherms, 5 mg of aluminum hydroxide
(1.49 m?) was mixed with 10 mL volumes of 0.5% NaCl aqueous solution of
the enzyme (0-371 pgmL~") and shaken for 24 h at 25°C. At the end of the
equilibration period, the suspensions were centrifuged at 17,000 x g for 10 min.
Concentration of enzyme remaining in the supernatants was determined by col-
orimetric protein assay, using the Bio-Rad reagent to obtain colored protein
complexes [27]. The calibration curve was prepared using bovine serum albu-
min as a standard, and colorimetric measurements were carried out on a Model
UV-1601 spectrophotometer (Shimadzu Scientific Instruments, Inc., Columbia,
MD) at 595 nm. The amount of protein adsorbed on aluminum hydroxide was
calculated as the difference between the amount of protein initially added and
the amount remaining in the supernatants after equilibration.

Sorption data were fitted to the Langmuir model:

 XmQK
=170k

where g and Q are the sorbed and solution protein concentrations, respec-
tively. The maximum sorbed concentration (Xp,) and the adsorption equilibrium
constant (K) were determined by non-linear regression.

Aluminum hydroxide—laccase complexes for activity and stability exper-
iments were prepared by adding 5g aluminum hydroxide to 50 mL laccase
solution (0.791 mg mL~1) in 0.5% NaCl. After an 18-h contact period (shaken at
50 rpm, 25 °C), mineral with adsorbed laccase was recovered by centrifugation,
washed with 0.5% NaCl solution until no protein was detected in the washings,
and resuspended in 0.5% NaCl before initiation of enzyme assays. Based on the
protein assay, between 90% and 93% of the initially added laccase was adsorbed
on aluminum hydroxide during the preparation procedure.

2.3. Laccase activity

The activity of free and adsorbed laccase was determined by measuring
oxygen consumption during reaction with a substrate. This method was chosen
over a spectrophotometric approach because it avoids problems associated with
interference by mineral particles. Specific amounts of free or adsorbed T. villosa
laccase (1.3-11.8 pg) were placed into a biological oxygen monitor (Model
5300, Yellow Spring Instruments Co., Yellow Springs, OH) equipped with a
Clark oxygen electrode. The sealed sample chamber was under continuous agi-
tation with a Teflon magnetic bar, thermostated (25 °C) and filled with 0.1 M
citrate—phosphate buffer (2.7 mL, pH 3.8). The enzymatic reaction was initiated
by the addition of 0.1 mL of 10 mM 2,6-dimethoxyphenol in the same buffer
(stored at 25 °C) through a side port next to the electrode. Oxygen consump-
tion was monitored for 2 min. To determine the effect of pH on the activity of
free laccase and adsorbed 7. villosa laccase (440 unit mL~"), citrate—phosphate
buffer with pH ranging from 3.8 to 7.8 was used under the conditions described
above. Laccase activity was defined as the amount of laccase required to consume
1 mmol min~! of O,.

The kinetics of free and adsorbed laccase (440unitmL~!) was eval-
uated using the Michaelis—-Menten model: V=V, S/(Kpm +S), where V is
the reaction velocity (mmol Oy min~!) and S is the substrate concentration
(0.089-1.071 mM). The kinetic parameters, Michaelis constant (Kp,) and max-
imal velocity (Vmax), represent the affinity of laccase for the substrate and the
maximum reaction velocity, respectively, and were calculated by fitting kinetics
data to the model.

2.4. Laccase stability experiments

The effects of aging, temperature, protease, and humic acids on free versus
sorbed laccase activity were conducted using 5-mL solutions of free laccase or
laccase—aluminum hydroxide suspensions containing equivalent initial laccase
activity (440 unitmL~" in 0.5% NaCl, pH 7.0 £0.1). Aging treatments ranged
from O to 30 days at 25 °C, and temperature treatments from 4 to 100 °C for 4 h.
Resistance to proteolytic activity was studied by adding protease (1 mgmL~")
to solutions or suspensions and shaking for 12 h at 25 °C before activity mea-
surement. Humic acid (1.0 mg mL~!) was added to solutions or suspensions and
incubated for 072 h before activity measurement. Samples without protease or
humic acid served as controls. After each time period, 25-pL aliquots were taken
from samples, and the laccase activity was measured using the biological oxy-
gen monitor as described above. There was negligible oxygen consumption in
the presence of humic acid or protease in the absence of 2,6-dimethoxyphenol.
All the experiments were triplicated and results were found to agree within 95%
confidence limits. Paired and unpaired #-tests were used to compare the activi-
ties of free and immobilized laccase. Statistical significance limits were set at
p<0.0lor 0.05.

2.5. Attenuated total reflectance infrared (ATR-IR) spectroscopy

Infrared absorption spectra were obtained using a Nexus 670 Fourier Trans-
form Infrared Spectrophotometer (Thermo Electro Co., Waltham, MA), with
1.0mg samples of mineral dispersed in KBr (99.0 mg) pellets and scanned
through a range of 4000-1000 cm™!. Three microliters aliquots of aqueous solu-
tion or suspension, containing 0.222 ng of free laccase, 1.5 mg of aluminum
hydroxide, or 0.222 pg of laccase complexed with 1.5 mg of aluminum hydrox-
ide, were loaded on a 1-mm diameter single-bounce diamond-KRS5 ATR sensor
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Fig. 1. Adsorption of Trametes villosa laccase on short-range ordered alu-
minum hydroxide during a 24-h shaking in 0.5% NaCl at 25 °C, as determined
by UV-vis spectroscopy of colored protein complexes obtained with Bio-Rad
reagent and calibrated using bovine serum albumin.

crystal (Pike Technologies, Madison, WI), and air-dried for 10 min before the
initiation of spectral acquisition on a Bruker (Billerica, MA) Fourier transform
infrared spectrometer. Each spectrum was the result of co-addition of 256 scans
and the data were processed within the 1800-1400 cm™! region of interest. The
sensor background spectrum was a measurement without added specimens. The
spectrum of aluminum hydroxide was subtracted (using Bruker software) from
that of laccase/aluminum hydroxide complex, to obtain the differential ATR-IR
spectrum of adsorbed laccase. The samples were prepared in triplicate and the
reported peak position uncertainties are standard deviations.

3. Results and discussion
3.1. Laccase adsorption

The adsorption isotherm for laccase on aluminum hydroxide
(Fig. 1) was well-described by the Langmuir model (> =0.799)
with X;, and K values of 6.18 pgmg~' and 12.51 mL ug™!,
respectively. The adsorption isotherm may be generalized as
the extreme H-type isotherm [28], indicating that extracellu-
lar laccase is subject to strong affinity for short-range ordered
aluminum hydroxide. The adsorption capacity of aluminum
hydroxide is much greater than that of other non-crystalline
clay minerals, such as ferrihydrite or birnessite (X, =0.9 or
0.5 wgmg~!, respectively), which adsorbed about nine times
less T. villosa laccase under the same experimental conditions
[29]. The adsorption of enzymes by minerals is often observed in
soil environments. The possible mechanisms of enzyme adsorp-
tion on clay minerals include cation exchange, electrostatic
attraction, and hydrophobic binding [3,30,31]. According to Hsu
[25], the value of the point of zero charge (PZC) — the pH at which
number of positive and negative surface charges are equal [28]
— for short-range ordered aluminum hydroxide is 8.0-9.2. For
laccase, the PZC was reported to be 3.0-3.5 [12]. At the neutral
pH that these adsorption experiments were carried out, laccase
is likely strongly negatively charged due to its PZC, lower than
7, while aluminum hydroxide is positively charged due to its
PZC, greater than 7. Therefore, electrostatic attraction is likely
a dominant adsorption mechanism.

3.2. Laccase activity

When the kinetics data were fitted to the Michaelis—Menten
model, the K, and Vi values for free laccase (0.18 mM
and 14.35mmol O> min~!, respectively) did not greatly dif-
fer from those derived for adsorbed laccase (0.15mM and
12.77 mmol O, min—!, respectively) (Fig. 2A). Further, free
and adsorbed laccase showed similar activities over a range
of enzyme amounts (1.3-11.8 ng; t=2.74, p<0.01) (Fig. 2B).
These results are consistent with other studies showing that
adsorbed enzymes may remain nearly fully catalytically active
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Fig. 2. Activity of free and adsorbed T villosa laccase incubated at 25 °C and pH
3.8in2.7mL of 0.1 M citrate—phosphate buffer (determined by a biological oxy-
gen monitor) as a function of (A) substrate concentration (2,6-dimethoxyphenol)
ranging from 0.089 to 1.071 mM (modeled by Michaelis—Menten equation) and
(B) laccase concentration (1.3-11.8 pg). (C) The effect of pH on the activity
of free laccase and adsorbed T. villosa laccase (440 unit mL~!) under the same
conditions. The pH was determined polarographically and ranged from 3.5 to
7.8.
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[17,32]. On the other hand, adsorption onto mineral surfaces
has, in some cases, been found to alter the active site structure
of an enzyme, causing a decrease in Viyax values and an increase
in Ky, values [3]. However, in this study, the small changes in
Vmax and Ky, values for adsorbed versus free laccase over a
range in laccase concentrations, suggest that the active site was
essentially unaffected by mineral adsorption.

Decreased laccase activity was observed at higher pH’s (pH
range in 3.8-7.8, Fig. 2C), and laccase was completely deacti-
vated at <pH 3.0 (data not shown). For example, the activity of
both free and adsorbed laccase decreased from a maximum of
about 11 mmol O, min~! at pH 3.8 to about 0.1 mmol O, min~!
at pH 7.8 (Fig. 2C). However, differences between the
pH-activity relationship of free versus aluminum hydroxide-
sorbed laccase were minor or insignificant (=0.85, p <0.05).

According to previous studies [33-35], T. villosa laccase dis-
plays maximal activity between pH 3.8 and 7.4, depending on the
substrate and type of buffer. In this study, both free and adsorbed
laccase showed maximal activity (9.5-11.2 mmol O, min~!)
between pH 3.8 and 4.8 (Fig. 2C). A commonly observed effect
of enzyme adsorption on mineral surfaces is the shift of the
optimal catalytic activity to either higher or lower pH values
[16,36,37]. Changes in the pH of soil solution can affect the ion-
ization state of the amino acids composing an enzyme, and the
corresponding changes in the distribution of ionic bonds may
alter an enzyme’s structure. Consequently, the substrate recog-
nition system may be disrupted, making the enzyme inactive
[38,39]. The lack of difference in optimal pH between free and
adsorbed laccase found in this study supports the conclusion that
the active site of laccase is not proximal to the enzyme’s bond
with aluminum hydroxide.

3.3. Effects of environmental parameters on laccase
stability

Decreased laccase activity was observed with increased stor-
age times and higher temperatures (Fig. 3A and B). Aging
experiments demonstrated that enzyme deactivation over 30
days followed an exponential decay model. Deactivation half-
lives were 7.9 days (#2=0.970) and 10.0 days (+> =0.966) for
free and adsorbed laccase, respectively (Fig. 3A). However,
free and adsorbed laccase had similar temporal stabilities over
a 30-day period at 25°C. Some studies have indicated that
mineral-adsorbed enzymes are more stable than free enzymes,
losing less enzymatic activity during storage at ambient tem-
peratures [16,17,29]. Here, we observe a lowered stability of
adsorbed laccase versus free laccase (loss of 30% versus 16%,
respectively) in the short term (3 days), and similar losses in
stability (89 and 93% loss, respectively) over long term (30
days) storage of aluminum hydroxide-sorbed versus free laccase
(Fig. 3A). Overall, the minor differences in temporal stability
observed are consistent with the conclusion that the active site
of T. villosa laccase was unaffected by laccase adsorption on
short-range ordered aluminum hydroxide.

For both free and mineral-sorbed laccase, little activity
remained at temperatures above 75 °C (Fig. 3B). However, sig-
nificant differences in the thermal stability structure of free
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Fig. 3. The effect of (A) storage at 25 °C and (B) temperature after a 4-h incu-
bation, on the activity of free and adsorbed 7. villosa laccase, determined on
5-mL samples of laccase solution or suspension (440 unitmL ™! in 0.5% NaCl,
pH7.0£0.1).

versus adsorbed laccase were observed (¢=2.99, p <0.05). Free
laccase showed a broad thermal stability range of 0-55 °C, while
that of sorbed laccase was only 0-28 °C. The adsorbed laccase
showed losses of enzymatic activity from 10.3 mmol O, min~!
at 28 °C to 5.4mmol O, min~! at 55°C (52%). The adsorbed
laccase showed a linear tendency in the loss of enzymatic activ-
ity from 28 °C to more than 60 °C. The deactivation energy
was calculated from the deactivation rate constant values in
Table 1 using the Arrhenius equation: Kq= Ag - e~ 2£d/RT where
K4, AE4, R, and T are the deactivation rate constant, deac-
tivation energy, the gas constant (1.987 calmol~! K~!), and
temperature (K), respectively [40]. The deactivation energy for
free and immobilized laccase was 25.0 kcal mol~! (+2=0.953)
and 11.8kcal mol™! (r2 =0.958), respectively. Free laccase,
therefore, displayed greater thermal stability than immobilized
laccase.

Table 1
Kinetic and thermodynamic parameters for irreversible thermal inactivation of
free and adsorbed laccase from Trametes villosa

Temperature (K) Free laccase Adsorbed laccase

Kg (W) ti72 (B) Kg (™) ti2 (B)
310 0.045 127 0.343 15
328 0.238 24 1.223 4
338 1.988 3 2.243 2
348 2.867 2 2.493 2

 The first order rate constant for inactivation was determined by linear regres-
sion of laccase activity vs. time incubated (h).
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Temperature is often claimed to negatively affect both free
and immobilized enzyme activity and stability [16,32,41]. While
some have found the negative effects to be more pronounced in
free versus mineral-sorbed enzymes [15], other workers have
suggested the opposite [3,42], while still others found no differ-
ence [43]. While enzyme immobilization may stabilize a protein
against temperature-induced unfolding, it is difficult to explain
why mineral-sorption would negatively affect the thermal sta-
bility of an enzyme versus that of a free enzyme. More research
is required in this area.

3.4. Effects of protease and humic acid on laccase activity

Enzymes do not act as isolated molecules in the soil environ-
ment, but rather are present along with a wide range of organic
compounds and compound classes originating as biotic exu-
dations and decay products. Two such compound classes that
are likely to influence soil enzyme activity and stability are
proteases, enzymes that hydrolyse the peptide bonds in pro-
teins, derived from soil microbes [44], and humic substances,
the degradation products of plants. Incubations were conducted
with representative members of these two classes of compounds,
followed by measurement of activity of free and aluminum
hydroxide-sorbed laccase to further test the efficacy of mineral-
sorbed enzymes for the bioremediation of contaminants in soils.

Following a 12-h period of exposure to protease, the activity
of free and adsorbed laccase decreased by 8 and 30%, respec-
tively, relative to that of a control sample with no protease
(Fig. 4A). The significantly lower stability of sorbed versus free
laccase under protease attack (r=30.62, p <0.05) contrasts with
other studies in which adsorbed enzymes were found to be sig-
nificantly more stable [45,46]. While some enzymes may be
protected from protease hydrolysis by occlusion within a pore on
amineral’s surface [47], or repulsion of proteases by a mineral’s
surface charge, our experimental data suggest that the active
site of aluminum hydroxide-adsorbed laccase is distal from the
mineral’s surface, and would thus be exposed to attack. Possi-
ble reasons for enhanced deactivation of mineral-sorbed laccase
by protease include the attraction of protease to the surface of
aluminum hydroxide, enhanced preservation of mineral-sorbed
protease, and enhanced accessibility of the active site of sorbed
laccase to protease because of steric considerations.

Experiments following the effects of humic acid addition
on free and mineral-sorbed laccase activity yielded unexpected
results (Fig. 4B). During the initial 24h of the incubation,
the presence of humic acid had a stabilizing effect on laccase
activity, whether free of sorbed. Assuming exponential decay,
deactivation half-lives for free and adsorbed laccase were calcu-
lated as 148 h (> =0.903) and 204 h (> =0.924) in the presence
of humic acid, respectively, and 330 h (r2=0.741) and 120 h
(r*=0.852) in the absence of humic acid, respectively. In the
absence of humic acid, free and sorbed laccase lost activity
during the initial 24 h (15 and 25%, respectively), as expected
from previous experiments (Fig. 3A). After 48 h, the presence of
humic acid produced an inhibitory effect on free laccase activity
(by 10% relative to humic acid-absent incubations), but there
was no inhibitory effect of humic acid on the adsorbed laccase,
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Fig. 4. The activity of free and adsorbed T villosa laccase (440 unitmL~" in
5 mL of 0.5% NaCl solution or suspension, respectively, at 25 °C, pH 7.0 £ 0.1)
after (A) 12-h exposure to protease (1.0 mg mL~") or (B) 03 days exposure to
IHHS Suwannee River humic acid (1.0 mg mL~h).

which retained 100% of its initial activity. Only after 72 h did
sorbed laccase activity in the presence of humic acid decrease
to levels that were not significantly different than that of humic
acid-absent incubations (r=1.15, p <0.05).

Although these experiments were characterized by greater
deviation among replicate incubations, the stabilization of lac-
case by humic acid, particularly sorbed laccase, is apparent.
These results contrast with other studies that have shown humic
acid to inhibit enzyme activity in soil [2,17,48]. Enzymes are
believed to be inhibited by conformational changes in the
enzyme structure due to interaction with humic acid moieties
[49-53]. It is possible that the greater apparent stability of
adsorbed versus free laccase is due to mineral adsorption of
the humic acid.

3.5. Spectroscopic effects of laccase adsorption

ATR-IR spectra of air-dried deposits of free laccase, alu-
minum hydroxide, and laccase adsorbed on aluminum hydroxide
are presented in Fig. 5. The IR spectra of pure aluminum
hydroxide (Fig. 5b) was subtracted from the laccase—aluminum
hydroxide complex (Fig. 5a) in order to examine the sec-
ondary structure of laccase adsorbed to aluminum hydroxide
(Fig. 5c). Major peaks in the IR spectra of both free and
mineral adsorbed laccase were observed at wave numbers
155540.5 and 16404+2.5cm~! (Fig. 5d) and at 1557+ 1.4
and 1640 + 1.9 cm ™!, respectively (Fig. 5c). The bands between
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Fig. 5. Attenuated total reflection infrared spectra of air-dried deposits (loaded
on a 1-mm diameter single-bounce diamond sensor crystal for spectral acqui-
sition) of (a) laccase—aluminum hydroxide complex (0.222 ng/1.5mg), (b)
aluminum hydroxide (1.5mg), (c) differential spectrum of adsorbed lac-
case obtained by subtracting the aluminum hydroxide spectrum from the
laccase—aluminum hydroxide complex spectrum, and (d) free T. villosa laccase
(0.222 pg).

~1610 and 1690, and between ~1550 and 1559 cm™! in protein
molecules have been identified as mode I and II amide groups,
respectively [54-56]. The amide I mode is primarily a C=0
stretching band, and the amide II is a combination of mainly
N-H in-plane bending and C-N stretching [55].

These amide modes have proved useful in estimating the sec-
ondary structure of the polypeptide backbone chain —-CO-NH-
in enzymes [57-59] and shifts in these absorption bands can be
interpreted as alteration to protein secondary structure [56,58].
For example, a shift of up to 11 cm™! in tyrosinase IR absorption
band wave number upon adsorption to birnessite was interpreted
as alteration of enzyme conformation following adsorption [59].
In this study, the shift in both the amide I and II bonds upon
adsorption were found to be smaller than the error associated
with these measurements. The similarity between the amide I
and IT bands of free and adsorbed laccase observed here suggest
that negligible alteration of the enzyme’s secondary structure
occurs during laccase adsorption to aluminum hydroxide.

4. Conclusions and implications

The results presented consistently show the laccase—
aluminum hydroxide complex to be both strong and stable

in regards to maintenance of enzymatic activity. Short-range
ordered aluminum hydroxide showed greater affinity for lac-
case than all other inorganic soil constituents tested thus far.
Since soil clay minerals are often covered with aluminum/
iron (hydr)oxides [60], it is reasonable to expect that the pre-
dominant form of laccase in soils will be as a complex with
aluminum hydroxide.

This study demonstrated the close similarity between free
laccase and laccase adsorbed on short-range ordered aluminum
hydroxide with respect to several measured properties includ-
ing enzyme kinetics, aging, response to pH, and secondary
structure. Aluminum hydroxide-adsorbed laccase showed some-
what decreased resistance to inactivation by heating (within the
40-60 °C range) and protease, but an enhanced resistance to
inhibition by humic acids, further increasing the likelihood that
the aluminum hydroxide—laccase complex will be the predomi-
nant form of laccase in soils. In retrospect, these findings might
be considered unsurprising given that this laccase is produced
by fungi that have evolved enzymes that can remain operational
in a soil mineral environment often dominated by oxyhydroxide
mineral surfaces.

A further implication of this work is that aluminum hydrox-
ide, with no chemical or physical adhesive added, is a likely
candidate for a cost effective support for immobilized enzyme
contaminant remediation. Further research is needed to examine
aluminum hydroxide-immobilized laccase in soil environments
along with the efficacy of this complex with various substrates,
and aluminum hydroxide as a support for other enzymes.

Acknowledgements

Funding for this research was provided by the Office of
Research and Development, Environmental Protection Agency
(EPA; Grant No. R-R-826646). M.-Y. Ahn was partially sup-
ported by the Penn State Biogeochemical Research Initiative
for Education (BRIE) sponsored by NSF (IGERT) grant DGE-
9972759.

References

[1] Stevenson FJ. Humus chemistry: genesis, composition and reactions. New
York: John Wiley & Sons, Inc.; 1994, 496 pp.

[2] Gianfreda L, Bollag JM. Influence of natural and anthropogenic factors on
enzyme activity in soil. In: Stotzky G, Bollag JM, editors. Soil biochemistry,
vol. 9. New York: Marcel Dekker; 1996. p. 123-93.

[3] Quiquampois H. Mechanisms of protein adsorption on surfaces and conse-
quences for extracellular enzyme activity in soil. In: Stotzky G, Bollag JM,
editors. Soil biochemistry, vol. 10. New York: Marcel Dekker, Inc.; 2000.
p. 171-206.

[4] Szklarz G, Leonowicz A. Cooperation between fungal laccase and glu-
cose oxidase in the degradation of lignin derivatives. Phytochemistry
1986;11:2537-9.

[5] Galliano HG, Gas G, Seris JL, Boudet AM. Lignin degradation by Rigido-
porus lignosus involves synergistic action of two oxidizing enzymes: Mn
peroxide and laccase. Enzyme Microb Technol 1991;13:474-82.

[6] Marzullo L, Cannio R, Giardina P, Santini MT, Sannia G. Veratryl alco-
hol oxidase from Pleurotus ostreatus participates in lignin biodegradation
and prevents polymerization of laccase-oxidized substrates. J Biol Chem
1995;270:3823-7.



M.-Y. Ahn et al. / Enzyme and Microbial Technology 41 (2007) 141-148 147

[7] Barbosa AM, Dekker RFH, Hardy GE. Veratryl alcohol as an inducer
of laccase by an ascomycete, Botryosphaeria sp., when screened on the
polymeric dye Poly R-478. Lett Appl Microbiol 1996;23:93-6.

[8] Xu F, Kulys JJ, Duke K, Li K, Krikstopaitis K, Deussen HIW, et al. Redox
chemistry in laccase-catalyzed oxidation of N-hydroxy compounds. Appl
Environ Microbiol 2000;66:2052-6.

[9] Dec J, Haider K, Bollag JM. Decarboxylation and demethoxylation of
naturally occurring phenols during coupling reactions and polymerization.
Soil Sci 2001;166:660-71.

[10] GianfredaL,Bollag JM. Isolated enzymes for the transformation and detox-
ification of organic pollutants. In: Burns RG, Dick RP, editors. Enzymes
in the environment: activity, ecology, and applications. New York: Marcel
Dekker, Inc.; 2002. p. 495-538.

[11] Burns RG. Enzyme activity in soil: location and a possible role in microbial
ecology. Soil Biol Biochem 1982;14:423-7.

[12] Claus H, Filip Z. Behaviour of phenoloxidases in the presence of clays and
other soil-related adsorbents. Appl Microbiol Biotechnol 1988;28:506—11.

[13] Fusi P, Ristori GG, Calamai L, Stotzky G. Adsorption and binding of
protein on “clean” (homoionic) and “dirty” (coated with Fe oxyhydrox-
ides) montmorillonite, illite and kaolinite. Soil Biol Biochem 1989;21:911—
20.

[14] Naidja A, Huang PM, Bollag JM. Activity of tyrosinase immobilized
on hydroxyaluminum-montmorillonite complexes. J Mol Catal A: Chem
1997;115:305-16.

[15] Illanes A. Stability of biocatalysts. Electr J Biotechnol vol. 2,
No. 1, Issue of April 15, 1999. http://bioline.utsc.utoronto.ca/archive/
00000225/01/€j99002.pdf.

[16] Leonowicz A, Sarkar JM, Bollag JM. Improvement in stability of an immo-
bilized fungal laccase. Appl Microbiol Biotechnol 1988;29:129-35.

[17] Gianfreda L, Bollag JM. Effect of soils on the behavior of immobilized
enzymes. Soil Sci Soc Am J 1994;58:1672-81.

[18] Ahn MY, Dec J, Kim JE, Bollag JM. Treatment of 2,4-dichlorophenol
polluted soil with free and immobilized laccase. J Environ Qual
2002;31:1509-15.

[19] Shuttleworth KL, Bollag JM. Soluble and immobilized laccase as catalysts
for the transformation of substituted phenols. Enzyme Microb Technol
1986;8:171-7.

[20] Dick WA, Tabatabai MA. Significance and potential uses of soil enzymes.
In: Meeting FB, editor. Soil microbial ecology: application in agricul-
tural and environmental management. New York: Marcel Dekker; 1993.
p. 95-125.

[21] Karam J, Nicell JA. Potential applications of enzymes in waste treatment.
J Chem Technol Biotechnol 1997;69:141-53.

[22] Gianfreda L, Xu F, Bollag JM. Laccases: a useful group of oxidoreductive
enzymes. Biorem J 1999;3:1-26.

[23] Huang PM. The role of short-range ordered mineral colloids in abiotic
transformation of organic compounds in the environment. In: Huang PM,
Berthelin J, Bollag JM, McGill WB, Page AL, editors. Environmen-
tal impact of soil component interactions. 1. Natural and Anthropogenic
Organics. Boca Raton, FL: CRC/Lewis Publishers; 1995. p. 135-67.

[24] Huang PM, Wang TSC, Wang MK, Wu MH, Hsu NW. Retention of phenolic
acids by non-crystalline hydroxy-aluminum and iron compounds and clay
minerals of soils. Soil Sci 1977;123:213-9.

[25] Hsu PH. Aluminum hydroxides and oxyhydroxides. In: Dixon JB, Weed
SB, editors. Minerals in soil environments. SSSA Book Series No. 1.
Madison, WI: Soil Science Society of America; 1989. p. 331-78.

[26] Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular
layers. ] Am Chem Soc 1938;60:309-19.

[27] Gogstad GO, Krutnes MB. Measurement of protein in cell suspensions
using the Coomassie brilliant blue dye-binding assay. Anal Biochem
1982;126:355-9.

[28] McBride MB. Environmental chemistry of soils. New York, NY: Oxford
University Press, Inc.; 1994, 406 pp.

[29] Ahn M.-Y. Incorporation of chlorophenols and humic monomer into soils
by metal oxides and a fungal laccase. Ph.D. dissertation. The Pennsylvania
State University, University Park, PA; 2004, 167 pp.

[30] Harter RD, Stotzky G. Formation of clay—protein complexes. Soil Sci Soc
Am Proc 1971;35:383-9.

[31] Nannipieri P, Sequi P, Fusi P. Humus and enzyme activity. In: Piccolo A,
editor. Humic substances in terrestrial ecosystems. Amsterdam: Elsevier;
1996. p. 293-328.

[32] Sarkar JM, Leonowicz A, Bollag JM. Immobilization of enzymes on clays
and soils. Soil Biol Biochem 1989;21:223-30.

[33] Dec J, Bollag JM. Detoxification of substituted phenols by oxidoreductive
enzymes through polymerization reactions. Arch Environ Contam Toxicol
1990;19:543-50.

[34] Leonowicz A, Edgehill RU, Bollag JM. The effect of pH on the transforma-
tion of syringic and vanillic acids by the laccases of Rhizoctonia praticola
and Trametes versicolor. Arch Microbiol 1984;137:89-96.

[35] Park JW, Dec J, Kim JE, Bollag JM. Effect of humic constituents on the
transformation of chlorinated phenols and anilines in the presence of oxi-
doreductive enzymes or birnessite. Environ Sci Technol 1999;32:2028-
34.

[36] Lobarzewski J. Comparison of some properties of immobilized and soluble
forms of fungal peroxidase. Biotechnol Bioeng 1981;23:2161-5.

[37] Rogalski J, Szczodrak J, Dawidowicz A, Ilczuk Z, Leonowicz A.
Immobilization of cellulase and D-xylanase complexes from Aspergillus
terreus F-413 on controlled porosity glasses. Enzyme Microb Technol
1985;7:395-400.

[38] Frankenberger Jr WT, Johanson JB. Effect of pH on enzyme stability in
soils. Soil Biol Biochem 1982;14:433-7.

[39] Leprince F, Quiquampoix H. Extracellular enzyme activity in soil: effect
of pH and ionic strength on the interaction with montmorillonite of two
acid phosphatases secreted by the ectomycorrhizal fungus Hebeloma cylin-
drosporum. Eur J Soil Sci 1996;47:511-22.

[40] Bakken AP, Hill CG, Amudson Jr CH. Hydrolysis of lactose in skim milk
by immobilized B-galactosidase (Bacillus circulans). Biotechnol Bioeng
1992;39:408-17.

[41] Nannipieri P, Ceccanti B, Conti C, Bianchi D. Hydrolases extracted from
soil: their properties and activities. Soil Biol Biochem 1982;14:257-63.

[42] Steadman BL, Thompson KC, Middaugh CR, Matsuno K, Vrona S, Lawson
EQ, et al. The effects of surface adsorption on the thermal stability of
proteins. Biotechnol Bioeng 1992;40:8-15.

[43] Sundaram PV, Crook EM. Preparation and properties of solid-supported
urease. Can J Biochem 1971;49:1388-94.

[44] O’Sullivan M, Stephens PM, O’Gara F. Extracellular protease production
by fluorescent Pseudomonas spp. and the colonization of sugarbeet roots
and soil. Soil Biol Biochem 1991;23:623-7.

[45] Pettit NM, Smith ARJ, Freeman RB, Burns RG. Soil urease: activ-
ity, stability and kinetic properties. Soil Biol Biochem 1976;8:479—
84.

[46] Crecchio C, Ruggiero P, Pizzigallo MDR. Polyphenoloxidases immobi-
lized in organic gels: properties and applications in the detoxification of
aromatic compounds. Biotechnol Bioeng 1995;48:585-91.

[47] Zimmerman AR, Chorover J, Goyne KW, Brantley SL. Protection of
mesopore-adsorbed organic matter from enzymatic degradation. Environ
Sci Technol 2004;38:4542-8.

[48] Sarkar JM, Bollag JM. Inhibitory effect of humic and fulvic acids on oxi-
doreductases as measured by the coupling of 2,4-dichlorophenol to humic
substances. Sci Total Environ 1987;62:367-77.

[49] Butler JHA, Ladd JN. The effect of methylation of humic acids on their
influence on proteolytic enzyme activity. Aust J Soil Res 1969;7:263—
8.

[50] Ladd JN, Butler JHA. The effect of inorganic cations on the inhibition and
stimulation of protease activity by soil humic acids. Soil Biol Biochem
1970;2:33-40.

[51] Ladd JN, Butler JHA. Inhibitory effect of soil humic compounds on the
proteolytic enzyme pronase. Aust J Soil Res 1969;7:241-51.

[52] Busto MD, Perez-Mateos M. Characterization of $-D-glucosidase extracted
from soil fractions. Eur J Soil Sci 2000;51:193-7.

[53] Chakrabarti K, Sinha N, Chakraborty A, Bhattacharyya P. Influence of soil
properties on urease activity under different agro-ecosystems. Arch Agron
Soil Sci 2004;50:477-83.

[54] Susi H, Byler M. Protein structure by Fourier transform infrared spec-
troscopy: second derivative spectra. Biochem Biophys Res Commun
1983;115:391-7.


http://bioline.utsc.utoronto.ca/archive/00000225/01/ej99002.pdf
http://bioline.utsc.utoronto.ca/archive/00000225/01/ej99002.pdf

148 M.-Y. Ahn et al. / Enzyme and Microbial Technology 41 (2007) 141-148

[55] Banderkar J. Amide modes and protein conformation. Biochim Biophys
Acta 1992;1120:123-43.

[56] Twardowski J, Anzenbacher P. Raman and IR spectroscopy in biology
and biochemistry. Warsaw, Poland: Polish Scientific Publishers PWN Ltd.;
1994, 269 pp.

[57] SusiH, Timasheft SN, Stevens L. Infrared spectra and protein conformation
in aqueous solutions: the amide I band in H,O and D, O solutions. J Biol
Chem 1967;242:5460-6.

[58] Naidja A, Violante A, Huang PM. Adsorption of tyrosinase onto montmo-
rillonite as influenced by hydroxyaluminum coatings. Clays Clay Miner
1995;43:647-55.

[59] Naidja A, Liu C, Huang PM. Formation of protein-birnessite complex:
XRD, FTIR, and AFM analysis. J Colloid Interface Sci 2002;251:46-56.

[60] Barnhisel RI, Huang PM. Chlorites and hydroxy-interlayered vermiculite
and smectite. In: Dixon JB, Weed SB, editors. Minerals in soil environ-
ments. Madison: Soil Science Society of America; 1989. p. 729-88.



	Characteristics of Trametes villosa laccase adsorbed on aluminum hydroxide
	Introduction
	Materials and methods
	Materials
	Adsorption of laccase on aluminum hydroxide
	Laccase activity
	Laccase stability experiments
	Attenuated total reflectance infrared (ATR-IR) spectroscopy

	Results and discussion
	Laccase adsorption
	Laccase activity
	Effects of environmental parameters on laccase stability
	Effects of protease and humic acid on laccase activity
	Spectroscopic effects of laccase adsorption

	Conclusions and implications
	Acknowledgements
	References


