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Laccases are among the best-rated enzymes for industrial and environmental applications, yet their use in
bioremediation is limited by interference from environmental components like humic acid (HA). This study
evaluated HA impact on the oxidation of 2,2"-azino-bis-(3-ethylbenzothiazoline-6-sulphonate (ABTS) and two
model pollutants — anthracene and methyl orange — by laccase(—mediator) systems. HA consistently dimin-
ished conversion rates, with EC50 values between 5 and 51 mg/L suggesting diverse inhibitory mechanisms. We
investigated potential mechanisms including substrate sequestration, radical quenching, and chelation of laccase
coppers by HA. Incubations with free and immobilized HA showed that adsorption can impede anthracene
degradation, at least at high concentrations, but not methyl orange. Using chemically generated ABTS radical
and azide-blocked enzyme, it was demonstrated that HA scavenges free radicals produced by laccase, though this
alone did not fully explain the observed interference with catalysis. Further assays with metal chelator and added
copper or calcium ruled out HA binding to the laccase metal centers. Instead, data from molecular docking,
fluorescence, light scattering, and microscopy revealed that HA forms micrometer-scale aggregates with laccase
that encapsulate the enzyme. This newly identified mechanism likely applies broadly to laccase-based systems
and must be considered in applications involving aqueous media containing humic substances.

1. Introduction to 0.8 V, even so inferior to activated peroxidase enzymes [2,5,6].

However, laccases can still be applied to catalyze the transformation of

Laccases are among the enzymes capturing more attention regarding
novel biocatalytic industrial processes and environmental remediation.
Participating in the decomposition of lignin in nature, they were initially
studied for the pulp and paper industry, but the applications span from
textile dye bleaching to organic synthesis and production of novel ma-
terials [1-3].

Laccases (EC 1.10.3.2) are multi copper oxidases that catalyze the
reduction of molecular oxygen to water, with the concomitant mono-
electronic oxidation of the substrate to a corresponding radical
[1,2,4,5]. A range of phenols and aromatic amines can function as
substrates of laccases, although limited by their redox potential. Lac-
cases from fungi are the most potent, reaching reduction potentials close

compounds more difficult to oxidize by way of using redox mediators,
like 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). The
mediators are directly oxidized by laccases at the catalytic pocket and
diffuse to react with a non-substrate compound via a non-enzymatic
reaction, thus allowing to employ laccases to target compounds not
directly accessible. In fact, laccase-mediator systems are generally used
in pulp delignification, indigo bleaching and bioremediation applica-
tions [1,2,7].

Catalytic systems based on laccases, alone or combined with a
mediator, have been demonstrated to oxidize a diversity of environ-
mental pollutants. The more successful and pursued applications are the
degradation of textile dyes, halogenated pesticides and polycyclic
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aromatic hydrocarbons (PAHs) present in waters and soils [2,8-11]. In a
pilot study with contaminated groundwater from gas station areas, a
laccase-ABTS system provided extensive oxidation of anthracene, a
prototypical PAH pollutant [9]. Despite the encouraging data, there are
still difficulties to a wider use of laccase-based catalytic systems in
environmental remediation, such as the possible interference of metal
ions and organic matter present in the waters and soils [2,7-9,12].
Concerning the interference of organic matter like humic acid (HA),
ambivalent effects have been reported on the performance of laccase
and other oxidoreductase systems [7,11,13,14]. With horseradish
peroxidase (HRP), the removal of 17a-ethinylestradiol was inhibited by
river natural organic matter, but the primary mechanism of interference
varied with the molecular weight fraction studied [14]. Also with HRP,
HA showed to have both a facilitator and an inhibitor role on the cata-
lyzed transformation of bisphenol A, depending on the concentration
[13]. The transformation of the fungicide cyprodinil by effective
laccase-mediator systems was also reduced by HA, but it was slightly
increased when no mediators were added to the reaction media [7].
Very recently, laccase catalysis without mediators was inhibited by HA
at concentrations as low as 10 mg/L [15].

HA is a fraction of natural organic matter that is soluble at alkaline
pH but insoluble under acid conditions [16]. It is composed of amor-
phous, chemically complex and heterogeneous organic molecules, pre-
sent in soluble and insoluble forms in waters and soils, and plays
important roles in biogeochemical and pollutant transformation pro-
cesses [17,18]. After the decomposition of plant and other forms of
biomass, HA can chelate trace metal ions and reduce their toxicity or
enhance the availability of iron for plant uptake, and has been linked to
the formation of carcinogenic disinfection by-products during drinking
water chlorination [16,19]. The humic molecules are formed by
substituted aromatic and aliphatic hydrocarbon core structures, bearing
weak acidic carboxylic- and phenolic-OH groups. The polyelectrolyte
nature combined with substantially hydrophobic segments or sidechains
afford HA the ability to interact with a diversity of inorganic and organic
species [16,19-21].

The ability to bind hydrophobic pollutants is the basis for the most
discussed mechanism of HA interference with enzymatic systems in
environmental remediation [12,14,15]. HA and other forms of organic
matter can sequester the substrate or target pollutants, reducing their
availability for the degradation reaction and, consequently, decreasing
the efficiency of the enzyme-catalyzed process. The polyelectrolyte na-
ture and metal chelating properties of HA raise the hypothesis that it
binds to the copper centers of laccase. In natural waters, process and
laboratory aqueous media under mild acid or alkaline conditions, HA
molecules carry electric negative charges due to the deprotonated car-
boxylic and phenolic groups [16,20]. Both of these groups have been
implicated in the binding of free copper ions to HA, with bidentate
carboxylic-Cu complexation granting the dominant contributions to
stable metal chelation [19,20]. There are indications that specific lac-
case’s copper ions are solvent-accessible or labile [2,4,22,23], and other
metal chelating compounds inhibited laccase catalytic activities [2,24].
On this basis, the chelation of the critical copper ions at the laccase
active site is a plausible mechanism of inhibition of the enzyme by HA.
However, this hypothesis has not been experimentally assessed, and it is
debated whether the metal chelators indeed bind or withdraw the ions
from the enzyme [2].

Another potential interference mechanism is supported by the ability
of HA to react with free radicals [13,18]. Laccase catalysis involves the
generation of different reactive radical intermediates and products
[1,2,10,13], and HA contains significant electron donating capacity that
can scavenge or reduce back the enzyme-produced radicals, therefore
opposing the catalyzed reaction [18]. The involvement of dissolved
organic matter in cross-coupling reactions with triclosan was also
pointed out as a cause of the decreased yield in triclosan oxidized
products generated by soybean peroxidase in the presence of organic
matter [25].
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The aim of this work was to investigate the modulatory (inhibition or
facilitation) effect of HA and the mechanisms by which it interferes with
laccase catalytic systems. Typical reactional systems were employed,
with the enzyme alone and mediated by ABTS, in the degradation of the
model pollutants anthracene and the azo dye methyl orange (MO). The
actual relevance of the hypothetical mechanisms above-mentioned were
thoroughly investigated by using diverse approaches, and the formation
of aggregating laccase-HA complexes was revealed for the first time.

2. Materials and methods
2.1. Reagents, laccase and humic acid

HA was obtained as sodium salt from Acros, Geel, Belgium (cat. no.
120861000), as well as anthraquinone (104930500) and copper (II)
chloride (206345000). Anthracene, potassium hydrogen phthalate and
sodium alginate were supplied by Sigma-Aldrich, St. Louis, MO, USA
(cat. nos. A89200, 33325 and A2033). MO and calcium chloride were
from Panreac, Barcelona, Spain (281432.1209 and 1023820500). Dia-
mmonium salt of ABTS was purchased from Alfa Aesar, Haverhill, MA,
USA (cat. no. J65535), while sodium acetate and diethylene-
triaminepentaacetic acid (DTPA) were from Merck, Darmstadt, Ger-
many (106268 and D6518), and hexane from Fisher Chemical, Geel,
Belgium (H/0355/17). All other chemical reagents were HPLC or
analytical grade.

The laccase used was from the fungi Trametes versicolor and was
obtained from Sigma-Aldrich (cat. no. 38429). All the studies with lac-
case in this work were carried out in 100 mM sodium acetate buffer pH
5.

Laccase stock solutions were prepared in distilled water containing
glycerol (20 % v/v). The laccase activity was determined spectropho-
tometrically with ABTS as a substrate at 500 pM, with 1 pg/mL of the
enzyme, in the acetate buffer pH 5, at 25 °C. ABTS oxidation was fol-
lowed at 420 nm and one unit (U) of laccase activity was defined as the
amount of enzyme that catalyzes the oxidation of 1 pmol of ABTS per
min. The molar absorption coefficient (¢) of the ABTS radical was
considered 3.6 x 10* M~! ¢cm™! [26].

HA solutions were prepared as described in our previous work [27].
In brief, HA was dissolved in NaOH 100 mM and then centrifuged at
5533g, for 20 min, in a Heraeus Biofuge Stratos Centrifuge (Kendro
Laboratory Products, Germany). Phthalate buffer at 0.5 M was added to
the supernatant and the pH was adjusted to 4.5. The solution was
centrifuged identically, and the supernatant HA solution was reserved.
Blank solutions without HA were prepared in parallel, following the
same procedure, using the same volumes of NaOH and buffer, but not
dissolving the HA powder at the beginning. These HA-blank solutions
thus contained all the buffer constituents present in the HA solutions and
were employed as controls in the HA tests. Before use, the HA solutions
were filtered through a 0.2 pm pore filter. The concentration of HA was
determined by oven drying samples completely and subtracting the
weight of equivalent dried blank solutions from the weight of the dried
HA solutions. Throughout this work, 4 batches of HA solutions were
prepared with concentrations between 6.90 and 7.88 g/L.

2.2. Assays of laccase-catalyzed degradation of anthracene

Anthracene was added to the pH 5 acetate buffer at an initial con-
centration of 1 mg/L (5.6 pM), as well as 100 pg/mL of laccase (85 mU/
mL) and ABTS at 50 pM. The stock solutions of anthracene were pre-
pared in acetonitrile, hence the reaction media contained a minor
quantity of this solvent, up to 1 % (v/v). The effect of HA concentrations
(5, 50, 100, 300 and 500 mg/L) was tested by adding different amounts
of HA to the reaction media before triggering the reaction with laccase.
Control assays were performed either in the absence of HA or absence of
laccase. The reaction tubes were tightly sealed and incubated in the
absence of light at 20 °C, for 24 h.
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At the end of the incubation, hexane extracts of the reaction media
were prepared for HPLC analysis of the remaining anthracene and re-
action products formed [6]. The extraction method consisted in adding a
total of 1 mL of hexane to the media, in two 500 pL runs, to 1 mL of the
reaction media and stirring vigorously for 30 s in each run (protected
from light). At the end of each run, the organic phases were collected
and combined for posterior HPLC analysis. The efficiency of this method
for the extraction of anthracene and anthraquinone from the sodium
acetate buffer used in the enzymatic assays was close to 100 % (Table S.1
of Supplementary Material). Even when a very high concentration of HA
was present (250 mg/L), anthracene recoveries superior to 85 % were
observed.

The HPLC analysis followed existing methods from our laboratory
[6,27]. Briefly, an Agilent 1100 system equipped with a reverse phase
C18 column was operated with an acetonitrile:water (85:15) mobile
phase at 1 mL/min and UV detection at 251 nm. The retention times of
anthracene and anthraquinone were 6.7 min and 4.5 min, respectively.
The linearity of the response to anthracene and anthraquinone con-
centrations was evaluated with calibration curves obtained with at least
5 standards between 0.0625 and 1.00 mg/L of anthracene and between
0.0125 and 1.00 mg/L of anthraquinone in hexane. The degree of
anthracene conversion was calculated by comparing the areas of its
chromatographic peaks from the degradation assays with those from the
controls. The ratio of anthraquinone formed to anthracene degraded
(mol/mol) was calculated from the respective peaks in the degradation
and control assays’ chromatograms, and considering calibration curves
of each compound.

2.3. Assays of laccase-catalyzed decolorization of methyl orange

The study of MO degradation was carried out with laccase alone and
the laccase-ABTS system. The assays were performed with 300 pg/mL
(255 mU/mL) of laccase alone, or 100 pg/mL (85 mU/mL) in the pres-
ence of 50 pM ABTS for the laccase-ABTS system, to degrade 10 mg/L of
MO at 25 °C. MO decolorization was monitored by the decrease in the
absorbance of the reaction media at 477 nm (Genesys 10 UV-Vis spec-
trophotometer, Thermo Scientific, USA). After some minutes of incu-
bation, HA was added in volumes corresponding to final concentrations
of 1, 5, 15, 25, 50, 75 and 100 mg/L. HA inhibition was calculated by
comparing the decolorization rates before and after the addition of HA
to the reaction media. Control assays were carried out for all HA con-
centrations tested by adding equal volumes of HA-blank solution instead
of HA solution.

2.4. Assays of laccase-catalyzed oxidation of ABTS

The oxidation of ABTS was also assayed in the above-indicated ac-
etate buffer (pH 5) at 25 °C, using a concentration of laccase 1 pg/mL.
The initial concentration of ABTS was 50 pM, and the formation of the
one-electron oxidized ABTS radical was monitored at 420 nm [2].

For studying the inhibition by HA, the oxidation of ABTS was fol-
lowed for some minutes and, then, small volumes of HA were added to
the reaction media to reach final concentrations of 1, 5, 10, 25, 50, 75,
100, 150 and 350 mg/L. Control assays were carried out using the same
reaction media, but adding equal volumes of the HA-blank solution
instead of the HA solution. The HA inhibition was computed from the
ABTS oxidation rate before and after the addition of HA or blank
solution.

The same method of laccase-catalyzed ABTS oxidation was adopted
for studying the effect of DTPA on the enzyme activity, as well as of
copper (II) and calcium ions. The inhibition by DTPA was assayed by the
addition of small volumes of stock solution to the reaction media to
reach a final concentration of 0.01, 0.1, 0.2, 0.3, 0.4, 1, 3, 5 and 7 mM of
DTPA. The effect of HA in DTPA-inhibited laccase was studied by
monitoring the oxidation of ABTS for 25 min, then adding 0.4 mM of
DTPA to the reaction media, keep following the ABTS oxidation for 5
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min, and then adding 50 mg/L of HA to the reactional media. Similarly,
the effect of copper (II) and calcium ions in HA inhibition was studied by
following the oxidation of ABTS for 10 min, then adding small volumes
of CuCl; or CaCl; to 1 mM in the reaction media, and afterwards HA to
reach a final concentration of 50 mg/L.

2.5. Uptake of anthracene and methyl orange by humic acid in beads

Alginate beads encapsulating HA were prepared by adapting the
calcium-induced alginate gelation method [28]. First, solutions of so-
dium alginate 2 % (w/v) were prepared in distilled water, by dissolution
and with gentle agitation overnight. Then, HA was slowly added to the
alginate solution to a final concentration of 0.5 % (w/v) and, afterwards,
the mixture was dropped into a 150 mM CaCly solution under stirring.
The forming gel beads were kept in the calcium solution, with gentle
agitation, for at least 8 h for complete gelation. Unloaded calcium
alginate beads were prepared by the same method, except that no HA
was added. After gelation, the beads were separated from the gelation
solution and reserved. The gelation solutions were used to calculate the
amount of HA not encapsulated in the beads (encapsulation efficiency)
and, thereafter, calculate the HA content of the loaded beads. The
spectra of the gelation solutions (from unloaded and HA-loaded beads)
were registered between 200 a 600 nm and, by comparing to standard
dilutions of HA, the amount of HA not encapsulated was obtained and
values of encapsulation efficiency of approximately 70 % were calcu-
lated. The gel beads were dried in an oven at 35 °C, until constant mass
(3 days), and the HA content of the HA-loaded dry beads was 18 mg/g.

The dried beads, with and without HA, were used to study the
adsorption of anthracene and MO. The studies were performed with two
adsorbent doses (2.1 and 6.9 mg of beads in 2.5 mL solutions) corre-
sponding to two concentrations of HA in the media, 15 mg/L and 50 mg/
L. The assay solutions initially contained 1 mg/L anthracene or 10 mg/L
MO, in 100 mM sodium acetate buffer (pH 5). Control assays had
anthracene or MO in the media, but no beads, and were incubated under
the same conditions. Blank assays were also carried out in parallel with
each type of the beads, but without the PAH or the dye, to assess the
possible interference of any component released from the beads during
the incubation. All assays run for 48 h with gentle agitation, and were
stopped by separating the beads from the liquid phase. In the case of MO,
the spectra of the solutions after the incubations were registered be-
tween 300 and 600 nm to measure the remaining dye in the liquid phase.
The amount of MO adsorbed to the beads was calculated from the
remaining MO in the solutions of Control assays (no beads) and the
assays with the studied beads, considering a ¢ (at 466 nm) of 25,100
M~! ecm™L. The adsorbed dye was calculated as pmol/g of beads. The
adsorbed anthracene was calculated from the PAH desorbed from the
beads collected at the end of the adsorption assays. For desorption, the
beads were placed in 2.5 mL of methanol, with gentle agitation for 48 h.
Afterwards, the anthracene was measured by HPLC using the method
described above, and the adsorbed PAH calculated as mg/g of beads.

2.6. Scavenging of free radicals by humic acid

The ability of HA to react with radical intermediates or products of
the laccase-catalyzed MO and ABTS oxidation reactions was investi-
gated by different methods. For the MO reactional system, the decol-
orization assay with laccase alone described in Section 2.3 was adopted.
Dye transformation was followed for 30 min and sodium azide at 0.2
mM was added to the reaction media to block the enzyme. After stabi-
lization of the absorbance at 477 nm, HA was added at 75 and 150 mg/L.
The monitoring of the absorbance changes allowed to follow the initial
decolorization, the laccase blockade, and if HA had any detectable
effect.

An identical approach was made for the ABTS reactional system. The
oxidation assay described in Section 2.4 was adopted, but the concen-
tration of ABTS was 500 pM to reach a higher concentration of the ABTS
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radical reaction product, favoring the observation of HA scavenging of
the radical. The laccase-catalyzed oxidation of ABTS was registered until
the 420 nm absorbance reached approximately 0.5, corresponding to 14
pM of ABTS radical, then the enzyme was blocked (sodium azide 0.1
mM), and HA was added to the reaction media at 75 and 150 mg/L.

The reaction of HA with ABTS radical was also tested in a laccase-free
system, using ABTS radical produced by persulfate oxidation of ABTS.
Beforehand, ABTS radical was obtained by mixing 10 mL of 7 mM ABTS
with 10 mL of 4.9 mM potassium persulfate and leaving the mixture in
the dark, at room temperature, for 12-16 h [26]. In this proportion,
persulfate is limiting and ABTS is not completely oxidized. The scav-
enging assays were then carried out with this chemically produced ABTS
radical, also at approximately 14 pM in the acetate buffer, following the
effect of HA 75 and 150 mg/L at 420 nm.

2.7. Molecular docking of humic acid to laccase

The docking simulations were performed with AutoDock4 [29] with
the laccase PDB structures 1kya and 1gyc. The model 1kya was deter-
mined by X-ray diffraction at a resolution of 2.40 A and contains four
chains A to D, each complexed with 2,5-xylidine in the putative active
site and having 499 amino acids [30]. The protein is similar to the
laccase III reported by Mikuni and Morohoshi (1997), having just 4
amino acid residues different [31]. The model was edited in ChimeraX
[32] to retain chain A only, add missing heavy atoms, remove water
molecules except those coordinated to the copper ions, remove atoms
with alternative locations, add hydrogen atoms and Gasteiger partial
charges. The resulting model was then used in AutoDockTools (ADT) to
remove non-polar hydrogens atoms and to assign AutoDock atom types.
The model 1gyc was determined at a resolution of 1.90 A, contains only
one polypeptide chain and no binding molecule in the active site [5]. It is
a Laccase II and shares 80 % identity with 1kya. To prepare the protein
for docking, the orientation of Asn, Gln and His side chains were opti-
mized with the Reduce software [33] and, then, the model was edited
with ChimeraX and ADT as for 1kya.

The HA models were obtained from the work of Niederer and Goss
(2007), who devised four models (M1 to M4) derived from °C NMR,
elemental, and acidic function data, that were used to predict equilib-
rium partitioning of organic vapors between air and HA [34]. The 2D
structures were drawn using Marvin JS (ChemAxon, http://www.che
maxon.com), which was also used to generate the corresponding 3D
SMILES strings. These were then processed in ChimeraX to create 3D
models with calculated Gasteiger atomic partial charges. Finally, ADT
was used to prepare the models for docking by defining torsions,
removing non-polar hydrogen atoms, and assigning AutoDock atom
types — the 3D structures of the models are shown in Fig. S.1.

The blind docking simulations were carried out on a set of grids
computed with Autogrid4 positioned in the center of the protein and
extending 10 A from the protein limits in each direction. For 1kya, the
grid map measured 71.2 x 79.5 x 91.5 A and for 1gyc, 87.8 x 78.0 x
80.2 A. Default parameters were used, except for the Cu parameters,
which were taken from Corona-Motolinia et al. [35]. The conforma-
tional search was carried out with Autodock using the Lamarckian ge-
netic algorithm with default parameters, except for number of runs
(500), number of generations (40000), population size (300) and
number of energy evaluations (2,5 x 107). The figures were generated
with VMD [36]. The free energy of binding estimated by Autodock was
decomposed into the contributions from two terms [37]: the electro-
statics energy, and the van der Waals and hydrogen bonding terms re-
ported together as an aggregated value (vdW + Hbond).

2.8. Quenching of laccase fluorescence
The fluorescence studies were carried out on purified laccase sam-

ples, made free of contaminants by dialysis (Thermo Scientific Slide-A-
Lyzer cassette, membrane cutoff 10 kDa) against 100 mM sodium
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acetate buffer, pH 5, followed by freeze-drying for 24 h, at —50 °C, 150
mT (Kinetics, Eschau-Hobbach, Germany), and centrifugation for 5 min,
at 4000 g (Labofuge200, Heraeus, Hanau, Germany).

Fluorescence experiments were performed on a Varian Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Santa Clara,
USA) equipped with a thermostated cell. Intrinsic fluorescence emission
spectra (300 to 400 nm) were obtained at controlled temperature
(25 °C), using an excitation wavelength of 280 nm and slits of 5 nm.
Final fluorescence spectra were obtained upon inner filter effect
correction and baseline subtraction. Laccase samples (20 pg/mL) in
acetate buffer, pH 5, were analyzed in the absence and presence of HA
(10, 20, 30 and 50 mg/L).

2.9. Dynamic light scattering experiments

Dynamic light scattering (DLS) measurements were carried out by
making use of a Malvern Zetasizer Nano ZSP operating with a He—Ne
laser (Malvern Instruments, UK) with a wavelength of 633 nm and a
scattering angle of 13°. Measurements were recorded at 25 °C and each
measurement was the average of 10 runs. The experimental results were
analyzed using the built-in software Zetasizer 7.12, considering the
viscosity and refractive index of water at the measurement’s tempera-
ture, and a refractive index of 1.45 for the scattering particles. Values of
hydrodynamic radius (r, nm) were obtained considering the Sto-
kes-Einstein equation for diffusion and using the relation between
diffusion and the scattering vector obtained from the DLS measure-
ments. Three measurements were performed for each sample. Solutions
of HA (20 mg/L) were analyzed first in the absence and then in the
presence of laccase (20 pg/mL). The measurements were collected after
an equilibration period of 1 min of the solutions in the cuvette, and the
results were plotted as intensity of distribution (%) of particles versus
hydrodynamic radius (nm).

2.10. Microscopy experiments

For the microscopic observations, incubations were prepared with
laccase at 20 pg/mL, 20 mg/L HA and 1 mM CacCl,, in acetate buffer. The
incubations included laccase alone, HA alone, HA with Ca®" ions, lac-
case with HA, and laccase with HA and Ca**. At the end of 24 h in-
cubations at 25 °C, 1 mL aliquots were taken and centrifuged at 28190 g
for 20 min at 4 °C. After centrifugation, the supernatant was discarded
and the pellet was resuspended in the same buffer. To reveal the pres-
ence of laccase, ABTS was added at a concentration of 500 pM and
incubated for 30 min. Then, the samples were dropped on a microscopic
slide and observed in an Olympus CX41RF microscope (Olympus,
Philippines). Samples of HA with Ca?" were also incubated with
oxidized ABTS (ABTS radical) from a separate solution containing lac-
case that was blocked with 0.2 mM sodium azide before addition to the
HA aggregates. Photographs were taken at 400x magnification and a
slide with a micrometer scale was used as reference to dimensions.

2.11. Presentation of results and statistical analysis

All the assays were carried out at least in triplicate experiments for
each condition. Figures were produced showing the results in the form of
representative chromatograms or experimental traces or as plots of
Mean =+ standard error (SE) for each condition. The vertical error bars in
plots represent SE. The significance of the differences between experi-
mental conditions was analyzed using one-way analysis of variance, and
statistically significant differences were identified when p < 0.05.

3. Results
3.1. Laccase-catalyzed degradation of anthracene and methyl orange

Laccase from the white-rot fungi T. versicolor, one of the most
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common and best-regarded laccases for industrial and environmental
applications [1,2,7-12,15,30], was employed in this work. In spite of
having a redox potential higher than their bacterial counterparts, fungal
laccases typically are not able to directly oxidize PAHs and can only
slowly decolorize some azo dyes [2,8,38,39]. Nevertheless, these con-
cerning pollutants can be targeted by laccases by way of redox media-
tors, with ABTS being one of the most successful options [2,9,10,38].
Our results with anthracene and MO, using the laccase alone and com-
bined with ABTS, are in good accordance with the published data.

As illustrated by the results in Fig. S.2, laccase alone showed no
significant capacity to degrade anthracene in 24 h incubations, but the
co-presence of ABTS enabled the transformation of the PAH into at least
2 products or intermediates detected by HPLC analysis of the hexane
extracts from the reaction media. Although the effect of ABTS could be
noted with low pM levels, it was amplified by concentrations up to 50
pM (Fig. S.2.B). Hence, this mediator concentration was used in the
following assays of HA inhibition. Based on the peak area, the main
reaction product repeatedly observed in the chromatograms was 9,10-
anthraquinone, as confirmed using a standard (Fig. S.2.A). Also in
agreement with the published data [2,8], the quantity of anthraquinone
measured was approximately half the quantity of anthracene trans-
formed (ratio close to 0.5 mol/mol). This discrepancy is not due to
incomplete extraction of anthraquinone from the reaction media
(Table S.1), but, as discussed for different laccase- and peroxidase-based
systems, an evidence of the complex route(s) of anthracene oxidation
[2,8,40]. Anthraquinone is surely one of the more stable products, but
anthrone, hydroxylated polycyclic intermediates or products, and ring
cleavage species have been identified simultaneously in these reactional
systems.

The laccase-catalyzed oxidation of MO at pH 5 was followed by the
decolorization of dye solutions. Most azo dyes are toxic and refractory to
conventional treatment processes [10]. As shown in Fig. S.3, laccase was
able to transform MO, though ABTS greatly accelerated the rate of
decolorization. Comparable to anthracene, MO transformation was
promoted via an ABTS-mediated process in concentrations up to 50 pM.
It should be noted that complete decolorization of the azo dyes is not
expected, as the laccase-catalyzed reactions generate phenoxy radicals
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and carbocations, among other intermediates, preceding azo bond
cleavage and formation of degradation products with smaller molecular
weight but still retaining some coloration [10,38]. Nonetheless, the
decolorization of MO offered an interesting method to investigate the
effect of HA in both laccase (alone) catalysis and in a laccase-ABTS
system.

3.2. Humic acid inhibition of laccase-catalyzed degradation of
anthracene and methyl orange

The effect of HA was investigated in the different laccase (alone and
mediated) systems. HA stock solutions were prepared by alkaline
dissolution and adjusting the final pH to 4.5, along with HA-blank so-
lutions, as described in Methods Section 2.1. Anthracene transformation
catalyzed by the laccase-ABTS system was clearly inhibited when HA
was present in the reaction media (Fig. 1). In the absence of HA, a 70 %
conversion of the PAH could be reached in the assays with 50 pM ABTS
(Figs. S1-B and 1.A). However, HA at concentrations above 50 mg/L
caused a large decrease, more than 40 % inhibition, of the anthracene
conversion (Fig. 1.B). The HA effect on anthracene degradation was
observed in the HPLC chromatograms both by the smaller decrease of
the anthracene peak and the lower production of reaction products
(Fig. 1.A). The yield of anthraquinone, relative to anthracene converted,
was found to be maintained close to 0.5 mol/mol through the whole
interval of HA concentrations tested (inset in Fig. 1.B), suggesting that
HA does not affect the path of reactions after anthracene oxidation by
the laccase-ABTS system.

The inhibition data were fitted to the equation of a hyperbolic curve
consistent with the binding model of a ligand to a single-site in the
target:

Inax X [HA]

ECso + [HA] M

Inhibition =

where [HA] is the concentration of HA, I, the maximal inhibition and
ECsy is the half-maximal effect concentration of HA. All the inhibition
results in this work fitted this model quite well, with correlation co-
efficients (R?) above 0.95.
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Fig. 1. Effect of humic acid on laccase-ABTS degradation of anthracene. (A) HPLC chromatograms of anthracene degradation by laccase-ABTS system, in the absence
and in the presence of humic acid (500 mg/L). Assays were carried out with an initial concentration of anthracene 1 mg/L, laccase 100 pg/mL and ABTS 50 pM. After
24 h incubation, the reaction media was extracted with hexane and analyzed by HPLC. Chromatograms from anthracene and humic acid controls, incubated in the
absence of enzyme, are also shown. The chromatograms are displaced on the vertical and horizontal axes for better observation. (B) Inhibition of laccase-ABTS
degradation of anthracene by humic acid. Assays were carried out as in (A) and the inhibition was calculated from the degradation in the presence of humic
acid compared to the respective control without humic acid. The anthracene degradation in the control assays was 70 + 14 %. The line is the best non-linear
regression fit of the data to Eq. (1) in the text, and the corresponding parameters are indicated (R> = 0.957). The inset plots the ratio of anthraquinone formed
to anthracene degraded (mol/mol) measured in the presence of the different concentrations of humic acid.
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For anthracene transformation, the value of ECs¢ calculated was 21
mg/L. Surprisingly, the maximal inhibition did not reach 100 %, not
even when very high concentrations of HA were present in the reaction
media (Fig. 1.B).

Fig. 2.A shows representative experimental traces from assays of the
effect of HA on the decolorization of MO by laccase (alone). The rate of
decolorization was small in this case as expected, but sizable in 10-min
periods. When HA was added to the reaction media, a sudden increase in
the absorbance of the solution was observed, because HA absorbs at the
monitored wavelength. Then, 1-3 min after the addition, a steady rate of
decolorization is reestablished, but smaller than that observed in the
absence of HA. The blue experimental trace in Fig. 2.A allows to observe
the inhibition caused by a first addition of HA that results in a concen-
tration of 20 mg/L, and a subsequent addition of more HA to a final
concentration of 100 mg/L in the reaction media. An equivalent
experimental trace (in black) is also depicted corresponding to a control
assay using the HA-blank solution, added in the same volumes as the HA
stock solution in the test assay. The control assays with HA-blank solu-
tions showed no significant inhibition of the laccase catalytic systems,
indicating that the buffer constituents used in the preparation of the HA
stock solutions had no major effect on laccase.

The rate of MO decolorization by the laccase-ABTS system was much
faster, but also sensitive to the presence of HA. An experimental trace is
depicted in Fig. S.3.A showing the inhibition of the laccase catalytic
system mediated by ABTS 50 pM. The quantification of the HA inhibi-
tion of MO decolorization catalyzed by the two laccase catalytic systems
revealed that the dependency on the HA concentration is very similar
(Fig. 2.B). Both with the laccase alone and the ABTS-mediated system, a
plateau of maximal inhibition close to 30 % was calculated, even lower
than that observed for the anthracene degradation.

3.3. Humic acid inhibition of laccase-catalyzed oxidation of ABTS
The fact that HA inhibited MO decolorization catalyzed by laccase

alone, similarly to the effect on the laccase-ABTS system, was a strong
indicator that the driving mechanism of HA inhibition is not related to
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the mediator role. The primary mechanism(s) must be connected to
some interaction of HA with the enzyme and/or with the substrates.
Hence, we decided to assess the effect of HA in the direct oxidation of
ABTS to ABTS radical catalyzed by laccase, a simple and defined reac-
tional system. The production of ABTS radical in the reaction media is
easily tracked at 420 nm and HA was found to also inhibit this reaction
(Fig. 3). As depicted in the experimental traces of Fig. 3.A, the addition
of HA to the reaction media causes an abrupt increase in absorbance (not
detectable with low concentrations like 1 mg/L), for the same reason
indicated for the MO assays. Afterwards, a biphasic effect of HA was
observed: in the first minutes, the absorbance does not increase until,
gradually, a steady rise of absorbance is reestablished. In the first phase,
the absorbance change paused or even decreased with high concentra-
tions of HA, e.g. 50 mg/L (Fig. 3.A), suggesting that HA is blocking the
production of the ABTS radical and/or reducing it back. In any case, this
effect was transient, and a stable oxidation rate was restored and
maintained for a long time.

The quantification of the steady rates of absorbance increase evi-
denced the HA inhibition of the ABTS-oxidizing activity of laccase. With
HA concentrations superior to 25 mg/L, the oxidation rates were
significantly inferior to those measured in control assays with HA-blank
solutions (Fig. 3.B). However, the inhibition did not reach 100 % despite
the very high HA concentrations tested. The experimental data fitted the
Eq. (1) with a perfectly acceptable R? of 0.991 (Fig. 3.B), but the exis-
tence of a plateau of maximal inhibition, as in the previously studied
reactional systems, weakens the hypothesis that HA directly interacts
with some critical component of laccase. Instead, the differences in the
maximal inhibitions and ECs¢ values determined for the several reac-
tional systems (Fig. 1.B, 2.B and 3.B) suggest that HA effects are
dependent on the substrate or target pollutant.

3.4. Sequestration of anthracene and methyl orange by humic acid
A simple explanation for the HA interference with laccase-based

systems is the sequestration of the substrates, or of the target com-
pounds, limiting the observed catalytic activity of the enzyme. HA
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Fig. 2. Effect of humic acid on laccase-catalyzed decolorization of methyl orange. (A) Assays of methyl orange decolorization by laccase (alone). Small volumes of
humic acid stock solution were added to the spectrophotometer cuvette to reach the final concentrations indicated. In the control assay, equivalent volumes of HA-
blank solution (buffer without humic acid) were added to the cuvette. The humic acid-induced inhibition of the enzyme was calculated as % relative to the initial

decolorization rate in the absence of humic acid.

(B) Humic acid-induced inhibition of methyl orange decolorization by the laccase alone and the laccase-ABTS system. The inhibition was calculated from the
decolorization rates in the presence of humic acid compared to the corresponding control rate in the absence of humic acid. The control decolorization rates, in AAbs/
At, of the laccase alone and the ABTS system were — 0.003 + 0.001 min~* and -0.029 + 0.005 min ', respectively. The lines are the best non-linear regression fits of
the data to eq. (1) in the text, and the corresponding parameters are indicated (R? = 0.996 and 0.980).
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Fig. 3. Effect of humic acid on laccase-catalyzed oxidation of ABTS. (A) Assays of ABTS oxidation by laccase, in which small volumes of humic acid stock solution
were added to the spectrophotometer cuvette to reach the final concentrations indicated. In the Control assay with the HA-blank solution (buffer without humic acid),
a volume equivalent to the 50 mg/L humic acid was added to the cuvette. The oxidation rates in AAbs/At (min ') are indicated before and after the addition of humic
acid (or Blank solution). (B) Inhibition of laccase-catalyzed oxidation of ABTS by humic acid. The inhibition was calculated from the oxidation rates in the presence of
humic acid compared to the corresponding control rate in the absence of humic acid. The control oxidation rates in AAbs/At were 0.012 + 0.003 min~!. The line is
the best non-linear regression fit of the data to eq. (1) in the text, and the corresponding parameters are indicated (R? = 0.991).

exhibits a significant affinity for binding hydrophobic and cationic
species [19,20,27], which can be problematic for systems targeting
hydrophobic pollutants like anthracene. At the assays’ pH, MO is an
anionic compound (pKa 3.45) and sequestration by HA is less probable.
ABTS is a di-anionic substrate (ABTS2") of laccase in the acid media and
even the product ABTS radical (ABTS®) has a net negative charge [2].

When we evaluated the efficiency of the hexane extraction method
employed in the laccase-catalyzed degradation of anthracene (described
in the Methods Section 2.2), it was noted that high concentrations of HA
could hinder the recovery of anthracene (at 1 mg/L) from aqueous
media (Table S.1). However, recoveries close to 100 % were sustained
with anthracene at a lower concentration, as those achieved in the re-
action media after laccase incubations (approximately 0.3 mg/L), indi-
cating that the HA interference with the hexane extraction is negligible
concerning the final determination of anthracene degradation by the
enzymatic system. Nevertheless, these results suggested that HA could
indeed sequester and decrease the availability of anthracene in the
conditions of the enzyme incubation assays, which could contribute to
the lower efficiency of the laccase-ABTS system. The evaluation of the
extraction efficiency was based on standards prepared in sodium acetate
buffer, extracted and analyzed by HPLC as applied to the samples from
enzymatic degradation assays, but without incubation. Therefore, two
additional studies were put forward to assess the relevance of anthra-
cene sequestration by HA.

Mimicking the enzymatic assays, anthracene at an initial concen-
tration of 1 mg/L was incubated with different concentrations of HA, in
the absence of enzyme or ABTS. The incubation lasted for 24 h, followed
by extraction with hexane and HPLC analysis. Compared to parallel
experiments without HA, the recovery of anthracene tended to decrease
with increasing concentrations of HA, although significant effects were
observed only with very high levels of HA (250 mg/L, Fig. S.4.A).
Similar experiments were carried out with anthraquinone (Table S.1 and
Fig. S.4.B), but even in the presence of the higher concentrations of HA
no effect was detected. On this basis, the relevance of adsorption or
covalent binding of anthraquinone to HA constituents in the conditions
of the present work was discarded.

The interaction of anthracene and MO with HA was further evaluated

by a different methodology, using HA entrapped in calcium alginate
beads. This methodology (Methods Section 2.5) allowed to establish the
interaction of anthracene with HA and, afterwards, quantify the adsor-
bate without the contact of the HA with the powerful extractant hexane.
Anthracene and MO adsorption assays were carried out with calcium
alginate beads containing HA, but also with unloaded beads, since
alginate was described previously to adsorb some dyes and PAHs
[27,41-43]. The assays were designed to test two adsorbent doses,
corresponding to concentrations of HA 15 and 50 mg/L in the media.
The results clearly indicated the adsorption of anthracene, both by
unloaded and by HA-containing beads, but not of MO (Fig. 4). When the
low adsorbent dose was used, the presence of 15 mg/L HA showed no
significant effect on anthracene adsorption (Fig. 4.A). In the assays with
the higher dose, a lower uptake capacity (mg per g of adsorbent) was
measured, as expected, but 50 mg/L HA significantly increased the total
amount of anthracene bound to the beads. However, it should be noted
that the anthracene adsorbed to HA is only a small fraction, approxi-
mately 0.28 pg/mg of HA, so 50 mg/L HA could bind less than 0.02 mg/
L of anthracene from solution, i.e. less than 20 % of the initially available
anthracene. These results indicated that, at concentrations of 50 mg/L
and higher, HA adsorbs anthracene under the conditions of the enzy-
matic assays. Still, it is unlikely that the small adsorption capacity of HA
observed at 50 mg/L could inhibit 60 % anthracene degradation, as
measured before (Fig. 1.B). Moreover, if HA sequestration of anthracene
was the main mechanism limiting the efficiency of the laccase-ABTS
system, it would be expectable that higher concentrations of HA (up
to 500 mg/L in Fig. 1.B) would cause an escalating inhibition of
anthracene transformation reaching 100 %, not the observed plateau of
maximal inhibition at 70-80 %.

Regarding MO, no significant uptake was observed with any of the
beads or doses (Fig. 4.B). In this case it is evident that sequestration of
the substrate does not explains the HA inhibition of laccase, and the
binding of the di-anionic ABTS to HA is even less plausible. So, other
mechanisms of inhibition must justify the observed inhibition of the
laccase catalytic systems.
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Fig. 4. Uptake of anthracene (A) and methyl orange (B) by alginate beads containing humic acid and by unloaded beads. Two amounts of each type of beads were
tested corresponding to a dose of humic acid 15 and 50 mg/L in the media. After 48 h incubation, the bound anthracene was desorbed from the beads and measured
by HPLC, while the removed methyl orange was calculated from the solution spectra. Different letters (a, b, ¢) indicate significant statistical differences (p < 0.05).

3.5. Scavenging of free radical reaction intermediates by humic acid

Laccase catalysis involves the generation of radical intermediates
and products that might react with the HA co-present in the media
[13,18]. This possible interference of HA with laccase systems was
evaluated in the enzyme-catalyzed MO and ABTS oxidation reactional
conditions (Figs. 5 and 6).

Following the assay of MO decolorization by laccase alone, as before,
sodium azide was added after 30 min of catalysis, when a significant
amount of MO degradation intermediates and products accumulated. As
seen in Fig. 5, sodium azide blocked the enzyme and MO transformation.
Then, HA was added to the reaction media to final concentrations of 75
or 150 mg/L. Apart from the initial increase with HA addition, the
absorbance monitored for several minutes showed no changes,
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Fig. 5. Assays of humic acid addition to partially decolorized methyl orange.
Firstly, methyl orange decolorization was catalyzed by laccase (alone) for 30
min and, then, the enzyme was blocked with sodium azide (0.2 mM). Shortly
after stabilization of the absorbance, a small volume of humic acid stock so-
lution was added to reach the indicated concentrations. Methyl orange was
monitored at 477 nm and the observed AAbs/At (min~!) are indicated for each
reactional condition.

suggesting that HA does not reacts with any component of this reactional
system detectable at the wavelength of the assay (Fig. 5). The laccase-
catalyzed degradation of azo dyes, among other substrates, was pro-
posed to proceed via phenoxy radicals and other reactive species
[10,13,38], but the present results indicate that HA does not react with
these intermediates.

The ability of HA to react with the ABTS radical that is produced by
laccase oxidation of ABTS was addressed by two methods: (1) inter-
rupting laccase catalysis with azide as it was performed before with MO,
and (2) using chemically (persulfate) produced ABTS radical. Fig. 6
shows a representative result obtained by the first approach. The
laccase-catalyzed oxidation of ABTS progressed until a relevant con-
centration of the ABTS radical accumulated (absorbance approximately
0.5, equivalent to 14 uM), followed by enzyme blockage with azide. In
these assays with a low concentration of laccase, 0.1 mM sodium azide
was enough to fully inhibit the activity. After a few minutes for absor-
bance to stabilize, HA was added to the reaction media. As expected, a
fast initial increase in absorbance was observed due to the HA addition,
but then the absorbance clearly dropped with time. Control assays with
the same stock solutions of enzyme and HA, but without sodium azide
blocking, were carried out for comparison. As previously noted (Fig. 3.
A), HA showed a biphasic effect on the evolution of the 420 nm absor-
bance also in this set of assays, being the first phase less perceptible
when using lower concentrations of HA (Fig. 6.A). The presence of HA in
the reaction mixture after laccase blockade, apart from the sudden initial
increase, also showed a biphasic effect. In the first minutes, it caused a
faster decline in the absorbance, obvious for example when using 150
mg/L of HA (Fig. 6.B), that gradually stabilizes to a lower decrease rate
constant through several minutes.

Facing the important results with laccase-produced ABTS radical, we
went on to confirm the reaction of HA with the radical also in an
enzyme-free system. For these experiments, ABTS radical was produced
by oxidating ABTS with persulfate, as described in Methods Section 2.6,
and diluted in sodium acetate buffer for the HA tests similar to the
previous assays with laccase. Representative results are given in Fig. S.5
of Supplementary Material and confirmed the ability of HA to decrease
the absorbance of ABTS radical solutions. This effect can be explained by
the probable antioxidant capacity of some constituents of HA to reduce
the ABTS radical back to ABTS, causing the decline in the absorbance at
420 nm which is the characteristic maximum of an absorption band of
the radical. The reducing constituents should have phenolic groups [18].
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Fig. 6. Assays of the decay of ABTS radical on addition of (A) 75 mg/L and (B) 150 mg/L of humic acid. ABTS oxidation was catalyzed by laccase until absorbance
came close to 0.5 and, then, the enzyme was blocked with sodium azide (0.1 mM) before addition of humic acid. An equivalent assay with non-inhibited enzyme is
shown. ABTS radical was monitored at 420 nm and the observed AAbs/At (min™) are indicated for each reactional condition.

Some of the HA constituents with higher reducing potency and mobility
might scavenge the radical faster, being responsible for the faster initial
phase of absorbance drop. As these constituents are gradually
consumed, the decrease decelerates and stabilizes in a low reduction
rate maintained by constituents with lower potency but apparently
abundant in the HA.

The ability of HA to scavenge ABTS radical will potentially interfere
with the catalytic performance of all the laccase-ABTS systems,
including those mediating anthracene and MO degradation studied
before. Nonetheless, the comparison of the experimental traces like
those shown in Fig. 6 indicated that radical scavenging does not
completely accounts for the observed HA inhibition of ABTS oxidation
by laccase. The fast initial effect of HA is difficult to compute precisely,
but the steady rate of absorbance decrease (radical scavenging) main-
tained minutes after the HA addition was calculated as some thou-
sandths of absorbance units per minute, indicated in Fig. 6. The
inhibition of ABTS oxidation monitored by the effect on the absorbance
change in the comparable control assays with active laccase was 4 to 9

1gyc

1kya

times superior. When HA 75 mg/L was tested (Fig. 6A), radical scav-
enging was almost negligible, causing a stable rate of absorbance
decrease of only —0.001. So, radical scavenging seems a relevant
mechanism of interference with laccase-ABTS systems by HA at high
concentrations, not for example at the ECsos of inhibition of anthracene,
MO and ABTS oxidation (Figs. 1.B, 2.B and 3.B).

3.6. Interaction of humic acid with copper ions of laccase

HA binds metal cations, showing a high affinity towards copper ions
[19,20], so chelation of the laccase’s copper ions responsible for the
electron transfer between substrates can be hypothesized as a mecha-
nism by which HA inhibits the enzyme activity. We investigated the
relevance of the metal chelation mechanism by different approaches —
molecular docking simulations and, experimentally, by making use of
the laccase ABTS oxidation assay described in Methods Section 2.4.

The two models of T. versicolor laccase available at the Protein Data
Bank (1gyc and 1kya) were used to simulate the docking of four models

Fig. 7. Docking of four humic acid molecular models (M1 to M4) to two models of laccase, 1gyc (upper panel) and 1kya (lower panel). Laccase molecules are shown
in gray and the copper ions as orange spheres. Humic acid poses are shown as sticks, colored by predicted binding energy, from violet (higher energy) to yellow
(lower energy). Images M1 to M4 show the 500 poses for each humic acid model and M1-M4 overlays the poses for the four models (2000 poses).
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of HA designated M1 to M4 (details in Methods Section 2.7). As depicted
in Fig. 7, two main binding regions were found in 1gyc and three in 1kya
laccase. When comparing the predicted binding energies (Fig. S.1.B), the
protein model with better resolution - 1gyc - produced better docking
poses both in terms of average and absolute values. Binding energies
below —8 kcal/mol were estimated with this laccase model and the four
HA models, but several poses were also predicted with energies around
—6 kcal/mol with 1kya, which strongly suggests effective binding of the
ligands to the enzyme. However, no poses were found with the HA
models interacting directly with any of the laccase copper ions. The first
binding region in 1gyc laccase harbors the poses with the lowest binding
energies and encompasses the ends of some of the beta strands of the
beta sandwich of domain 2 and the loops between strands (top region in
Fig. 7; binding site residues listed in Fig. S.1.C), being far away from the
copper ions. The other region in 1gyc is at the interface between do-
mains 2 and 3 (right region in Fig. 7), and some poses of HA interact with
histidine-458 that coordinates the single copper ion in this region
(Fig. S.1.D). For the 1kya model, the region where more poses were
found and with better binding energies corresponds to the second site of
1gyc described above, in the vicinity of the mononuclear T1 copper
center.

The analysis of energy terms indicated that van der Waals in-
teractions and hydrogen bonding (vdW + Hbond) contribute signifi-
cantly more to the binding energy than electrostatic interactions, with
both laccase models. The average vdW + Hbond and electrostatics en-
ergy terms for 1gyc were — 9.63 + 1.92 kcal/mol and — 1.47 £+ 0.77
kcal/mol, respectively. For 1kya, these values were — 9.81 + 1.44 kcal/
mol for vdW + Hbond and 0.08 + 0.38 kcal/mol for electrostatics. When
considering only the top 1 % best-scoring poses, the vdW + Hbond and
electrostatics contributions for 1gyc are —14.76 + 0.56 kcal/mol and —
1.51 + 0.16 kcal/mol, respectively, while for 1kya, they are —13.78 +
0.67 kcal/mol and — 0.14 + 0.33 kcal/mol, respectively.

Experimentally, the susceptibility of the laccase copper centers was
first addressed using DTPA, a strong metal chelator. As represented in
Fig. 8.A, low concentrations of DTPA clearly inhibited the ABTS-
oxidizing activity of laccase, indicating that the enzyme is sensitive to
interference with the protein coppers. This is aligned with previous
studies employing ethylenediaminetetraacetic acid (EDTA) and other
metal chelators [2], including with the laccase from T. versicolor [24].
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The experimental traces obtained in the assays, like those in Fig. 8.B,
showed that DTPA promptly inhibits laccase on its addition to the re-
action media, and does not exhibit the initial curvature observed with
HA that results from the fast radical scavenging activity during the first
minutes. Disregarding this initial curvature, the subsequent steady in-
hibition maintained by HA at 50 mg/L was identical to that caused by
DTPA 0.4 mM, approximately 40 % (Fig. 8.B). Interestingly, when both
DTPA and HA were added to laccase assays, a cumulative effect was
observed, as shown in Fig. 8.B where sequential addition of the in-
hibitors caused approximately 80 % inhibition. These observations
indicate that the two inhibitors have different mechanisms of action.
Indeed, a clear difference in the inhibition profiles is that, contrary to HA
(Fig. 3.B), DTPA can achieve complete inhibition of the enzyme (Fig. 8.
A).

It is not clear if metal chelators inhibit laccase by simply interacting
with the protein-bound coppers or actually remove the metals from the
enzyme active site [2]. In some works, the laccases benefited from the
addition of low concentrations of Cu®" ions (typically up to 1 mM) that
increased the enzymatic activity, suggesting that they were partially
depleted of copper [2,15,22,24]. In the present study, supplementation
of the reaction media with 1 mM CuCl;, produced no significant effects
and higher concentrations decreased laccase activity (Fig. S.6), in line
with previous data [24] and the general assumption that laccases are
isolated with the copper ions tightly bound [2].

Taking advantage that 1 mM Cu?* jons had no influence on the ac-
tivity, we decided to evaluate its effect on the HA-induced inhibition of
laccase. If the inhibition by HA involves interaction with laccase metals,
the supplementation of the reaction media with Cu?* ions might occupy
a part of the binding sites at HA and, by this way, lessen its inhibitory
action. Strikingly, as shown in Fig. 9.A, the presence of 1 mM Cu?" in the
reaction media aggravated the inhibition of laccase observed after the
addition of HA.

Additionally, in other assays with higher concentrations of HA and
Cu®* ions (not shown), it was possible to visually detect the formation of
aggregates in the reaction media. It is well-known that metal cations,
such as Cu?* and Ca?*, induce aggregation of HA [16], so we hypoth-
esized that aggregation processes were influencing the observed inhi-
bition of laccase. In this track, we tested the effect of Ca®" ions on the
HA-induced inhibition of laccase and the results were very similar to
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= = «DTPA
0.5 4 = = DTPA and Humic acid

Humic acid _"'
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)“; I =
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Fig. 8. Effect of diethylenetriaminepentaacetic acid (DTPA) on the ABTS-oxidizing activity and humic acid inhibition of laccase. (A) Inhibition of laccase-catalyzed
oxidation of ABTS by DTPA. The inhibition was calculated from the oxidation rates in the presence of DTPA compared to the corresponding control rate in the
absence of DTPA. The control oxidation rates in AAbs/At were 0.012 + 0.001 min~'. The line is the best non-linear regression fit of the data to the equation for a
single-type binding site of DTPA in laccase, and the corresponding parameters are indicated (R? = 0.971). (B) Effect of DTPA (0.4 mM) on the humic acid (50 mg/L)

inhibition of laccase. Oxidation rates in AAbs/At (min~!) are indicated.
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Fig. 9. Effect of (A) Ccu?" and (B) Ca®" ions on the humic acid inhibition of laccase oxidation of ABTS. ABTS oxidation was monitored at 420 nm, and humic acid
and/or metal ions were added to the spectrophotometer cuvette as depicted. The final concentrations of humic acid and metal ions were 50 mg/L and 1 mM,

respectively. Oxidation rates in AAbs/At (min~?!) are indicated.

those observed with Cu?* (Fig. 9.B). The Ca®" ions also do not have any
inhibitory effect on laccase up to 1 mM, so an indirect mechanism un-
derlies the copper- and calcium-induced amplification of HA inhibition
of laccase.

Overall, the results from the docking simulations and the experi-
mental assays with DTPA and metal ions indicated that copper chelation
is not a relevant mechanism of laccase inhibition by HA. Instead, the

>

B50

assays in media supplemented with Cu?>* and Ca?" suggested the
importance of aggregation phenomena in the HA action.

3.7. Aggregation of humic acid encapsulating laccase

In the presence of divalent cations, like Cu*" and Ca?*, HA forms
intramolecular and intermolecular aggregates stabilized by charge
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Fig. 10. Molecular interaction and aggregation of humic acid with laccase. The assays were carried out with laccase at a concentration of 20 pg/mL in pH 5 acetate
buffer. (A) Changes in the fluorescence spectrum of laccase with increasing concentrations of humic acid. (B) Particle size distribution of aggregates of humic acid
(20 mg/L) alone and after the addition of laccase, measured by dynamic light scattering. (C) Hydrodynamic radius of particles in humic acid 20 mg/L solutions before
and after the addition of laccase. The mean values are indicated and the letters (a, b) indicate significant statistical difference (p < 0.05). (D) Microscopic observation
of the aggregates of humic acid in the presence of calcium ions (D1 and D2), humic acid with laccase (D3) and humic acid with laccase in the presence of calcium ions
(D4). Bar scales represent 10 pm. Calcium ions were used in D1, D2 and D4 at 1 mM. The ABTS substrate was added to all samples some minutes before observation,
except D2. For the D2 sample, partially oxidized ABTS with bluish-green coloration was added instead of the fully reduced ABTS substrate of laccase. The inset in D1
shows microtubes with laccase without ABTS (left) and with ABTS incubated with laccase for several minutes developing the characteristic coloration of oxidized

ABTS (right).
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neutralization and functional group bridging [16]. The formation of
complexes between HA and some proteins/enzymes, such as lysozyme,
has also been described to give rise to flocs/aggregates that can reach
micrometer size and shield the proteins [21,44-46]. Electrostatic
attraction determines the complexation of HA with the net positively
charged lysozyme, but the hydrophobic effect gives favorable contri-
butions to the associations with trypsin and ribonuclease A, which have
negative surface patches, and to the adsorption of CrylAb toxin to
apolar HA [21,44,47]. In the case of urease, having a net negative charge
at neutral pHs, hydrophobic attraction seems to prompt the interaction
with HA, but causing only moderate changes in the structure of the
enzyme [48]. Remarkably, the aggregation of the enzyme-HA complexes
led to the encapsulation of the enzymes and suppression of the enzy-
matic activities [21,46], so we hypothesized that HA could inhibit lac-
case by forming complexes prone to aggregation that confines the
enzyme.

We first probed the interaction of laccase with HA by the intrinsic
fluorescence of the protein, a method recently employed with urease
[48]. As shown in Fig. 10.A, the fluorescence spectra of laccase, with an
excitation wavelength at 280 nm, presented a maximum emission at
approximately 345 nm, in accordance with a fluorescence dominated by
tryptophan residues. When HA was added to the enzyme, the fluores-
cence intensity gradually diminished with concentrations up to 30 mg/
L, a strong indication of direct interaction of HA with laccase as pre-
dicted by the molecular docking simulations. Interestingly, the addition
of higher concentrations of HA had no significant effect on the laccase
fluorescence, resembling the plateaus observed before in the inhibition
of the enzyme activities (Sections 3.2 and 3.3 of Results).

The formation of supramolecular aggregates was then investigated
by DLS (Fig. 10.B and C). The assays were carried out with HA solutions
at a concentration of 20 mg/L, in the range of the levels present in
natural waters [16] and of the ECsg values calculated for the inhibition
of the laccase catalytic systems described in previous sections. In these
solutions with just HA, particles with hydrodynamic radii inferior to
230 nm were detected. This agrees with the coexistence of free mono-
mers and small aggregates/soluble primary aggregates (sizes between 1
and 300 nm) described in other works on dilute HA solutions, namely at
30 mg/L and pH 5 [17,44]. When laccase was added to HA, a short 1-
min equilibration period was enough for the formation of larger as-
semblies with hydrodynamic radii >350 nm (Fig. 10.B and C). The re-
sults from the fluorescence and DLS assays enabled to conclude that HA
forms supramolecular complexes with laccase, even at a low concen-
tration, and in a time scale matching the fast inhibition observed in the
MO and ABTS oxidation assays.

Nevertheless, the flocculation/aggregation of enzyme-HA complexes
could progress for up to 24 h (the incubation time in the anthracene
degradation assays - Section 3.2). Being dependent on the conditions,
typically 6 to 12 h were needed to visually perceive precipitation or
microscopically observe the large micrometer aggregates of lysozyme-
HA complexes at pH 5 [44-46,49]. In our reaction mixtures of diluted
HA and laccase, macroscopic aggregates were not visually observed,
except after 12-24 h if supplemented with Cu®* or Ca®* ions, suggesting
that the laccase-HA aggregates are smaller than those with lysozyme and
require the divalent ions to form large precipitating particles. However,
by centrifuging the 24-h incubated mixtures to concentrate the particles,
it became possible to observe microscopic aggregates that incorporate
laccase (Fig. 10.D).

We optimized this methodology for microscopic inspection using
solutions of HA and divalent ions. Maintaining HA at 20 mg/L, 24 h
incubations in the presence of 1 mM Ca?* promoted the formation of
some aggregates visible under the microscope (Fig. 10.D1 and D2).
Copper ions had a very strong effect and, at 3 mM, precipitating flocs
were observed in the dilute HA solutions within some hours (results not
shown). With the mixtures of HA and laccase, even without addition of
divalent ions, aggregates with micrometer dimensions build-up (Fig. 10.
D3), indicating that the laccase-HA complexes rapidly formed in short
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incubations (Fig. 10.B and C) keep aggregating through time. Applying
the same methodology to solutions of laccase alone, no macro or
microscopic particles were observed. Moreover, the microscopy method
allowed to reveal the presence of laccase in the aggregates using the
ABTS substrate. When ABTS was added to the aggregates before
microscopic observation, the particles developed the bluish-green
coloration typical of oxidized ABTS (Fig. 10.D3). The oxidation of
ABTS was due to the enzyme, because the HA aggregates in the absence
of laccase did not cause any colour change (Fig. 10.D1), and it was in-
dependent of the presence of Ca?t (Fig. 10.D4). In a further control,
considering the hypothesis that HA aggregates adsorb oxidized ABTS
produced in solution, samples of HA (with Ca?" ions) were incubated
with pre-formed ABTS radical for the same time as the samples with the
reduced ABTS, but the aggregates appeared with the coloration of plain
HA aggregates (Fig. 10.D2).

4. Discussion

The results in this work give support to the detrimental interference
of HA in the performance of laccase-based catalytic systems. In the four
reactional systems studied, HA concentrations of environmental rele-
vance caused a reduction in the measured conversion degree or rates.
However, utmost 50 % inhibition can be expected with HA levels up to
20 mg/L in aqueous media, as observed with anthracene degradation by
laccase-ABTS system. Our results are comparable to those reported for
the transformation of 17p-estradiol by laccase alone [15] or of cypro-
dinil by the laccase-syringaldehyde system [7]. With laccase alone, HA
at 30 mg/L caused inhibitions close to 50 %. In the second case, sizable
inhibition was observed only with HA concentrations above 100 mg/L,
and not even 400 mg/L blocked the catalyzed transformation.

An intriguing aspect observed in all reactional systems was that HA
never reached 100 % inhibition of the enzyme, not even with very high
concentrations (350 and 500 mg/L). Moreover, the substantial differ-
ences in the maximal inhibitions achieved and the EC5( values (from 5 to
51 mg/L) pointed out that HA interferes with the various laccase cata-
lytic systems by different mechanisms.

The extraction and adsorption approaches employed herein
converged on the ability of HA to decrease the availability of anthracene
for laccase-catalyzed degradation, but only at high concentrations of HA
(>50 mg/L). The extent of anthracene adsorption was negligible at HA
levels around the ECs of catalysis inhibition (21 mg/L) and, at higher
concentrations, can only partially contribute to the observed interfer-
ence with anthracene degradation. Our results showed that HA does not
adsorb MO, consistent with the general understanding that HA binds
mostly hydrophobic or positively charged molecules [19,20,27]. On this
basis, adsorptive sequestration of anionic substrates or mediators like
ABTS is also not probable.

An interesting ability of HA to reduce back the ABTS radical pro-
duced by laccase was firmly demonstrated in the present work. Elec-
trochemical studies showed that humic substances contain phenolic
electron-donating moieties with a wide range of redox potentials [18].
These moieties can act as antioxidants affecting pollutant oxidation re-
actions, for example by electron donation to oxidized intermediates. The
kinetic assays revealed a biphasic behavior of HA, possibly due to the co-
existence of HA components with different antioxidant reactivities. The
ABTS radical scavenging activity of HA is potentially important espe-
cially because it will interfere with any laccase-ABTS system. Though,
the rates of ABTS radical scavenging measured with different concen-
trations of HA are far from completely justifying the observed laccase
inhibition. Moreover, the data obtained from MO assays and the ratio
anthraquinone/anthracene give no support to HA interacting with the
reaction intermediates or affecting the conversion paths in these reac-
tional systems. It can be concluded that radical scavenging interferes
with the laccase systems involving ABTS oxidation, but only partially
and at HA concentrations above the EC5p values measured.

Another potential inhibition mechanism investigated was the HA
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binding to the laccase’s copper centers. Previous studies demonstrated
that small metal chelators inhibit laccases from different sources [2],
and mM concentrations of EDTA inhibited approximately 40 % the
laccase extracted from T. versicolor [24]. Our data show for the first time
that DTPA can inhibit 100 % of the enzyme activity, possibly due to
stronger binding to the laccase’s copper ions. DTPA is an amino-
carboxilic acid-type metal chelating agent, like EDTA, but with a higher
affinity for Cu®* ions. The strength of the Cu?*-DTPA complexes is
expressed by the stability constant (log K) superior to 21, two orders of
magnitude higher than the corresponding EDTA chelate [50]. Substan-
tially inferior, the stability constant of Cu?>*-HA complexes was esti-
mated between 10 and 11 [19]. Moreover, DTPA and HA showed a
cumulative inhibition of laccase activity, and the HA inhibition was not
prevented by supplementing the reaction media with divalent ions, all
disapproving HA binding to the enzyme coppers. In agreement, the
docking simulations suggested that HA can bind to laccase molecules at
different regions, but even the T1 copper ion that is closer to the protein
surface is not directly accessible to HA molecules. Worth noting, the
molecular simulations predicted HA binding energies around —6 kcal/
mol, which are comparable to those of well-established ligands like
ABTS and guaiacol [51], and the interaction with a T1 copper-
coordinating histidine can significantly influence the catalytic proper-
ties of the enzyme [52].The formation of aggregating laccase-HA com-
plexes demonstrated herein provides a novel and general mechanism for
understanding the interference of HA with laccase catalytic systems. The
results showed that a 20 mg/L concentration of HA, as present in natural
waters, allows interaction with laccase monitored by a decline in the
fluorescence intensity of the protein. This HA concentration caused
significant interference with the studied catalytic systems, hardly
explainable by the conventional mechanisms of inhibition, namely the
sequestration of substrates or target pollutants, the scavenging of reac-
tion intermediates or the (completely discarded) chelation of coppers. In
turn, the immobilization of the enzyme in complexes/aggregates with
HA can suppress the laccase-based catalysis, as observed with other
enzymes [21,46]. In addition to the possible inactivating denaturation of
the protein, the immobilization and encapsulation of laccase restrains
the mobility of the enzyme and mass transport of substrates/mediators/
products of the reactions, hence decreasing the apparent turnover of the
enzyme and the overall kinetics of the catalyzed reactions.

It is important to underline that the HA-induced decline of laccase
fluorescence reaches a maximum after which higher concentrations of
HA cause no further quenching of the fluorescence. This behavior is
coherent with the observation of a maximum inhibition by HA, which
remains clearly below 100 % across all the reactional systems studied in
this work. The greater inhibitions achieved with higher concentrations
of HA in the degradation of anthracene and in the ABTS oxidation re-
actions (approx. 80 %) can be justified by the sum of additional inhib-
itory mechanisms, namely, the anthracene sequestration and ABTS
radical scavenging. Interestingly, it can also be argued that the immo-
bilization of HA in the laccase-triggered aggregates equally limits its
capacity to sequester anthracene molecules and to react with ABTS
radicals, explaining why the HA does not impose a full inhibition of any
of the enzymatic systems, in contrast to DTPA. The relevance of the
encapsulation of the enzyme in the inhibition of the laccase-catalyzed
reactions, over other mechanisms of HA inhibition, is especially rein-
forced by the results from the assays of MO decolorization by the laccase
alone and mediator systems. Although these two systems are different
catalytic processes, and indeed the mediator system shows a much faster
kinetics, the HA inhibition curves are very similar, seemingly deter-
mined by the encapsulation of the enzyme and independent of the me-
diator’s involvement or other specific characteristics of each process.

The comparison of four laccase-catalyzed reactional systems was a
major strength of the present work, as well as the employment of
complementary experimental techniques in the investigation of HA
inhibitory mechanisms and laccase-HA aggregation. The data obtained
by DLS and microscopy indicate that the laccase-HA complexes give rise
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to aggregates with heterogeneous sizes and that grow with time, hence
difficult to predict with the current knowledge. However, the aggregates
seem smaller than the quite large lysozyme-HA assemblies that present
macroscopic aggregation/flocculation [44-46,49]. It can be speculated
that HA interaction with laccase is comparable to that described with
urease [48], but further studies are warranted on the molecular details
of the complexes and the properties of the formed aggregates. Another
present limitation that should be addressed in future work is the po-
tential impact of water and wastewater constituents, such as iron ions
and small organic molecules, on HA inhibition of laccase.
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