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Abstract—Humic substances (HS) are heterogeneous and polydisperse compounds formed in soils, sediments
and waters during the decay and transformation of organic residues (the process called humification). The role
of extracellular free-radical condensation reactions (secondary synthesis) in the formation of HS is a subject of
debate. Here we have studied the formation of HS from a mixture of monomers under the dynamic conditions
and at low substrate concentrations in the presence of laccase from the fungus Coprinus comatus F-2940. Lac-
case was immobilized on kaolinite modified with aluminum hydroxide. We have investigated some properties of
the enzyme, reactivity of phenolic acids and amino acids in the presence of laccase. The optimum of 2.6-dime-
thoxyphenol (2.6-DMP) oxidation by free laccase was at pH 6.0. Upon immobilization, it shifted to the acidic
region (pH 4.4), the thermal stability decreased, however the kinetic parameters of 2.6-DMP oxidation
remained unchanged. In terms of reactivity (% of substrate conversion by free laccase) the individual phenolic
acids formed a series: caffeic (72) > ferulic (53) > gallic = syringic (43) > protocatechuic (5.5) > vanillic =
p-hydroxybenzoic (0). In the mixture of phenolic acids, gallic acid was most efficiently oxidized (50%),
while the other acids were oxidized in comparable amounts (13–17%). The conversion of phenolic acids
increased in the presence of lysine. When a mixture of gallic, protocatechuic, syringic, ferulic acids (0.01 mM
each) and lysine (0.02 mM) was passed through a flow-through microcolumn, immobilized laccase effectively
oxidized the phenolic acids, the reaction products bound to the mineral phase, staining it dark. According to
high performance liquid chromatography, the molecular weights of compounds extracted from the mineral
phase did not exceed 900 Da, thus fulvic acid-like substances were formed. Results of the study suggest an
important role of free-radical heterophase reactions in the formation of the molecular composition of the liquid
phase and organo-mineral complexes.
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INTRODUCTION
Soils are the main reservoir of organic carbon in

terrestrial ecosystems. The amount of carbon stored in
humus (1500 Gt C) is three times larger than that in
the aboveground biomass (550 Gt C) [19]. Humus
determines the fertility of soils and their functions in
the biosphere [9], the processes of humus formation
and decomposition have the profound influence on
modern climate. However, the nature and composi-
tion of substances, comprising humus, as well as the
mechanisms of their long-term stabilization in soils
remain the subject of debate [1, 10, 29, 37, 47].

According to traditional views, humus is repre-
sented mostly by humic substances (HS), heteroge-
neous and polydisperse dark-colored compounds
formed de novo during the degradation and transfor-
mation of organic residues (humification) [5, 8]. It is

hypothesized that extracellular condensation reac-
tions play an important role in the formation of HS in
soils [5, 8, 20, 65]. This point of view was reflected in
Stevenson’s definition of HS as “a series of relatively high
molecular weight compounds, yellow to black in color
and formed by secondary synthesis reactions” [65].
According to solubility characteristics, HS are divided
into humic acids (HA, soluble under the alkaline con-
ditions, precipitate at pH<2), fulvic acids (FA, soluble
at all pH values) and humin (insoluble residue).
Humic and fulvic acids are enriched by polar func-
tional groups and are most reactive components of
humus [8, 65].

Humic substances have long time been described as
macromolecular aromatic compounds (5–100 kDa),
resistant to biodegradation [8, 9]. This view is now
being reconsidered. The notion of HS as supramolec-
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ular associations of relatively small molecules (about
2–6 kDa) held together by weak dispersive forces is
practically generally accepted [59, 66]. Secondary
synthesis has been questioned, as well as the existence
of HS as mass products of this process [47]. A soil con-
tinuum model has been proposed which describes soil
organic matter as a continuum of biomolecules at dif-
ferent stages of decomposition [47]. As a result of the
renewed debate, HS have been redefined by Interna-
tional Humic Substances Society (IHSS) as a “com-
plex and heterogeneous mixtures of polydispersed
materials formed in soils, sediments, and natural waters
by biochemical and chemical reactions during the
decay and transformation of plant and microbial
remains (a process called humification)” (www.humic-
substances.org, access April, 2022).

A number of reviews have been published recently
defending HS as specific compounds of soils and other
natural environments [28, 37, 56] and supporting sec-
ondary synthesis reactions as playing an important
role in synthesis of HS [29]. Oxidation of phenols to
phenoxy radicals and quinones followed by sponta-
neous free-radical coupling with nitrogenous and
other precursors [5, 20, 65] is a classic example of such
reactions, underlying the condensation theory of
humification [5, 65]. The oxidation of phenols is a cat-
alytic process, which is carried out in the presence of
extracellular enzymes (phenol oxidases and peroxi-
dases of microorganisms) [5, 21, 36] or abiotic cata-
lysts—for example, the ions of Fe3+ and Mn4+ in soil
minerals [41]. Indeed, the formation of dark-colored
compounds from monomeric phenolic and nitroge-
nous precursors has been shown in vitro in the presence
of peroxidase [5, 14], laccase [52, 75], tyrosinase [55] or
soil minerals [41, 43]. The formation of HA-like sub-
stances from phenolic fungal metabolites and nitroge-
nous compounds have been shown in vivo in the liquid
cultures of microscopic fungi such as Epicoccum
nigrum, Stachybotrys atra, S. chartarum, Aspergillus
sydowi (Haider and Martin, 1967; Martin and Haider,
1969; Haider and Martin, 1970; cited from [61]). The
enzymatic catalysis of condensation reactions is more
effective than abiotic one; the molecular weights of the
products are higher [12, 21, 58, 55].

Condensation processes are facilitated by the pres-
ence of an interfaces. The amounts of HA-like sub-
stances formed in fungal cultures increased in the
presence of clay minerals (Martin et al., 1972; cited
from [61]). More high molecular weight products were
synthesized from monomeric phenolic and nitroge-
nous precursors in the presence of immobilized laccase,
than in a homogeneous system [75, 76]. Formation of
HA-like dark-colored compounds was observed during
solid-state cultivation of the white rot fungus on wheat
straw [73]. It was also shown that low-molecular
weight products of HA degradation can repolymerize
on the fungal mycelium during submerged cultivation
of ligninolytic fungus [77].
A significant drawback of laboratory experiments
on secondary synthesis is that they are carried out in
closed systems and at high precursor concentrations,
usually 1–10 mg/mL [5, 64]. This corresponds to 5–
50 mM at molecular mass of precursors (phenolic
acids, amino acids) of about 200 g/mol while the
concentration of phenolic acids in soil solutions usu-
ally do not exceed tens of micromoles [7, 57]. Free
amino acids in soil solutions account for less than 1%
of dissolved organic nitrogen, concentrations are
usually 0.1–50 μM [46, 74]. The question arises about
the possibility of biocatalytic secondary synthesis
reactions at low substrate concentrations in open
dynamic soil systems. To what extent does polymer-
ization occur under such conditions?

Here we have studied formation of humic com-
pounds in heterophase system at low precursor concen-
trations and under flow-through conditions. Laccase
(EC 1.10.3.2., benzenediol : oxygen oxidoreductase)
was used as a biocatalyst. Laccase is common in soils
[23, 63]. The enzyme belongs to the family of copper-
containing oxidases, contains 4 copper atoms in the
active center and catalyzes the oxidation of a broad
range of phenolic substrates and aromatic amines by
molecular oxygen, which is reduced to water [33, 45].
Phenoxy radicals and quinones formed at catalytic
stage of substrate oxidation can undergo spontaneous
condensation reactions to form oligomers and poly-
mers [45, 72]. Laccase is produced by ascomycetes,
basidiomycetes, and deuteromycetes [16, 72], laccase-
like enzymes have been also found in bacteria [45]. The
enzyme shows activity in litter and soil humus horizons
[17, 30], which suggests its involvement in heterophase
condensation reactions during humification.

Laccase from soil basidiomycete Coprinus comatus
F 2940 was used in the study. The enzyme was immo-
bilized on kaolinite modified with aluminum
hydroxide. We have studied some properties of free
and immobilized laccase, its substrate specificity
towards phenolic acids and the ability of certain
amino acids to form complexes with phenolic acids in
the presence of laccase. Experiments on heterophase
synthesis of HS were carried out in a f low-through
microcolumn [3, 4].

MATERIALS AND METHODS

Mineral. Kaolinite (Prosyanovskoe deposit, Ukraine)
modified with amorphous aluminum hydroxide at the
amount of 2.5 mmol Al/g clay have been used as the
mineral phase. Some properties of the mineral were
described earlier [3].

Phenolic acids and amino acids. Gallic (GAL), pro-
tocatechic (PCAT), p-hydroxybenzoic (HDB), vanil-
lic (VAN), ferulic (FER) and syringic (SYR) acids
(Sigma-Aldrich, USA) were used as phenolic precur-
sors of HS [4]. Tyrosine, L-DOFA, glycine, lysine,
arginine and tryptophan were used as nitrogenous pre-
EURASIAN SOIL SCIENCE  Vol. 55  No. 7  2022
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cursors of HS. All the experiments with phenolic and
amino acids were carried out in 5 mM Na-acetate buf-
fer (pH 4.5)—buffer A, using ultra-pure distilled water
with conductivity of 18 μS.

Laccase. The strain of Coprinus comatus VKM F-2940
was taken from the All-Russian Collection of Micro-
organisms (VKM, http://vkm.ru/). For enzyme pro-
duction the inoculum was grown for 7 days on
medium of the following composition (g/L): pep-
tone—2; yeast extract—2; MgSO4—0.2; KH2PO4—0.3;
and glucose, 2%. The inoculum was introduced into
750-mL flasks containing 200 mL of Kirk’s high nitro-
gen medium in 20 mM tartrate buffer (pH 4.5) (g/L):
CaCl2—0.01; MgSO4—0.1; KH2PO4—0.3; glucose—
1%; Tween 80—0.05%; α-asparagine—0.9; NH4NO3—
0.5 and laccase inducers—Cu2+ ions (0.1 mM) and
Mn2+ ions (0.5 mM). On day 10, the culture liquid was
separated from mycelium for enzyme purification.

Laccase was purified to an electrophoretically
homogeneous state. The purification stages were as
follows: 1—desalting. The enzyme was precipitated
from the culture liquid by (NH4)2SO4 at 90% satura-
tion followed by centrifugation at 15000 g for 30 min.
The precipitate was dissolved in 20 mM Na-acetate buf-
fer, pH 5.0 (buffer B) and dialyzed against this buffer
(10 kDa membrane); 2—ion-exchange chromatography
on DEAE-Toyopearl. Protein preparation was applied
to the column equilibrated with buffer B, washed with
three volumes of this buffer and eluted at the rate of
1 mL/min with 0–1 M gradient of NaCl; 3—gel filtra-
tion on HiLoad 26/60 Superdex 200 column (GE
Healthcare, USA). Protein preparation was applied to
a column equilibrated with buffer B containing 0.1 M
NaCl and eluted at a rate of 1 mL/min. The fractions
containing laccase activity were dialyzed against buf-
fer A; 4—ion-exchange chromatography on an UNOQ6
column (Bio-Rad, Hercules, CA, USA). The dialyzed
preparation was applied to the column equilibrated
with buffer B, washed with three volumes of this buffer
and eluted by a linear gradient of 0–1 M NaCl in buf-
fer B. The purified laccase preparation was dialyzed
against buffer B and used for further work.

The molecular weight of laccase (SDS-PAAG) was
71.3 kDa; the protein concentration in the laccase
preparation was 0.03 mg/mL (Bradford technique).

The enzyme activity was determined spectrophoto-
metrically (Shimadzu 1800 spectrophotometer,
Japan) by the rate of oxidation of ABTS (2.2-azino-
bis-(3-ethylbenzthiazoline-6-sulfonate) in buffer A at
420 nm. The coefficient of extinction of ABTS at 420 nm
is 36000/M/cm [38]. The amount of enzyme catalyz-
ing the oxidation of 1 micromole of ABTS per one
minute was taken as one unit (U) of laccase activity.

Laccase immobilization. The mineral was equili-
brated with buffer A by shaking the suspension for
5 min at 1400 rpm (Biosan thermoshaker TS-100C,
Latvia). The mixture was then centrifuged for 1 min at
18000 g (Elmi CM-50 centrifuge, Latvia). The super-

natant was replaced with 0.5 mL of enzyme prepara-
tion in buffer A and shaken for 1 h at 25°C. Then, the
mixture was centrifuged and the activity in the super-
natant was measured using 1 mM ABTS in buffer A as
a substrate. The mineral was washed with 1 mL of buf-
fer A and the activity was assessed in the washings. The
efficiency of immobilization (%) was determined as:

where Ainitial—activity added to the mineral, Asupern—
activity in the supernatant, Awashings—activity in the
washings.

We have used 0.08 μg of laccase and 2 mg of the
mineral when studied the properties of the immobi-
lized enzyme and 0.71 μg of laccase and 20 mg of the
mineral in the dynamic experiment. The immobiliza-
tion efficiency was 90–100%.

The activity of the immobilized laccase was mea-
sured by adding 1.5 mL of 1.0 mM ABTS in buffer A to
the mineral. The mixture was shaken on a thermoshaker
(2 min), centrifuged (1 min), the 100 μL aliquot of the
supernatant was taken and diluted in 900 μL of buffer A.
The procedure was repeated three times. The activity
was estimated as an increase in optical density at 420 nm
and calculated as U of activity per unit weight of the
mineral taken for the experiment.

Properties of laccase. The рН-optimum of free and
immobilized enzyme was determined with 2 mM 2.6
dimethoxyphenol (2.6-DMP) in 5 mM Na-acetate
buffer in the pH range of 4.0–5.8. Thermostability was
determined by incubation of the enzyme at a given
temperature for 30 min (1400 rpm, 25°С) and measur-
ing the residual activity with 1 mM ABTS. Kinetic
constants were determined with 2.6-DMP in buffer A
at рН 4.5.

Oxidation of individual phenolic acids by free lac-
case. Reactions were performed in 2 mL Eppendorf
tubes. Substrate specificity of laccase was assessed
using 1 mL reaction mixtures containing 2 mM of
each acid and 0.05 U of laccase in buffer A. The incu-
bation time was 1, 3 and 5 hours. Reactions were per-
formed at 25°C and 1400 rpm (on thermoshaker) and
terminated with 10 mM NaN3. Conversion of pheno-
lic acids by laccase was evaluated by loss of the initial
substrate in the incubation mixtures. Concentration
of phenolic acids was measured by reverse phase high
pressure liquid chromatography (RP-HPLC) as
described below.

Oxidation of a mixture of phenolic acids by free lac-
case of C. comatus in the presence and absence of amino
acids. Reactions were performed in 2 mL Eppendorf
tubes. The control mixture of phenolic acids con-
tained gallic, protocatechuic, vanillic, ferulic and
syringic acids (2 mM each in 1 mL of buffer A). The
mixtures with amino acids contained one of the fol-
lowing acids: tyrosine, glycine, L-DOPA, lysine, argi-

− + ×initial supern washings

initial

(A   (A A )) 100
,

A
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nine, or tryptophan (2 mM each in 1 mL of buffer A).
The reactions were initiated by addition of laccase
(0.08 U). The mixtures were incubated for 1 h at 25°C
and 1400 rpm, reaction was terminated by 10 mM
NaN3. Concentrations of phenolic acids were deter-
mined by RP-HPLC. The ability of amino acids to
interact with phenolic acids in the presence of laccase
was assessed by comparing the loss of phenolic acids in
the systems with amino acids and control without
amino acids.

Transformation of phenolic acids in the presence of
immobilized laccase under the dynamic conditions.
Flow-through experiment. Dynamic experiment was
performed in Tef lon f low-through microcolumn
with inner diameter of 7 mm, height 28 mm, total
volume 1 ml. Schematic diagram of the column is
given in [1]. The double-layer paper filters (Apexlab,
Russia) were used at the column inlet and outlet to
retain the mineral sample in the column. The column
was connected to a BioLogic LP chromatographic sys-
tem (BioRad, USA) with a fraction collector (Model
2110, BioRad, USA). A mixture of phenolic acids
(gallic, protocatechuic, syringic, ferulic) or a mixture
or phenolic acids with lysine were used in the experi-
ment. For the preparation of the stock solution of phe-
nolic acids (0.1 mM), they were weighted into Eppen-
dorf tubes, dissolved in 200 μL of ethanol, transferred
to a volumetric flask and diluted to a volume of 100 mL
by buffer A. The stock solution of lysine (0.2 mM) was
prepared in a 100 mL volumetric flask. Aliquots of the
stock solutions were used to prepare working solu-
tions—200 mL in buffer A. A working solution of the
phenolic acid contained 0.01 mM of each acid in buf-
fer A; a working solution of the phenolic acids—lysine
mixture contained 0.01 mM of each acid and 0.02 mM
of lysine in buffer A.

20 mg of a mineral containing 0.03 U of active
enzyme (24 μL of the preparation corresponding to
0.72 μg of protein) or the same amount of inactivated
laccase (enzyme was inactivated before immobiliza-
tion by heating for 30 min at 80°C) was placed into the
column. Then, 3 mL of buffer A was pumped through
the column in the direction from its bottom to the top
in order to equilibrate the mineral with the eluent.
Then the remaining buffer solution was pumped out
and 50 mL of phenolic acids solution (or phenolic
acids with lysine) was pumped through at a rate of
0.1 mL/min. The solution at the column outlet was
collected as 2 mL fractions. Concentration of phenolic
acids was determined by RP-HPLC. Prior to analysis,
some fractions were combined.

The loss of phenolic acids in the solution which
passed through the column was calculated as follows:

where Cinitial is the initial concentration of each pheno-
lic acid (0.01 mM = 10 nmol/mL), Сeluate is the con-

( )
( )= Σ initial eluate fraction

Phenolic acids loss nmol
C ,– C V
centration of phenolic acid in the eluate (nmol/mL),
and V is the volume of the fraction (mL).

Desorption of phenolic acids. After the experiment,
the remaining solution was pumped out of the column
and phenolic acids were desorbed first by 16 mL of
5 mM Na-acetate buffer (pH 4.5, buffer A) and then
by 24 mL of 50 mM Na-acetate buffer (pH 4.5) at a
rate of 0.5 mL/min. Solution passed through the col-
umn was collected at the column outlet as 2 mL frac-
tions and phenolic acids were analyzed by RP-HPLC.

Extraction of phenolic acids. The mineral suspen-
sion after the desorption experiment was quantitatively
removed from the column and centrifuged (2 min,
18000 g), the supernatant was discarded. Compounds,
bound to the mineral were extracted first by 1 mL of
0.1 М HCl and then by 1 mL of 0.1 М NaOH under the
N2 atmosphere (each extraction—30 min at 1400 rpm,
thermoshaker TS-100 C, Biosan, Latvia). Superna-
tants were separated from the mineral by centrifuga-
tion (18000 g) and 20 mg of NaF was added to the
extracts in order to bind aluminum ions into soluble
complexes. Concentration of phenolic acids in the
extracts was analyzed by RP-HPLC, molecular weight
distributions were obtained by high pressure liquid
chromatography (HPLC) as described below. The pH
of the extracts was adjusted to that of the eluents by
addition of microquantities of 15% HCl. pH was con-
trolled with a HI 1330 microelectrode (Hanna Instru-
ments, USA).

Analysis of phenolic acids. Phenolic acids were ana-
lyzed by RP-HPLC using an Agilent 1100 Quat Pump
chromatographic system equipped with a diode array
detector, a column thermostat, and an injector (Rhe-
odyne, Cotati, United States). A SunergiHydro-RP
column (150 × 4.6 mm, 4 μm; Phenomenex, United
States) was used for separation of phenolic acids. The
starting solution (solution A) contained 90% of H2O,
5 vol % of acetonitrile and 5 vol % (0.1 mass %) of
3-fluoroacetic acid. The gradient was created using
solution B containing 95% of acetonitrile and 5 vol %
of 0.1 wt % 3-fluoroacetic acid as follows: 0–20 min,
5–15% B; 20–30 min, 15–40% B; 30–40 min, 40% В.
The elution rate was 0.5 mL/min and the sample vol-
ume 20 μL. The temperature of the column—30°С.
Phenolic acids were quantified by evaluation of chro-
matogram peak areas as described earlier.

Molecular weight distributions of the reaction prod-
ucts. Alkaline extracts were analyzed by HPLC on an
Agilent 1100 chromatographic system (see above)
using TSK-2000 SW column; 0.1 M phosphate buffer
(pH 7.0) with addition of 0.1% SDS and 0.05% NaN3
was used as an eluent. The flow rate was 0.5 mL/min.
The column was calibrated using globular proteins—
cytochrome (12.5 kDa), ribonuclease A (17.8 kDa),
chymotrypsinogen A (25 kDa), ovalbumin (45 kDa),
bovine serum albumin (67 kDa) (Sigma, USA), and
polystyrene sulfonic acids (PSAs) with masses of 6.8,
10, 17, 32, 77 kDa (Sigma-Aldrich, USA). The void
EURASIAN SOIL SCIENCE  Vol. 55  No. 7  2022
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Table 1. Some properties of free and immobilized laccase of C. comatus 2940

* Percent of activity at 30°С (incubation for 30 min at a given temperature).

Laccase рН optimum,
2.6-DMP

Thermostability, %* Kinetic constants, 2.6-DMP

40°С 50°С 60°С Км, mM Vmax, U/mg kcat, s–1

Free 6.0 92 83 62 0.23 ± 0.02 22.59 ± 1.11 27.84 ± 0.69
Immobilized 4.4 84 62 14 0.22 ± 0.04 22.71 ± 0.81 26.99 ± 0.96
volume of the column (Vo) was determined by blue
dextran (2000 kDa), the total volume (Vt) was deter-
mined by the reverse peak of the solvent. The molecu-
lar weights (MW) of the chromatographic peaks (kDa)
were found according to the equations:

RESULTS AND DISCUSSION
Immobilization of laccase of Coprinus comatus and

properties of the enzyme. Enzymes in soils are mainly
bound to the solid phase [23], with reactions occurring
in heterogeneous systems. Clay minerals, as well as
poorly crystalline oxyhydroxides (the latter may exist
as discrete phases or as precipitates on the mineral
surfaces) are common inorganic sorbents for
enzymes [42]. Kaolinite modified with aluminum
hydroxide can therefore serve as an appropriate model
of complex mineral phases. Modification of kaolinite
leads to an increase in its surface area [3]. The mineral
surface acquires a positive charge due to aluminum
hydroxide (PZC 8.0–9.2 [40]). This facilitates the sorp-
tion of laccase (pI 3–3.5; www.brenda-enzymes.org),
phenolic acids [4], and their oxidation products [76].

The efficiency of immobilization of C. comatus lac-
case on modified kaolinite was 90–100%. It has been
shown previously, that sorption of Panus tigrinus lac-
case on this sorbent was one order of magnitude higher
than on pure kaolinite [76]; thus, laccase is bound pre-
dominantly to aluminum hydroxide. High affinity to
aluminum hydroxide (sorption isotherms of H-type)
was also shown for laccase of Trametes villosa [13].

The optimum of 2.6-DMP oxidation by free lac-
case was at pH 6.0 (Table 1), which agrees with the lit-
erature data [18, 34]. The pH-optimum of the immo-
bilized enzyme shifted to the acidic region (pH 4.4).
Such changes in the pH optimum of an enzyme upon
immobilization is a well-known phenomenon [49],
associated with possible conformational changes of
the enzyme during sorption and changes in the degree
of ionization of its constituent amino acids [32]. The
thermostability of free laccase of C. comatus was higher
than that of immobilized one (Table 1) although immo-

( )
= +e olog –2.14 6.96

 polystyrene sulfonic ac ds ,i
MW V V

( )
= +e olog –2.74 7.55

globular proteins .
MW V V
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bilization often decreases the sensitivity of an enzyme to
high temperatures [31, 50]. Activities of both free and
immobilized laccase was completely lost within 30 min
at 80°C.

The catalytic activity of an enzyme may decrease or
increase upon immobilization due to conformational
changes of the protein during sorption, affecting its
active center [31, 72]. However, kinetic parameters of
2.6-DMP oxidation by laccase of Coprinus comatus
remained practically unchanged. Similar results were
obtained for laccase from T. villosa immobilized on
aluminum hydroxide [13]. In the present work, this
may be due to a shift in the pH-optimum upon
immobilization. Kinetic constants were measured at
pH 4.5, which is close to the optimum of the immo-
bilized laccase (pH 4.4), whereas the activity of free
laccase comprised 70% of maximum at this pH value
(data not shown).

Thus, laccase of C. comatus retain high catalytic
activity upon immobilization. The pH optimum shifts
to the values characteristic of acidic soils. This should
favor the participation of the enzyme in biocatalytic
processes in such soils.

Substrate specificity of laccase from C. comatus.
Phenolic acids under the study are typical products of
lignin degradation and are considered as precursors of
humic acids [65]. 

In terms of oxidation rate, the individual phenolic
acids formed a series: CAF > FER > GAL = SYR >
PCAT > VAN = HDB (Fig. 1a). Hydroxycinnamic
acids such as caffeic and ferulic acids were most effi-
ciently oxidized by laccase (72 and 53% in 1 h), followed
by hydroxybenzoic acids—gallic and syringic (43%).
Vanillic acid showed very weak reactivity (6% after 5 h
of incubation), p-hydroxybenzoic acid was not oxidized
at all.

The one-electron transfer from the substrate to
type 1 copper site (T1 site) of laccase is the rate-limit-
ing step in the oxidation of substrates by laccases [27].
The reactivity of laccases is determined by the differ-
ence in redox potentials (E°') of the substrate and T1
copper site of the enzyme [54] as well as by steric fac-
tors [70]. The redox potential of the T1 site of laccases
from various producers is in the range of 0.4–0.8 V.
The highest redox potentials are that of the laccases of
white rot fungi (0.78 V), the intermediate one is that of
soil basidiomycetes and ascomycetes (0.47–0.71 V),
and the lowest one is that of bacteria (0.42 V) [27, 54].
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The redox potential of phenolic compounds is in the
range of 0.5–1.2 V [33]. Small electron-donating sub-
stituents (OH, NH2–, Cl–, OCH3–, CH3), especially
in ortho-position to OH group, increase an electron
density at phenoxy group and facilitate oxidation pro-
cess [67, 70]; steric factors of such small substituents
play minor role [70]. The electron-withdrawing sub-
stituents (СООН, СОН, СОR, NO2) reduce the
electron density at the phenoxy group thus making it
more difficult to be oxidized [26, 70]. The presence
of two electron-donating OH-groups in gallic acid
and two –OCH3 groups in syringic acid in the ortho-
position to the phenoxy group can explain the high
oxidation rate of gallic and syringic acids as compared
to protocatechuic and vanillic acids (Fig. 1a). The
absence of the electron-withdrawing –COOH group
directly bound to benzene ring and the positive effect
of the Cα=Cβ bond on electron delocalization [26]
contribute to the efficient oxidation of caffeic and
ferulic acids. Laccase of C. comatus showed unusually
weak reactivity with vanillic acid, which is a typical
substrate for laccases of the white rot fungi [24]. This
is most likely due to the low redox potential of laccases
from C. comatus [34].

The transformation of each of the phenolic acids by
laccase in their mixture (Fig. 1b) was significantly dif-
ferent from the reactions of laccase with individual
acids (Fig. 1a). In the mixture, phenolic acids formed
the following order (% of acids conversion in 1 h):
GAL (49.9) > FER (16.9) > SYR (14.7) > PCAT (13.5) >
VAN (13.0) (Fig. 1b). According to their redox poten-
tials (V), phenolic acids form a series: CAF (0.53) <
SYR (0.75) < FER (0.82) < VAN (0.88) [39]; GAL
(0.26) < CAF (0.31) < FER (0.53) (vs. Ag/AgCl, [26]);
CAF (0.45) < SYR (0.49) < VAN (0.73) [62]. The
effective oxidation of gallic acid in the mixture can be
explained by its lower redox potential compared with
the other acids. Vanillic acid was also oxidized in the
mixture which can be explained by possible action of
the other acids as redox mediators [24].

Interaction of amino acids with phenolic acids in the
presence of laccase. Condensation of amino acids with
phenolic compounds is considered as one of the
mechanisms of nitrogen incorporation into HA struc-
ture [5, 65]. In order to study the reactivity of amino
acids in oxidative coupling reactions, the following
compounds were taken: aliphatic neutral amino acid
glycine; aliphatic basic amino acids lysine and argi-
nine; aromatic amino acids tyrosine, tryptophan and
dihydroxyphenylalanine (L-DOPA). All these com-
pounds are present in soil solutions [25, 68, 69].
Lysine, arginine and tryptophan are known for their
high reactivity due to presence of free amino group
(‒NH2), a guanidine group (–C(NH2)2) and an
indole ring respectively. These groups interact with
carbonyl group (C=O) of aldehydes, ketones and lip-
ids to form dark-colored condensates (Maillard reac-
tion) [6], or interact with quinone group to form
N-containing heterocomplexes (HA and FA-like
compounds). L-DOPA is a precursor of melanins,
pigments which are similar in properties to HAs.

The ability of amino acids to interact with phenolic
acids was assessed indirectly by comparing the conver-
sion of phenolic acids by laccase in mixtures with amino
acids and in mixtures without amino acids (Fig. 1b).
Laccase of C. comatus oxidized L-DOPA and trypto-
phan. The amounts of phenolic acids oxidized by lac-
case changed significantly in the presence of lysine and
L-DOPA. The conversion of gallic acid decreased sig-
nificantly (1.4 times) in the presence of L-DOPA. The
conversion of each of the phenolic acids increased
approximately 1.5-fold in the presence of lysine. This
indicates that lysine interacts with all phenolic acids in
the mixture. The high reactivity of lysine with pheno-
lic substrates has been shown previously [35]. Glycine,
often used as a model amino acid in humification
reactions [43, 65], did not interact with phenolic acids
in this study.

Dynamic flow-through experiment. Gallic, proto-
catechuic, ferulic, syringic acid and lysine were used to
study secondary synthesis reactions under the
dynamic conditions. The above mentioned phenolic
acids were efficiently oxidized by laccase in a homoge-
neous system and conversion increased in the pres-
ence of lysine (Fig. 1b).

In the control experiment with inactivated laccase,
phenolic acids formed the following order by their loss
in the eluate: GAL > PCAT  FER > SYR (Table 2,
Fig. 2). The loss was due to sorption of phenolic acids
by the mineral and possibly by the protein immobi-
lized on its surface [60]. Effective sorption of gallic and
protocatechuic acids by modified kaolinite was shown
by us earlier [3, 4]. Ferulic and syringic acids were very
weakly adsorbed in the presence of ortho-diphenolic
acids due to competition for binding sites [3, 4].

In the experiment with active laccase the amounts
of syringic and ferulic acids in the column eluate
reduced by 7.0 and 3.2 times, respectively, compared
to control with inactivated enzyme (Table 2). The loss
of phenolic acids in the eluate was due to: 1) sorption
of the initial monomers on the mineral phase; 2) oxi-
dation/condensation of phenolic acids in the liquid
phase; and 3) sorption of the oxidation products by the
mineral. Laccase efficiently oxidized syringic, ferulic
and gallic acids acids under dynamic conditions
despite of low substrate concentrations. The effect of
laccase was least pronounced for protocatechuic acid,
which agrees with the substrate specificity of the free
enzyme (Fig. 1a).

For all phenolic acids except gallic acid, the effect
of the biocatalyst was observed from the first portion
of the eluate (Table 2). The loss of gallic acid at the
beginning of the experiment was mainly due to its
sorption, as evidenced by quite similar loss values in
the variants with active and inactivated laccase. Sorp-
tion reduced the concentration of gallic acid in the
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Fig. 1. Transformation of phenolic acids by free laccase of C. comatus in 5 mM Na–acetate buffer (рН 4.5): (а) oxidation of
individual phenolic acids (2 mM each) by laccase (0.05 U of activity) during (1) 1, (2) 3, and (3) 5 h of reaction; (b) oxidation
of phenolic acids by laccase in the absence and presence of amino acids (2 mM each, 0.08 U of laccase). Reactions were per-
formed on a thermoshaker (25 С, 1100 rpm) in 1 mL incubation mixtures. Phenolic acids: (1) gallic, (2) protocatechuic, (3) van-
illic, (4) syringic, and (5) ferulic. Amino acids: (6) L-DOPA and (7) tryptophan. 
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Table 2. The loss of the phenolic compounds (PC) in solution, passed through the column and the amounts of phenolic
acids recovered from the mineral surface (nmol)

* GAL—gallic acid, PCAT—protocatechuic acid, SYR—syringic acid, FER—ferulic acid.
** Mean ± standard deviation.

*** Conversion is calculated as the difference between the loss of phenolic acids in the mixtures with active laccase and the control with
inactivated enzyme.
**** The percentage of the total loss of phenolic acids in the eluate.

Experiment Composition
of the mixture

Substances, nmol

GAL* PCAT SYR FER

The loss of phenolic acids in the first portion of eluate (2 mL)
Laccase PC 11.49 ± 0.05** 7.56 ± 0.09 4.21 ± 0.31 4.89 ± 0.26

PC + lysine 11.98 ± 0.05 7.53 ± 0.09 3.55 ± 0.37 4.89 ± 0.25
Inactivated laccase PC 10.92 ± 0.04 9.34 ± 0.11 1.28 ± 0.11 2.20 ± 0.12

PC + lysine 12.66 ± 0.05 10.51 ± 0.12 0.80 ± 0.07 2.21 ± 0.11
Total loss (in 50 mL)

Laccase PC 133.97 ± 8.76 56.90 ± 7.14 34.79 ± 9.52 47.52 ± 1.54
PC + lysine 157.78 ± 10.11 52.78 ± 6.58 41.61 ± 11.32 58.36 ± 1.88

Inactivated laccase PC 77.17 ± 5.32 36.75 ± 5.29 4.96 ± 1.46 14.84 ± 0.89
PC + lysine 70.13 ± 5.00 35.23 ± 4.88 3.15 ± 0.65 12.32 ± 0.68

Conversion by laccase***
PC 56.80 20.15 29.84 32.68
PC + lysine 87.65 17.55 38.46 48.03

Desorption of phenolic acids bound to the mineral 
5 mM Na-acetate buffer

Laccase PC 1.00 2.09 0.42 2.83
PC + lysine 0.56 2.31 0.51 1.97

Inactivated laccase PC 5.70 7.85 1.87 3.13
PC + lysine 4.08 4.02 1.46 3.88

50 mM Na-acetate buffer
Laccase PC 0.00 2.95 0.00 1.16

PC + lysine 0.21 2.27 0.25 1.30
Inactivated laccase PC 12.41 13.29 0.00 0.78

PC + lysine 9.16 11.52 0.28 1.65
Extraction by 0.1 М HCl

Laccase PC 4.21 6.70 0.15 0.03
PC + lysine 3.60 5.16 0.29 0.09

Inactivated laccase PC 21.11 9.54 0.12 0.09
PC + lysine 26.27 12.85 0.06 0.06
Total amount of phenolic acids desorbed and extracted from the mineral

Laccase PC 5.21 (4)**** 11.74 (21) 0.57 (2.0) 4.02 (8)
PC + lysine 4.37 (3) 9.74 (18) 1.05 (2.5) 3.36 (6)

Inactivated laccase PC 39.22 (51) 30.68 (83) 1.99 (40) 4.00 (27)
PC + lysine 39.51 (56) 28.39 (81) 1.80 (57) 5.59 (45)
solution and, consequently, the rate of its oxidation by
laccase. When active sites on the mineral were filled
up, the effect of sorption on the oxidation of gallic acid
was reduced. At the same time, the removal of gallic
acid from the reaction mixture due to sorption pro-
moted efficient oxidation of syringic and ferulic acids.
Note, that in the homogeneous system, the presence
of gallic acid hindered oxidation of syringic and ferulic
acids (Fig. 1b). Thus, the high affinity of a substrate to
the mineral phase [3] has a significant influence on
heterophasic enzymatic catalysis, determining the
composition of the reaction products.
EURASIAN SOIL SCIENCE  Vol. 55  No. 7  2022
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Fig. 2. Transformation of phenolic acids (0.01 mM each) by immobilized laccase of C. comatus in the absence (open symbols) and
presence (closed symbols) of lysine (0.02 mM) in the f low-through microcolumn. Circles—active laccase (0.03 U, 0.7 μg of pro-
tein), triangles—control with inactivated enzyme (0.7 μg of protein). GAL—gallic acid, PCAT—protocatechuic acid, SYR—
syringic acid, FER—ferulic acid. The total loss of compound in the eluate (nmol) was calculated as Ʃ(Сinitial – Сeluate) · Vfraction,
where Сinitial is the initial concentration of phenolic acid (0.01 mM = 10 nmol/mL), Сeluate is the concentration of phenolic acid
on the column outlet (nmol/mL), and V is the volume of the fraction (mL). 
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The contribution of laccase to conversion of phe-
nolic acids under f low-through conditions was esti-
mated from the difference between the loss of phenolic
acids in the system with the active enzyme and the
control with inactivated laccase. By the degree of
conversion by laccase phenolic acids formed a series:
GAL > FER > SYR > PCAT (Table 2), consistent
with the patterns established in the homogeneous sys-
tem. However, at low substrate concentrations the dif-
ference in oxidation rate of gallic acid and the other
phenolic acids was not as significant as in homoge-
neous system (Fig. 1b), due to the reasons discussed
above. The conversion of all phenolic acids except
protocatechuic acid increased in the presence of
lysine. Thus, we have shown that free-radical reac-
tions between phenolic and nitrogenous compounds
can occur at low substrate concentrations characteris-
tic of natural soil environment.

Desorption of phenolic acids and molecular compo-
sition of organic-mineral complexes. The composition
of the condensation products can be judged indirectly
by the amount and composition of monomers desorbed
from the mineral in variants with active and inacti-
vated enzyme. Therefore, desorption of phenolic
acids with acetate buffer of increasing concentration
and then extraction with 0.1 M HCl were carried out.
EURASIAN SOIL SCIENCE  Vol. 55  No. 7  2022
It is supposed that 5 mM buffer desorbs phenolic
acids weakly bound by electrostatic and hydrogen
bonds, while 50 mM buffer desorbs phenolic acids
which form inner sphere complexes with Al on the
surface of modified kaolinite [4]. Phenolic acids
bound with aluminum hydroxide and retained after
the desorption with Na-acetate buffer can be trans-
ferred into solution by 0.1 M HCl, which dissolves
the aluminum hydroxide.

Ferulic and syringic acids were almost completely
desorbed by 5 mM Na-acetate buffer (Fig. 3, Table 2),
which is in agreement with the data obtained earlier [4].
The amounts of phenolic acids desorbed from the
mineral by 5 and 50 mM Na-acetate buffer were sig-
nificantly lower in the variants with active laccase
(Figs. 3a, 3b, Table 2) compared with the control with
inactivated enzyme (Figs. 3c, 3d). The same trend was
observed in the acidic extracts. The total amounts of
gallic, syringic and ferulic acids desorbed and
extracted from the mineral surface in the control with
inactivated enzyme comprised 27–56% of their loss in
the solution; the value for protocatechuic acid was
about 80% (Fig. 4). In case of active laccase, the
recovery was only 5–8% for gallic, syringic and ferulic
acids and 30–40% for protocatechuic acid, which cor-
responds to substrate specificity of the enzyme. The
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Fig. 3. Desorption of phenolic acids from the mineral by 5 and 50 mM Na-acetate buffer in the f low-through experiment: (a) the
mixture of phenolic acids without lysine, laccase 0.08 U; (b) the miхture of phenolic acids with lysine, laccase 0.08 U; (c) the
mixture of phenolic acids without lysine, inactivated laccase; (d) the mixture of phenolic acids with lysine, inactivated laccase. 
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Fig. 4. The amount of phenolic monomers recovered from the mineral by Na-acetate buffer and 0.1 М HCl in the dynamic exper-
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Fig. 5. Molecular weight distributions of compounds, desorbed from the mineral by 0.1 М NaOH after the extraction by
0.1 M HCl: (a) without lysine and (b) with lysine. Chromatographic system Agilent 1100, TSK-2000 SW column, 0.1 М phos-
phate buffer (pH 7.0) with addition of 0.1% SDS and 0.05% NaN3. 
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observed difference can be considered as an indirect
evidence of condensation reactions with products dis-
tributed between the solid and liquid phases. It can be
assumed that oxidation products of gallic acid prevailed
on the mineral phase, as evidenced by its high loss in the
solution, relatively small recovery from the mineral
phase (Fig. 3, Table 2), as well as the dark coloring of
the mineral surface.

Molecular weight distributions of the reaction prod-
ucts bound to the mineral surface. The elution profiles
of alkaline extracts consisted of a main peak near the
total volume of the column and a number of “sorp-
tion” peaks beyond the total volume of the column
(Figs. 5a, 5b) belonging to ferulic and syringic acids
(spectroscopy data not shown). The molecular weight
of the main peak was about 270 Da according to cali-
bration by globular proteins and 900 Da according to
calibration by PSA. The spectrum of the main peak in
the variant with active laccase differed from that in the
variant with inactivated enzyme by a significant
increase in absorbance in visible region (see inset in
Fig. 5). This may indicate the formation of dark-col-
ored oligomers. It is well known that phenolic com-
pounds such as vanillic and syringic [48], gallic [11],
ferulic [22], caffeic [15] acids form dimers and trimers
(including quinone dimers) via C–C and C–O–C
bonds during their oxidation by laccase and peroxi-
dase. Dimerization with formation of conjugated dou-
ble bonds [53] is also well known. In the present work,
the formation of dimers/oligomers and their binding
to the solid phase is also evidenced by the significant
difference between the amounts of monomers recov-
ered from the mineral surface in the variants with
active and inactivated enzyme (Fig. 4, Table 2).

Previously [75] we have shown the formation of
polymeric HA-like substances (10–75 kDa, gel-filtra-
tion) in the presence of laccase of the white rot fungus
Panus tigrinus immobilized on modified kaolinite. The
precursor mixture contained caffeic acid, gallic acid,
vanillic acid, ferulic acid, p-hydroxybenzoic acid
(0.15 mg or 0.8 mM each), the amino acids tryptophan
(0.10 mg or 0.5 mM), phenylalanine (0.1 mg or
0.6 mM) and arginine (0.05 mg or 0.3 mM) and
0.08 U of laccase. Efficient polymerization in that
work could be due to several reasons: (1) higher concen-
tration of substrates; (2) higher redox potential of the
enzyme—P. tigrinus laccase oxidizes phenolic acids
more efficiently than C. comatus laccase (data not
shown); (3) composition of precursor mixture includ-
ing caffeic acid, which is oxidized more efficiently
than gallic acid (Fig. 1a); and (4) longer interaction
time (24–72 h).

The low concentrations of phenolic acids and their
sorption to the mineral phase were the factors sup-
pressing polymerization under the conditions of the
flow-through experiment. The substrate concentra-
tions of 0.01 mM were 1–2 orders of magnitude lower
than the KM values (0.13–10 mM) of the oxidation of
phenolic substrates by laccase [70]. Nevertheless, even
under such unfavorable conditions, effective conver-
sion of gallic, syringic and ferulic acids by laccase takes
place (Figs. 2, 4).

CONCLUSIONS
Under the f low-through conditions and at precur-

sor concentrations characteristic of soil solutions, low
molecular weight FA-like products were formed
during laccase-catalyzed heterophasic condensation
reactions. The structure of phenolic acids plays an
important role in their distribution between solid and
liquid phases. Ortho-diphenols (gallic acid, protocate-
chuic acid) interact much more efficiently with modi-
fied kaolinite than methoxy-substituted compounds
(syringic and ferulic acids). In the presence of laccase,
the distribution of phenolic acids between the solid
and liquid phases is determined both by the reactivity
of phenolic acids, and by interactions with the mineral
phase. At low substrate concentration and free active
sites on the mineral, selective binding of one of the
compounds in a mixture (e.g. gallic acid) can either
interfere (in the case of gallic acid) or promote (in the
case of ferulic and syringic acids) enzymatic catalysis
in the heterogeneous system. Among phenolic acids
under the study, gallic acid possessed the highest reac-
tivity when present in a mixture, followed by syringic
and ferulic acids. Lysine shows high reactivity in the
formation of complexes with phenolic acids in the
presence of laccase. The results of the study suggest an
important role of heterophasic free-radical reactions
in the formation of the molecular composition of the
liquid phase and organo-mineral complexes in soil.
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