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Abstract Laccases are multicopper oxidases which oxi-

dize a wide variety of aromatic compounds with the

concomitant reduction of oxygen to water as by-product.

Due to their high stability and biochemical versatility,

laccases are key enzymes to be used as eco-friendly bio-

catalyst in biotechnological applications. The presence of

copper paramagnetic species in the catalytic site paired

with the substrate radical species produced in the catalytic

cycle makes laccases particularly attractive to be studied by

spectroscopic approaches. In this review, the potentiality of

a combined multifrequency electron paramagnetic spec-

troscopy /computational approach to gain information on

the nature of the catalytic site and radical species is pre-

sented. The knowledge at molecular level of the enzyme

oxidative process can be of great help to model new

enzymes with increased efficiency and robustness.
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Introduction

Laccases, as a family of copper-containing oxidases, are

widely distributed in nature and utilize the unique redox

property of the copper ion to oxidize a wide variety of

substrates. Since their discovery in 19th century, these

enzymes have been the subject of increasing research and

represent the most important biocatalysts for biotechno-

logical applications [1, 2]. Laccases are able to oxidize

directly polyphenols, polyamines, ortho- and para-diphe-

nols as well as aryl diamines [3–5].The oxidative cycle

involves the production of four substrate radical species

paired with the use of molecular oxygen as electron

acceptor. The water is the only by-product of the reaction

[6].

Laccases have different redox potentials depending on

their sources. Indeed, plant and bacterial laccases exhibit

the lower value (*0.4 V) while the fungal laccases exhibit

the higher one (*0.8 V) [7].

The mechanism for substrate oxidation is based on the

Marcus ‘‘outer sphere’’ theory where the difference in

redox potential, DE0, determining the electron transfer rate,

is the driving force [8–10].

The technological potential of laccases has long been

recognized and numerous studies of their use in various

bioconversion processes have been performed [11]. Above

all, fungal laccases, for their role in lignin biodegradation,

show very strong oxidative properties [12, 13]. Nonethe-

less, their action would be restricted to the oxidation of

small phenolic compounds (like the phenolic lignin moie-

ties), as non-phenolic substrates, with a redox potential

above 1.3 V or big substrate molecules (which have no

access to the active site for steric constraints), cannot be

oxidized directly by laccase. The research on laccases was

pushed forward with the description of certain synthetic

compounds able to oxidize more recalcitrant non-phenolic

substrates by laccase-mediator system [14]. Indeed, mim-

icking nature, these small organic molecules, once

oxidized, can diffuse in solution as electron shuttles to

oxidize in turn complex substrate molecules. As a result of

the laccase oxidation process, radicals can be generated

either on substrates or mediator molecules and then these
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species can undergo the formation of a quinonoid deriva-

tive or intermolecular nucleophilic attack by itself to

produce homomolecular dimers [11, 15–17]. In some

cases, depending on the nature of the precursors or radical

chemistry, oligomers, polymers, and new heteromolecular

hybrid molecules can be generated [11, 18]. Laccases have

been reviewed many times and spectroscopic and compu-

tational techniques have provided significant insights into

the molecular mechanisms of these copper enzymes [19–

28].

Considering the great amount of the paramagnetic spe-

cies present in the catalytic cycle of laccases, this review

focuses mainly on their identification and characterization

with emphasis on the relevant role of a combined use of the

electron paramagnetic resonance spectroscopy (EPR) and

computational methods. These studies allow one to obtain

straightforward information on the catalytic mechanism of

these enzymes. The modeling of new enzymes with

improved characteristics will significantly benefit from the

acquired knowledge on the catalytic mechanism.

EPR characterization of T1 and T2 copper sites

in Laccases

EPR spectroscopy is a useful tool for the study and struc-

tural characterization of the Cu(II) metal centers present in

the prosthetic group of the enzyme. The unpaired electron

located in the dx2�y2 orbital produces a characteristic

S = � EPR spectrum with g|| [ g\[ 2.0023. The two

naturally copper isotopes 63Cu and 65Cu (69 and 31 %

respectively) have a nuclear spin I = 3/2 which couples

with the unpaired electron giving a 2I ?1 or four-line

hyperfine splitting of the EPR signal [29]. The T1 site is

characterized by an intense absorption at *600 nm and

e * 5,000 M-1 cm-1 due the ligand to metal charge

transfer, S(Cys)p ? Cu dx2�y2 transition, responsible for

the intense blue color of the oxidized form of the enzyme

[21–23]. They also exhibit a very small Cu parallel

hyperfine splitting [A|| = (43–90) 9 10-4 cm-1] in the

EPR spectra. The trinuclear center, where dioxygen is

reduced to water, is comprised of one T2 copper ion and a

coupled binuclear copper center, T3. The two copper ions

in the T3 site, which are usually antiferromagnetically

coupled through a bridging ligand and therefore EPR silent,

show a characteristic absorption band at 330 nm. The T2

site lacks strong absorption bands, and exhibit a large

parallel hyperfine splitting in the EPR spectra

[A|| = (150–201) 9 10-4 cm-1]. Laccase has an EPR

spectrum indicating the presence of a combination of T1

and T2 copper centers while the T3 center is EPR inactive.

A multifrequency EPR approach is important for a

complete and clear characterization of the copper species

through the assignment of the magnetic parameters g and

A [30, 31]. The EPR spectrum of the enzyme in the native

state is characterized by a parallel and a perpendicular

region [13, 32], as reported in Fig. 1 that represents the

EPR spectra of Coriolopsis gallica laccase recorded at

three different frequency values (S-, X-, W-band) [33]. In

the parallel region of the X-band EPR spectrum (Fig. 1b),

the signals of the detectable copper ions are superimposed:

the four parallel components of the T1 site are evident and

resolved and one parallel component of the T2 center is

visible. The T1 and T2 signals of the perpendicular region

are completely overlapped. At high frequency (W-band)

(Fig. 1c), there is a change in the lineshape and the T1 and

T2 contributions are well separated in terms of g|| and g\,

even though the hyperfine structure of T1 is not resolved

because of A strain responsible of line broadening [34, 35].

At lower frequency (S-band), the hyperfine coupling con-

stants are more easily detectable and the first and last

parallel components of T2 copper center are visible

(Fig. 1a) [36]. Therefore, the advantage in the use of the

multifrequency EPR is to determine the g anisotropy at

W-band, where the g|| and g\ values can be directly mea-

sured on the experimental spectrum, while lower

frequencies (S-band) are more suited to get the hyperfine

coupling constant A. This approach leads to a unique set of

magnetic parameters for an exact characterization of the

paramagnetic species. The magnetic parameters that (con-

temporary) simulate all spectra at the three different

frequencies are g|| = 2.193, g\ = 2.044, A|| = 10.24 mT,

and A\ = 0.93 mT for T1 and g|| = 2.258, g\ = 2.043,

A|| = 21.40 mT, and A\ = 0.22 mT for T2. The error on

g values is ± 0.0001 and on A is ±0.003 mT [33].

An exception to the typical lineshape of laccase EPR

spectrum was obtained with the hyperthermophilic archa-

eon Pyrobaculum aerophilum (McoP) [38]. From a

spectroscopic analysis, the as-isolated enzyme was found

to be partially copper depleted, containing 3.2 mol of

copper per mol of protein instead of the expected 4:1 ratio.

The continuous wave (CW) X-band EPR spectrum of the

McoP shows that the as-isolate form is in a T2-depleted

form, and exogenous copper is required to achieve full

activity. The CW X-band spectrum paired with its best

simulation is reported in Fig. 2 and it shows a lineshape

typical of a T1 copper contribution (Fig. 2a) with the

magnetic parameters g|| = 2.224 ± 0.001 and A|| =

(6.9 ± 0.1) mT; no evidence of the T2 site copper is

present. After the addition of exogenous copper, the T2

contribution appeared (Fig. 2b) and the spin Hamiltonian

magnetic parameters g|| = 2.258 ± 0.001 and A|| =

(17.4 ± 0.1) mT were obtained simulating the experi-

mental spectrum of McoP incubated with exogenous Cu(II)

subtracted from the as-isolated McoP where only the T1

contribution was found [38].
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Combined EPR and PCM/DFT characterization

of Laccase’s substrates radical intermediates

In several cases, laccases are not able to directly oxidize

the substrate, due to the substrate high redox potential

([1.5 V) or to inaccessibility to the enzyme active site

similarly to what occurs in nature with lignin. To oxidize

the phenolic lignin unit, the enzyme uses natural mediators

as electronic shuttles between the laccase and the substrate.

The oxidized mediator, usually a small organic molecule,

diffuses away from the enzymatic catalytic site and it

oxidizes either very bulky substrates or molecules with

redox potential [0.88 V [39]. Several compounds have

been synthesized and used as laccase mediators despite the

Fig. 1 CW-EPR spectra of Coriolopsis gallica laccase (black line)

paired to the best simulation (red line) at: a S-band (3.83 GHz), b X-

band (9.40 GHz), c W-band (94.8 GHz). Experimental conditions:

0.5 mT modulation amplitude, 20 mW microwave power, 70 K. In

the center, catalytic Cu(II) sites of Coriolopsis gallica laccase from

the crystallographic structure (pdb code: 4A2F [37]). Adapted from

Martorana et al. [33]

Fig. 2 CW X-band EPR

spectrum of: a as-isolated McoP

(black line) paired to its best

simulation (red line); b McoP

incubated with five equivalents

of Cu(II). Experimental

conditions: m = 9.4 GHz,

2 mW microwave power,

0.5 mT modulation amplitude.

Adapted from Fernandes et al.

[38]
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fact that they are expensive, the by-product toxicity and the

large mediator/substrate molar ratio strongly limit their

applicability. 2,20-azino-bis-(3-ethylbenzothiazoline-6-sul-

fonic acid (ABTS), violuric acid (VIO), 4-methylamino

benzoic acid, 2,20,6,60-tetramethylpiperidine-N-oxyl

(TEMPO), and 1-hydroxybenzotriazole (HBT) are only

few examples of such molecules [40–46].

It is known that oxidation of mediators takes place

following two different mechanisms: an electron transfer

pathway (ET route) or an H-abstraction pathway (HAT

route) forming, in both cases, a radical species as final

product. Structural characterization of the radical inter-

mediates and mechanistic studies of the possible pathways

are of great help in understanding the mechanism for the

interaction of a laccase, mediator and substrate at a

molecular level, playing an important role in the

improvement of these enzymes for biotechnological

applications. To date, however, the radical species of only

few redox mediators/precursors (ABTS, VIO, 4-methyl-

amino benzoic acid) have been characterized by means of

multifrequency EPR spectroscopy and related pulse tech-

niques such as electron nuclear double resonance

spectroscopy (ENDOR), combined with density functional

theory (DFT) calculations [47, 48]. In the following, the

main results of such studies are presented.

ABTS

The ABTS mediator represents the prototype of the syn-

thetic mediator class. It is the compound most used to test

the oxidative activity in many enzymes. ABTS was first

investigated by CW-EPR in liquid solution using chemical

processes for radical formation [49–51]. More recently, the

cationic ABTS radical, formed by a fungal laccase, has

been completely characterized by a combined use of

multifrequency EPR, pulse ENDOR, and DFT techniques

[47]. Figure 3 shows the room temperature EPR spectrum

of the ABTS?• paired with its better simulation (left) and

the DFT computed spin density distribution (right). The

magnetic parameters of the quite complex pattern of the

EPR spectrum have been assigned by the spectral simula-

tion assisted by the DFT calculations. The bulk solvent

effects have been taken into account using the polarisable

continuum model (PCM) by embedding the molecules

under investigation using a dielectric constant value of

e = 78.39, corresponding to water. The B3LYP g-tensor

values, hfcc, and Mulliken spin densities of the cationic

ABTS radical are reported in Table 1.

The combined analysis indicates that the molecule

remains intact without a breakage of bonds and the spin

density is delocalized over the whole molecule. The PCM/

DFT calculation shows that the trans ABTS conformation is

the more stable radical form and that the Mulliken atomic

spin densities (see Fig. 3) suggest that the molecule might

approach the T1 site with a tilted structure [47]. Crystallo-

graphic data reported for the adduct of the bacterial laccase

CotA and ABTS suggest a similar arrangement [53].

Vio

The CW-EPR spectra of Violuric Acid (VIO) radical, an

N–OH type synthetic mediator, recorded at 9.4 and

244 GHz are shown in Fig. 4. The best fit of data at both

frequencies have been obtained using the same set of

magnetic parameters changing only the measuring fre-

quency. The combined use of multifrequency EPR, pulse

ENDOR, and PCM/DFT approach allows the assignment

Fig. 3 Left. 298 K CW-EPR spectrum (X-band) of an ABTS solution

formed upon oxidation by T. versicolor laccase (black trace)

overlapped with its best simulation (red trace). The experimental

parameters are as follows: 0.1 G modulation amplitude, 0.2 mW

microwave power, and m = 9.86 GHz. The spectral parameters used

for the simulation are given in Table 1. Right. B3LYP spin densities

plot for the cation ABTS radical. The spin densities have been

determined using a contour value of 0.003 with the program Molden

[52]. Blue positive spin densities; red negative spin densities. Adapted

from Brogioni et al. [47]
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of the EPR signal to a stable neutral radical species. Having

a rather asymmetric charge distribution compared to that of

a cationic radical which has a more symmetric spin density

distribution (see the B3LYP computed geometries and spin

densities in Fig. 4c). The B3LYP/EPRII and B3LYP/TZVP

g- and hf-tensor values for neutral and cation VIO radicals

are reported in Table 2 in comparison to the experimental

values. As for ABTS, the PCM has been used to simulate

the bulk solvent effects. For a complete set of data (using

different combinations of functionals and basis sets) and

details on the B3LYP calculations see Ref. [47].

The comparison between the experimental and compu-

tational data reveals that a good agreement is found only in

the case of the neutral radical. In particular, the B3LYP

hyperfine-tensor values of N7 for the neutral species

reproduce well the observed values that are typical of

strongly coupled nitrogen. In contrast, the same values

computed for the cationic structure differ more than 1 mT

in comparison with the experimental ones. Similarly, from

Table 2, it is evident that there is a good fit between the

computed g-tensor values for the neutral radical and the

observed ones, while the corresponding values for the

cation radical are significantly larger than the experimental

values. Moreover, the computed hfcc values for H7

predicted a strongly coupled hydrogen nucleus for the

cation radical structure which has no correspondence in the

ENDOR spectra that instead provided evidence of two

coupled hydrogens with smaller hfcs [47]. In addition, the

g- and hfc-values computed in the presence of explicit

water molecules surrounding the neutral VIO radical were

in poorer agreement with the experimental ones. Thus, we

could conclude that the combined computational and

experimental analysis of the VIO radical species strongly

supports the assignment of the EPR and ENDOR spectra to

a neutral VIO radical not strongly hydrogen bonded at N7.

4-methylamino benzoic acid

The radical intermediate structure involved in the Trametes

versicolor laccase oxidation process using the 4-methyl-

amino benzoic acid as a precursor molecule, within the

synthesis of novel compounds, was determined by UV–Vis

and EPR spectroscopy, combined with PCM/DFT calcu-

lations [48]. Indeed, the B3LYP/EPRII isotropic hyperfine

coupling constants (hfcc) and g-tensor values support the

assignment of the EPR signal to a dimeric cation radical

species (Table 3; Fig. 5). In particular, the computed hfcc

Table 1 Experimental and B3LYP (in water solution) g- and hf-tensor values for ABTS cation radical

gi
a Ai (N2) Ai (N20) Ai (N330) Ai (H440) Ai (H550) Ai (H770) Ai (H10-100)b Ai (H10-100)b

mT c,d mTc,d mTc,d mTc,d mTc,d mTc,d mTc,d mTc,d

ABTS radical

Experimental

Isoe 2.0043 0.399 0.399 0.315 0.078 0.024 0.024 0.220 0.150

x 2.0057 1.180 1.180 0.800

y 2.0043 0.026 0.026 0.080

z 2.0028 0.013 0.013 0.072

Cation radical

B3LYP/EPRII

Iso 2.0043 0.286 0.285 0.274 -0.085 0.008 0.048 0.237 0.121

x 2.0068 1.083 1.079 0.779 -0.026 0.036 0.093 0.321 0.226

y 2.0039 -0.106 -0.106 0.025 -0.113 0.002 0.033 0.208 0.100

z 2.0022 -0.119 -0.119 0.172 -0.117 -0.014 0.018 0.182 0.038

B3LYP/TZVP

Iso 2.0045 0.260 0.258 0.247 -0.079 0.008 0.046 0.221 0.110

x 2.0074 1.088 1.084 -0.761 -0.022 0.035 0.091 0.305 0.215

y 2.0039 -0.148 -0.148 -0.006 -0.107 0.003 0.031 0.191 0.090

z 2.0021 -0.161 -0.162 -0.014 -0.110 -0.014 0.015 0.167 0.027

For atom numbering see Fig. 3
a The g-tensor principal values (gx, y, z) are given with a maximum error of ±0.0001
b The labels ‘‘Ha’’ and ‘‘Hb’’ have been used because the hf-tensor principal values of the two protons of C10 (and also of C100) are different
c Estimated error of ±0.05 mT for the hf-tensor principal components
d The g- and hf-tensor values fit the X-band and HF EPR spectra equally well (Figs. 3, 5)
e Isotropic values are referred to room temperature spectra
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values for N7 and N70 nucleus of the cationic structure are

in good agreement with experimental values. The

involvement of the dimeric radical species (both neutral

and cation) has been also confirmed by the computation at

the time-dependent DFT (TD-DFT) level of the absorption

maxima of the two radical species. The B3LYP/6-31 ? G*

vertical transition energies are 1.82 eV (cation radical) and

2.13 eV (neutral radical), in agreement with the experi-

mental values associated to the two absorption maxima of

the UV–Vis spectrum. The computed oscillator strengths

are 0.39 and 0.21, respectively. For more details on the

DFT and TD-DFT calculations see Martorana et al. [48].

2,6-dimethoxyphenols

Most of the mediator molecules investigated so far have

been shown to be false mediators, since they are completely

oxidized, removed from the cycle [54] and employed in a

high molar ratio mediator/substrate [45]. Natural mediators

might be more efficient, cheaper, and environmentally

friendly. An ideal redox mediator has to be a good substrate,

to have a stable oxidized form and its redox conversion has

to be cyclic. Furthermore, for industrial application, a

mediator should also be environmentally friendly and

available at low cost [41, 45, 46, 55]. A great deal of interest

was recently focused on the natural phenolic mediators and

among lignin-derived phenols, dimethoxyphenol com-

pounds are the fastest and most efficient [56, 57]. However,

little information regarding radical structures formed during

the catalytic reaction is present in literature. Electron-

donating substituents on the benzene ring of phenol medi-

ator increase laccase activity and the stability of phenoxyl

radicals is improved by the steric hindrance of the hydroxyl

group on the phenol [58, 59].

In this regard, a multifrequency EPR study on 2,6-

dimethoxyphenol mediators, such as acetosyringone, sy-

ringaldehyde, syringaldazine, methyl syringate, and 2,6-

dimethoxyphenol, in the presence of Coriolopsis gallica

laccase has been carried out thanks to their stable radical

intermediates and their well-structured and intense EPR

signals. A relationship between the molecular structure of

the mediator compounds and the radical characterization

has been defined [33, 59]. The study began with a Struc-

ture-Activity Relationship (SAR) analysis in order to

classify different phenolic mediators. Five quantum-

Fig. 4 CW-EPR spectra of VIO radical formed via enzymatic

oxidation (black line) paired with its best simulation (red line):

a high resolution narrow scan of the X-band EPR (modulation

amplitude = 1G, microwave power = 2 mW, m = 9.39 GHz,

100 K); b 243.81 GHz EPR spectrum (modulation amplitude = 10

G, microwave power = 25 mW, 8 K). c B3LYP molecular structures

and spin densities plots for neutral (left) and cation (right) VIO

radicals. The spin densities have been determined using a contour

value of 0.003 with the program Molden [52]. Blue positive spin

densities; red negative spin densities. Adapted from Brogioni et al.

[47]
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chemical calculated molecular descriptors (redox potential,

ionization energy, enthalpy of formation of the radical, O–

H bond dissociation energy) were used for the Decision

tree (DT) classification models. The DT model showed that

2,6-dimethoxyphenol derivatives with a slightly electron-

withdrawing substituent at the 4-position of the benzene

Table 2 Experimental and B3LYP (in water solution) g- and hf-tensor values for neutral and cation VIO radicals

gi
a Ai (N7) Ai (N3) Ai (N1) Ai (H1) Ai (H3) Ai (H7)

mTb,c mTb,c mTb,c mTb,c mTb,c mTb,c

VIO radical

Experimental

x 2.0066 2.532 0.143 NDd 0.050 0.128 NDd

y 2.0039 2.343 0.214 NDd 0.057 0.164 NDd

z 2.0020 4.589 0.268 NDd 0.086 0.257 NDd

Neutral radical

B3LYP/EPRII

x 2.0065 2.614 0.286 -0.020 -0.028 0.134 0.855

y 2.0034 2.430 0.297 -0.009 -0.029 0.171 0.722

z 2.0020 4.402 0.376 -0.003 0.037 0.266 1.703

B3LYP/TZVP

x 2.0067 2.568 0.283 -0.021 -0.028 0.134 0.814

y 2.0033 2.382 0.293 -0.009 -0.029 0.171 0.679

z 2.0019 4.469 0.375 -0.003 0.037 0.266 1.678

Cation radical

uB3LYP/EPRII

x 2.0103 1.095 0.055 -0.154 -0.003 0.088

y 2.0091 1.042 0.102 -0.133 -0.109 -0.133

z 2.0037 1.785 0.427 -0.031 0.044 0.259

uB3LYP/TZVP

x 2.0108 1.120 0.051 -0.156 -0.003 0.074

y 2.0094 1.060 0.100 -0.134 -0.106 -0.145

z 2.0038 1.872 0.439 -0.031 0.044 0.246

For atom numbering see Fig. 4
a The g-tensor principal values (gx, y, z) are given with a maximum error of ±0.0001
b Estimated error of ±0.05 mT for the hf-tensor principal components
c Euler angles calculated with best simulations are as follows: h1 = 98.5�, h2 = -147.8�, h3 = -97.8�. The g- and hf-tensor values fit X-, Q-

band, and HF EPR spectra equally well (Figs. 2, 4)
d ND, not determined. N1 has hf-tensor value too small to be measured. H7 it is not present in the experimental spectra

Table 3 Experimental and B3LYP/EPRII g-tensor and hfccs values for the cation and neutral radical species

giso
a AN7

b AN70
b AH70

b AHCH3
b AHarom

b

Experimental 2.0035 0.83 0.48 0.66 0.88 0.20

B3LYP/EPRII

Cation 2.0035 0.71 0.46 -0.56 0.79c -0.26d

Neutral 2.0037 0.34 0.81 – 0.49c -0.25d

For atom numbering see Fig. 5
a Estimated error ±0.001
b Coupling constants are given in mT; estimated error ±0.03 mT
c hfcc average value for methyl protons are reported
d hfcc average value for aromatic protons are reported. hfcc for H3, H30, H5, H50 are as follows: -0.27, -0.25, -0.26, -0.26 (for the cation

species) and -0.19, -0.29, -0.17, -0.34 (for the neutral species)
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ring were good mediators and the prediction ability was

tested and confirmed with experimental data [60].

The EPR characterization of the above mentioned 2,6-

dimethoxyphenol radical intermediates formed during the

catalytic reaction of the Coriolopsis gallica was carried out

and a correlation between the substituents on the aromatic

ring and the signal intensity of the radical generated was

obtained, pointing out the main aspects of radical stability

essential to increase the mediator efficiency [33, 59]. The

EPR approach was at first applied to the acetosyringone, a

natural mediator, which forms a considerably stable radical

and that represents a good example to build new mediator

molecules. In Fig. 6, the X-band EPR spectrum (black line)

paired to its simulation (red line) of the acetosyringone

radical formed at room temperature after the action of the

Coriolopsis gallica laccase is reported. The W-band

spectrum recorded on the acetosyringone radical allowed

investigators to resolve the g anisotropy and to measure the

principal gx, gy, gz values as 2.0066, 2.0053, 2.0020,

respectively, and the use of the S-band frequency helped in

elucidating the coupling constant assignments [59].

The spectrum reported in Fig. 6 has a giso = 2.0045. It

was simulated considering two main hyperfine couplings:

A = 0.17 mT belonging to two aromatic hydrogens and

A = 0.14 mT from six equivalent hydrogens of methoxy

groups. The final superhyperfine coupling with A = 0.0029

mT is due to three equivalent hydrogens on the acetyl

group [59].

In order to study the radical stability, the acetosyrin-

gone radical was investigated versus time by EPR. The

radical intermediate shows the highest intensity at t = 0,

follows an exponential decay to a plateau after 8 min,

lasting for 3 h [59, 60]. The strong signal intensity and

the great stability make acetosyringone a good candidate

for industrial application. One of the disadvantages rela-

ted to the use of phenolic compounds in the catalytic

mechanism of laccase is that the by-products formation

may induce polymerization processes [61]. Therefore, the

catalytic reaction was also studied by NALDI-TOF MS in

order to investigate possible by-reactions. The interesting

result is that after purification of the reaction solution

more than 93 % of the final product is the acetosyringone

itself, thus confirming the great stability of the radical,

that the by-products are produced in a very low amount

and that the oxidation reaction is cyclic [59]. Extending

the EPR approach used for the characterization of

acetosyringone, the same analysis was performed on sy-

ringaldehyde, syringaldazine, methyl syringate, and 2,6-

dimethoxyphenol. Sterically hindered phenols with bulky

Fig. 5 B3LYP/EPRII

computed molecular structure of

the cationic radical dimer (top)

and of the spin density

distributions of the neutral

radical dimer (bottom, left) and

cationic radical dimer (bottom,

right) visualized using a contour

value of 0.003 with the program

package MOLDEN [52]

Fig. 6 CW X-band EPR spectrum of acetosyringone (black line)

paired with its best simulation (red line). Experimental conditions:

m = 9.87 GHz, 0.63 mW microwave power, 0.01 mT modulation

amplitude, 298 K. On the left side the acetosyringone structure is

reported. Adapted from Martorana et al. [59]
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alkyl substituents in ortho to hydroxyl influence some

properties of phenols [62]: the substituents avoid reactions

involving the hydrogen of OH [63] and the radicals

without a-H in ortho are extremely stable [23]. The ether

oxygen may be involved in the delocalization and stabi-

lizes the radical [64]. In Fig. 7, the X-band EPR spectra

of syringaldehyde (Fig. 7a), syringaldazine (Fig. 7b), and

methyl syringate (Fig. 7c) paired to their simulations have

been reported [33].

The simulations were run considering two sets of pro-

tons equal for all mediators: two equivalent aromatic

hydrogens with A = 0.17 mT and six equivalent hydrogen

atoms with A = 0.14 mT due to the methoxy group. The

different coupling constant depends on the substituent in

Fig. 7 CW X-band EPR

spectra of the radical

intermediates (black line)

formed via enzymatic oxidation,

paired with their simulations

(red line) of: a syringaldehyde,

b syringaldazine, c methyl

syringate. Experimental

conditions: 9.87 GHz, 0.63 mW

microwave power, 0.01 mT

modulation amplitude, 298 K.

On the right side the

syringaldehyde, syringaldazine,

methyl syringate structures are

reported. Adapted from

Martorana et al. [33]
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para position. In particular, in syringaldheyde, the super-

hyperfine coupling is A = 0.05 mT and comes from the

interaction with the hydrogen of the formyl group; for

syringaldazine, the superhyperfine structure is due to two

benzylic hydrogens with A = 0.23 mT and two nitrogen

atoms in the hydrazine group with A = 0.028 mT; methyl

syringate, instead, has a OCH3 substituent, therefore the

spectrum was simulated with a superhyperfine coupling

constant A = 0.05 mT due to the three equivalent H of the

ester group [33].

In Table 4, the magnetic parameters obtained from the

simulation of the dimethoxyphenol mediator radicals are

reported.

Since the para position in the phenoxyl radicals repre-

sents the main site for unpaired electron delocalization, it

was believed that the absence of the para substituent, as it

occurs in the 2,6-dimethoxyphenol, would not have stabi-

lized the radical, determining the formation of dimers and

trimers. This was confirmed when recording the EPR

spectrum in the presence of 2,6-dimethoxyphenol and no

radical signal was detected. Such a result was also con-

firmed by the NALDI-TOF mass spectrum which showed a

single peak with a m/z 305 consistent with a quinoid

dimeric final product [33].

Conclusions

Chemical industry and economic development need enzy-

matic oxidation reactions. Still the market presents a lack

of biocatalysts with the required selectivity, availability,

and compatibility with the rigorous conditions applied in

the chemical industry (high substrate concentrations, use of

co-solvents, and high concentration of oxidants). Laccases

exhibit high substrate conversion under laboratory condi-

tions and improvement of their oxidation activity and

stability take great advantage from structural–functional

information. Indeed, as shown above, biocatalysts and the

catalytic intermediates can be adequately characterized by

a spectroscopic and computational combined approach.

The in deep knowledge of structural and catalytic aspects

will help in designing novel biocatalysts with improved

activity.
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