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Molecular basis of laccase bound to lignin: insight
from comparative studies on the interaction of
Trametes versicolor laccase with various lignin
model compounds

Ming Chen,?® Guangming Zeng,*@° Cui Lai,**" Jian Li,° Piao Xu®® and Haipeng Wu®”

Laccase, a type of multicopper oxidase, is capable of efficiently degrading lignin. Until now, the molecular
basis of laccase interacting with lignin is still poorly understood. Here, five lignin model compounds (2,6-
dimethoxyphenol, ferulic acid, guaiacol, sinapic acid and vanillyl alcohol) were selected to demonstrate
the key binding mechanisms between Trametes versicolor laccase and lignin. The results showed that
the interaction energies of the lignin model compounds with laccase varied widely, which suggested the

different molecular efficiencies of laccase in degrading various components of lignin. This was in full
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Accepted 1st June 2015 agreement with experimental reports. Hydrophobic interactions seemed to be necessary to the
interaction of the lignin/lignin model compounds with laccase, while H-bonds were not essential. The

DOI: 10.1035/c5ra07916k molecular basis revealed by this study was helpful in designing highly efficient laccases against lignin
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Introduction

Lignin is the second most abundant natural organic polymer
after cellulose, constituting about 20% of lignocellulosic
material."® Agricultural, industrial and urban activities have
accumulated huge amounts of lignin waste* and other types of
pollutants,®® causing serious environmental problems. Thus,
lignin degradation and its efficient utilization is required for
environmental protection.’ The major difficulty in exploring the
molecular basis for lignin biodegradation is the high
complexity of the lignin structure. Until now, there is still a lack
of a complete lignin 3D structure. To address this problem,
lignin model compounds were often selected as substitutes for
the studies on lignin degradation.'®'* Several lignin model
compounds including 2-methoxyphenol, 2,6-dimethoxyphenol,
syringyl alcohol, syringic acid, p-coumaric acid, ferulic acid,
coniferyl alcohol and vanillyl alcohol have been employed as the
representatives for lignin degradation studies.’*™* Thus,
consistent with previous studies, we also employed lignin
model compounds to investigate the interaction of laccase with
lignin in this study.
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waste to achieve environmental protection.

Laccase, one of main ligninolytic enzymes, has already been
used as a biocatalyst in the fields of industry and environmental
protection,” and can efficiently degrade lignin,'® polycyclic
aromatic hydrocarbons,” and other pollutants.'® Laccases are
present in microbes, plants and animals.*® Generally, laccases
are composed of three domains with three copper-binding sites
(T1, T2 and T3). Electron transfer occurs between them. Laccase
can either transform contaminants into less toxic compounds
or change the nature of the pollutants so that they can be
degraded easily.” Among all the analyzed microbial laccases,
Trametes versicolor laccase has received wide attention within
the past few decades. The adsorption process of T. versicolor
laccase onto alkali lignin was investigated, showing that the
presence of a mediator enhanced the binding affinity between
laccase and lignin.*® Kolb et al.** examined the effect of T. ver-
sicolor laccase on the variation in phenolic monomers, and
found that almost all types of monomeric phenolic compounds
could be removed under the proposed conditions. Another
study showed that T. versicolor laccase could completely oxidise
the micropollutants diclofenac, mefenamic acid, bisphenol A
and triclosan.*

It was suggested that the lignin-degrading efficiency was
affected by the interaction between laccase and lignin.** Also,
the structures of the lignin model compounds had an impact on
the laccase’s oxidation rate.” Thus, understanding how laccase
interacts with lignin is helpful in increasing the lignin-
degrading efficiency and broadening our knowledge about the
laccase catalysis mechanism. The molecular basis of laccases
for lignin biodegradation in relation to the interaction details

RSC Adlv., 2015, 5, 52307-52313 | 52307


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra07916k&domain=pdf&date_stamp=2015-06-11

RSC Advances

between laccases and lignin has not been well-understood until
now. In this regard, molecular docking and molecular dynamics
(MD) simulations have proved to be reliable techniques for the
exploration of protein-ligand interactions at the atomic and
molecular level.**?*?* Moreover, it was shown that MD simula-
tions were a useful method to obtain the structural and dynamic
information on Pleurotus ostreatus laccase* and CotA laccase.”®

In the present study, molecular docking and molecular
dynamics simulations have been used to study and compare the
interaction between various lignin model compounds (2,6-
dimethoxyphenol, ferulic acid, guaiacol, sinapic acid and
vanillyl alcohol) and T. versicolor laccase. Based on the inter-
action information from the present study, a proposed molec-
ular basis of laccase bound to lignin has been deduced, which
might be helpful in the understanding of the lignin degradation
reaction.

Materials and methods
Laccase structure

The 3D structure of T. versicolor laccase created by Piontek
et al.” at 1.90 A resolution, was retrieved from the Protein Data
Bank*® (http://www.rcsb.org/pdb/home/home.do) under the
code 1GYC. All ligands and water molecules were deleted.

Lignin model compounds studied

The structures of the lignin model compounds were down-
loaded from ChemSpider* (http://www.chemspider.com/). A
total of five lignin model compounds were selected for the
present study: 2,6-dimethoxyphenol, ferulic acid, guaiacol,
sinapic acid and vanillyl alcohol.

Docking

The binding site of the lignin model compounds inside laccase
was identified by a grid-based cavity prediction algorithm of
Molegro Virtual Docker (MVD).** Then, the lignin model
compounds were docked into the binding site. Docking anal-
yses were performed between all analyzed lignin model
compounds and laccase. The maximum population size was set
to 50 individuals, and 1500 maximum interactions were
allowed. The MolDock scoring function (MolDock Score) and
Moldock SE algorithm were used to rank the docking poses. To
avoid the appearance of the stochastic errors, five runs were
carried out for each ligand. The best ranking pose was selected
as the optimal binding mode between laccase and the lignin
model compound. MD simulations were used to analyze the
best binding mode.

Interaction analysis

The interactions of laccase with the lignin model compounds
were analyzed and depicted using LigPlot+.*!

MD simulations

The lignin model compounds were parameterized using Auto-
mated Topology Builder (ATB)** (http://compbio.biosci.uq.edu.au/
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atb/). Complexes of laccase with 2,6-dimethoxyphenol, ferulic
acid, guaiacol, sinapic acid and vanillyl alcohol were referred to as
LAC-DI, LAC-FE, LAC-GU, LAC-SI and LAC-VA, respectively.
Each complex was then subjected to MD simulation by the Gro-
macs 4.5.6 package.* The parameters used for the protein and
ligand were from the gromos53a6 force field. SPC water molecules
were applied to solvate these complexes under a periodic
boundary condition. The system was neutralized by adding 11
Na'. We performed energy minimization by using the steepest-
decent algorithm. These minimized systems were then
submitted to NVT (1.4 nm for the short-range electrostatic cutoff
and van der Waals cutoff, a time step of 2 fs, 300 K for the Maxwell
distribution and —1 for the generation of a random seed) and NPT
(no velocity generation, LINCS algorithm® for constraints and
Parrinello-Rahman® for pressure coupling). Finally, MD simula-
tions were carried out for up to 10 ns using V-rescale** for
temperature coupling. Long range electrostatic interactions were
calculated according to the Particle Mesh Ewald method.”

Results
Binding mode

Validation of docking accuracy. Docking analyses were per-
formed between all analyzed lignin model compounds and
laccase. We selected the best docking poses for further study.
Fig. 1 shows the binding conformations of the lignin model
compounds in the active site of laccase. The docking accuracy
was validated using the re-docking protocol. We used the best
poses of the lignin model compounds as reference ligands.
Root-mean-square deviations (RMSD) between the re-docked
poses and reference ligands were 0.043 A for 2,6-dimethox-
yphenol, 0.015 A for ferulic acid, 0.009 A for guaiacol, 0.463 A for
sinapic acid and 0.014 A for vanillyl alcohol (Table 1). All these
RMSD values were lower than 2.0 A, which was considered as
acceptable and correct,®® meaning that the present docking
protocol could accurately reveal the conformation and binding
mode of the lignin model compounds into the binding pocket
of laccase.

Binding orientation and interaction. The orientation of the
ligand is important for acceptor-binding activity. Clearly, the
binding orientation of the lignin model compounds inside
laccase varied greatly as can be seen from Fig. 1, which sug-
gested the performance of laccase in catalysis for the degrada-
tion of each lignin model compound was different. The
interaction energies of LAC-DI, LAC-FE, LAC-GU, LAC-SI and
LAC-VA were analyzed in detail (Table 1). When making
comparisons between these five complexes, the most noticeable
difference was the interaction energy. Their interaction energies
were in a wide range. Sinapic acid showed the lowest interaction
energy with laccase (—112.174 kcal mol™ '), which suggested
better interaction with the binding site of laccase than the other
lignin model compounds. It was shown that 2,6-dimethox-
yphenol interacted by H-bonding with residues Gln442 and
His402 (Fig. 2). For guaiacol, we found that its interaction
energy with laccase was the highest (—78.992 kcal mol %),
lacking H-bonds with laccase. Ferulic acid presented H-bonds
with His111, Ala80, Leu459, Glu460, and Gly462 of laccase

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Binding orientation of the lignin model compounds in laccase. (A) LAC-DI; (B) LAC-FE; (C) LAC-GU, (D) LAC-SI; (E) LAC-VA.

with an interaction energy of —111.765 kcal mol™". We further
observed that Pro394 participated in the formation of a H-bond
with sinapic acid. No H-bonds were found between laccase and
vanillyl alcohol. This means that H-bonds were an alternative
way to determine the interaction of laccase with the lignin
model compounds or lignin.

Hydrophobic interaction seemed to be a more important factor
for the binding of laccase to the lignin model compounds than H-
bonding, because all the lignin model compounds formed
hydrophobic interactions with laccase (Fig. 2). We observed local
differences in the types of amino acid residues participating in
hydrophobic interactions. 2,6-Dimethoxyphenol presented
hydrophobic interactions with seven amino acid residues of lac-
case: Phe441, Pro314, Phe422, Ala403, Gly401, Asp444 and Phe69.
The number of involved residues for ferulic acid was the same as
for 2,6-dimethoxyphenol; these included Leu112, Ser113, Pro79,
Pro346, Phe344, Phe450 and Ala461. As can be seen in Fig. 2,

guaiacol presented hydrophobic interactions with Asp214, Ile213,
Ser212, Arg260, Asp234, GIn293, Thr294 and Ser296. In addition,
ten amino acid residues took part in the hydrophobic contact with
sinapic acid, including Pro163, Gly392, Asp206, Asn208, Phe239,
Ile455, Pro207, Phe265, Ala393 and Asn264. In LAC-VA, residues
GIn293, Arg260, Ile213, Ser212, Asp214, Thr294, Asp234, Ser296
and Thr295 participated in hydrophobic interactions with vanillyl
alcohol. These results showed that hydrophobic interactions were
necessary for the binding of laccase to the lignin model
compounds, and thus were potentially important for lignin
degradation, similar to a previous report that hydrophobic inter-
actions were crucial for determining the binding modes between
ligninolytic enzymes and lignin.*?

MD simulations

MD simulations have been used for the study of laccase in
previous studies.”” For example, 3D models of wild-type enzyme

Table 1 Interaction energies, docking accuracy, MolDock score and Re-Rank score for laccase with the lignin model compounds®
Interaction energy Re-docking

Complex (keal mol™") RMSD (A) MolDock score Re-Rank score
LAC-DI —89.931 0.043 —75.925 —69.628
LAC-FE —111.765 0.015 —103.472 —90.888
LAC-GU —78.992 0.009 —67.442 —60.550
LAC-SI —112.174 0.463 —101.184 —91.124
LAC-VA —93.467 0.014 —83.321 —71.087

% LAC-DI, complex composed of laccase and 2,6-dimethoxyphenol; LAC-FE, complex composed of laccase and ferulic acid; LAC-GU, complex
composed of laccase and guaiacol; LAC-SI, complex composed of laccase and sinapic acid; LAC-VA, complex composed of laccase and vanillyl

alcohol.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Interaction of laccase with (A) 2,6-dimethoxyphenol, (B) ferulic
acid, (C) guaiacol, (D) sinapic acid and (E) vanillyl alcohol.

and mutant for Pleurotus ostreatus laccase were constructed, and
then were compared using MD simulations.>® Consistent with
previous studies, in the present study, MD simulations were
conducted for providing insight into the dynamic behavior of the
lignin model compounds inside laccase, giving new information
on the molecular basis of laccase for lignin degradation.

In previous studies, root-mean-square deviation (RMSD) was
often employed to measure the stability of a structure during
simulation.**** Backbone RMSD calculations were carried out
on each complex at every 10 ps during the whole simulation,
and the results are shown in Fig. 3. The RMSD values of all the
analyzed complexes quickly tended to reach equilibrium, with
the maximum deviation being less than 2.9 A (RMSD values:
<2.6 A for LAC-DI, <2.5 A for LAC-FE, <2.9 A for LAC-GU, <2.3 A
for LAC-SI and <2.8 A for LAC-VA). This indicated that laccase
could maintain stability when binding to the lignin model
compounds. The RMSD for LAC-DI became stable at around
2400 ps, and remained so for the rest of the simulation time,
while the RMSD for LAC-FE initially increased to about 0.18
nm, and then was at a stable level. From Fig. 3, it was found that
for LAC-GU, the RMSD value was 0.21 nm at 4000 ps, and held
steady until the end. The RMSD values for LAC-SI and LAC-VA
became stable after 7000 ps and 3200 ps, respectively.

The radius of gyration (Rg) reflects the compaction of a
structure.** The Rg of any analyzed complex did not fluctuate
sharply during the whole simulation except for the initial stage
which had a relatively fast increase (Fig. 4). The average Rg for
LAC-DI, LAC-FE, LAC-GU, LAC-SI and LAC-VA was 2.213 nm,
2.216 nm, 2.217 nm, 2.218 nm and 2.222 nm, respectively.
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Root-mean square fluctuation (RMSF) was calculated to
analyze the dynamics of C, atoms from laccase, and was shown
in Fig. 5. The C,-RMSF value for LAC-DI was highest in residue
497. LAC-DI exhibited higher flexibility in regions composed of
residues 68-78, 353-366, 424-439 and 487-500. Fluctuation in
residues 171-198, 261-300, 350-370, 424-439 and 487-500 for
LAC-GU was greater than in other regions. The largest fluctu-
ation for LAC-GU was found in residues 169-186, 260-275, 425-
440 and 484-500. As seen in the C,-RMSF plot, key fluctuations
for LAC-SI occurred around the residues 148-187, 427-439 and
488-500. The maximum fluctuations for LAC-VA were found in
residues 463-500.

Discussion

Biodegradation technology is becoming more and more
attractive for environmental remediation due to its environ-
mentally friendly nature.*” Laccase-based applications for lignin
waste degradation are a good example.>**** To increase the
lignin-degrading efficiency of laccase, previous studies investi-
gated the impact of substrate structure on the laccase-mediated
oxidation rate,"” the stability of five fungal laccases in organic
solvents™ and the bioconversion of substrates by Rhodococcus
opacus DSM 1069 and PD630," using lignin model compounds.
The lignin-degrading efficiency of laccase was largely related to
the properties of the enzyme and substrates,"” such as their
binding property.>* The stability and catalytic activities of lac-
case were potentially influenced by the binding modes between
it and its substrates. However, the detailed interaction mecha-
nism between laccase and lignin is still unclear, limiting the
application of laccase in lignin degradation to some extent.
Thus, the illustration of interaction between laccase and lignin
model compounds is important. Molecular simulations such as
molecular docking and MD simulations have proved to be a
robust technology for the analyses of intermolecular interac-
tions.*>**™** In this article we performed an investigation of the
molecular basis of laccases for lignin degradation, using
molecular docking and molecular dynamics simulations. We
showed that the present protocol was capable of giving a
molecular insight into the interaction of laccase with lignin
model compounds, and in this way we found several rules that
may be important to lignin degradation.

It was shown that the lignin model compounds bound to
laccase with a wide range of interaction energies. Guaiacol had
the worst interaction with laccase, whereas sinapic acid had the
best interaction with laccase, because a lower interaction energy
often represents a better interaction.®®

On the one hand, laccase formed H-bonds with 2,6-dime-
thoxyphenol, ferulic acid and sinapic acid, but not with vanillyl
alcohol and guaiacol. On the other hand, laccase had hydro-
phobic contacts with all the analyzed lignin model compounds.
Therefore, we proposed that H-bonds were not essential, but
hydrophobic contacts were necessary to the interaction of lac-
case with lignin model compounds or lignin.

Mean backbone RMSD values for different complexes varied
(LAC-DI: 0.199 nm; LAC-FE: 0.190 nm; LAC-GU: 0.211 nmy;
LAC-SI: 0.178 nm; LAC-VA: 0.220 nm). This not only meant the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Backbone RMSD for LAC-DI, LAC-FE, LAC-GU, LAC-SI and LAC-VA.

stable behavior of these complexes, but also indicated that the
stability was different between various complexes. The stability
of each complex was also confirmed by the Rg and C,-RMSF
values. The fluctuation of Rg was not very sharp, reflecting well
the compaction of analyzed structures.” The dominant fluctu-
ating regions were often inconsistent between these surveyed
complexes as shown in the C,-RMSF plot. Overall, the MD
simulation results showed that LAC-DI, LAC-FE, LAC-GU,

LAC-PC, LAC-SI and LAC-VA were reasonably stable during the
simulation.

Notably, steric hindrance might occur in the lignin-
degrading process mediated by laccase when the substrate is
real lignin due to the fact that lignin is bulky and a high
molecular weight aromatic compound. Fortunately, it was sug-
gested that the introduction of mediators could solve this steric
hindrance problem.* We will simulate the effect of mediators

2.26
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Fig. 4 Radius of gyration for LAC-DI, LAC-FE, LAC-GU, LAC-SI and LAC-VA.
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on the interaction of laccase with lignin using MD simulations
in the future.

Conclusion

This study explored the molecular basis of laccase for lignin
degradation by comparing the interaction of T. versicolor lac-
case with lignin based on five lignin model compounds, using
molecular docking and MD simulations. The best poses were
adopted on the basis of the MolDock score and Re-Rank score.
Hydrophobic contacts were necessary, but H-bonds were not
essential to the interaction of laccase with the lignin model
compounds or lignin. The interaction energies varied in a wide
range. RMSD, C,-RMSF and Rg values from the MD simulation
results showed that the systems composed of laccase and the
lignin model compounds were highly stable. The present study
provides dynamic and structural information on the interaction
mechanism between laccase and lignin, which is useful to
develop new laccases with high lignin-degrading ability in the
field of environmental protection and industrial applications.
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