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Abstract Veratryl alcohol (VA) is the main substrate of
lignin peroxidase (LiP), a key lignin-degrading enzyme.
A redox mediator role, in the lignin degradation process,
has been attributed to this molecule; however, many unan-
swered questions remain about its action mechanism. In
this investigation, the basic aspects of a plausible action
mechanism, this means VA binding modes to Phanero-
chaete chrysosporium LiP, were addressed. Docking cal-
culations were used to obtain LiP-VA complexes near to
Trpl71, the active redox residue where VA is oxidized.
Our results show that VA interacts at Trpl71 helped by
hydrogen bonding interactions with the acidic amino acids
Asp264 and Glul68, as well as by hydrophobic interactions
with Phe267, confirming previous experimental findings.
MM-GBSA calculations, molecular dynamics simulations,
and cluster analysis gave further insights into the energetic
preferences of the different binding modes and the stabil-
ity of LiP-VA complexes. A hydrophobic concave ditch,
next to Trp171, was observed to stabilize VA at LiP surface,
confirming previous suggestions based on the LiP crystal
structure. A detailed analysis of the interactions in this site
is provided. These findings are expected to be the basis for
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site-directed mutagenesis and QM/MM experiments that
will prove the importance of the identified residues.
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1 Introduction

Lignin is an aromatic polymer present in the cell wall
which constitutes the second most abundant natural poly-
mer on earth after cellulose [1]. Lignin possesses a very
complex and heterogeneous structure, which makes it
highly recalcitrant to biodegradation. Due to this, specific
lignolytic enzymes are required to complete its depolym-
erization and mineralization, step that is crucial in the car-
bon cycle [2, 3]. Fungal organisms are the main natural
machineries that secret specific lignin-degrading enzymes,
with the white-rot basidiomycetous fungi having the better
performance [4-6]. Among lignolytic enzymes, lignin per-
oxidase (LiP), a heme-containing peroxidase, plays a key
role in the degradation of lignin and a variety of phenolic
and nonphenolic lignin-model compounds [7-10]. LiP was
first discovered in the basidiomycete Phanerochaete chrys-
osporium [7, 11], and from there on, it has been focus of
extensive research aiming at elucidating the mechanisms
behind lignin degradation. Despite this, there are many
aspects of the LiP-degrading mechanism that remain
unclear.

It is well known that LiP undergoes the classical mecha-
nism of peroxidases [12], in which LiP reacts with H,0, to
form compound I, which after being reduced by one elec-
tron generates compound II, to finally recover the ferric
state of the enzyme through an additional single electron
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Scheme 1 The catalytic cycle of LiP. The four N atoms stand for
the porphyrin ring, and S is an electron-donating substrate. Reaction
scheme adapted from Ref. [3]

reduction reaction [3]. The LiP catalytic cycle is resumed
in Scheme 1.

Compounds I and II in LiP are oxoferryl species that
have the ability to oxidize high redox potential substrates,
making the use of LiP and other peroxidases of great inter-
est for scientific, industrial, and biotechnological applica-
tions [13-16]. Interestingly, LiP has a higher redox power
than other peroxidases, which has been attributed to a
longer distance of the proximal His residue to the iron atom
at the heme group, what would leave a deficiency of elec-
tronic charge over it, enhancing its oxidative power [17].

The first assumption on the LiP-degrading mechanism
was to think that lignin units were directly oxidized at the
heme group. However, after obtaining the first crystal struc-
tures for LiP, it became obvious the impossibility of lignin
to approach the heme group [17-19]. The first binding site
for substrates was proposed to be located at the entrance
of the main access channel, which has been denominated
the “classical heme edge” binding site in peroxidases [20,
21]. Computational modeling studies of veratryl alcohol
(VA) [22], the main substrate of LiP, showed that the ligand
could be accommodated at this pocket and be stabilized by
specific hydrogen bonding and hydrophobic interactions
[20]. Other computational studies have also predicted that
the main access channel would sustain a certain degree of
flexibility that would allow the entrance of VA through it
to the heme region [23]. However, later on, a high-resolu-
tion crystal structure of LiP [17] revealed that Trpl71, a
solvent-exposed residue, was hydroxylated at its CB, giv-
ing therefore new insights for a different binding site [24].
Site-directed mutagenesis experiments have confirmed that
the presence of Trpl171 is imperative for the oxidation of
VA as well as for other lignin-model compounds [25-28].
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This fact helped to reach the consensus that the mecha-
nism behind LiP activity is a long-range electron trans-
fer (LRET) reaction from the surface of the protein to the
heme group. On the other hand, it has been seen that muta-
tion of Trp171 does not abolish the oxidation of other nega-
tively charged substrates, reaching the conclusion that more
than one binding site in LiP should exist, with important
evidence that the “classical heme edge” binding site should
be one of them [25].

VA is the preferred substrate of LiP which has shown
to be crucial for avoiding enzyme inactivation [9]. VA is
secreted in vivo by the fungus P. chrysosporium and there-
fore is present in the degradation process of lignin. To this
molecule has also been attached the role of redox mediator
[29, 30]. VA, after being oxidized to a radical cation spe-
cies (VA1) by Trp171, could work as a diffusible oxidant
through the lignin matrix initiating a cascade of radical
reactions in polymeric lignin [31, 32]. On the other hand,
other authors have proposed the idea that once VA is
generated, it is held at the protein surface by electrostatic
forces where it could work as a redox mediator [33, 34].
These two hypotheses have been introduced in terms of
measurements of the lifetime of the VA'T species; however,
rather controversial results have been obtained so far. It
has also been demonstrated that the presence of VA in the
medium is not necessary for the catalytic activity of LiP.
The latter is able to oxidize different lignin-model com-
pounds driving their depolymerization by a direct interac-
tion with them without the intervention of redox mediators
[28, 35, 36]. However, the presence of VA has shown to
increase LiP-degrading activity toward different types of
substrates [37—40].

Within this context, not much experimental and theoreti-
cal work has been done to identify crucial interactions for
VA binding and to explore the specific mechanisms through
which VA is stabilized at LiP surface. Sollewijn Gelpke
et al. [27] studied the effect of single mutations on residues
at different locations on LiP. Mutations of residues near the
main access channel confirmed that they were not involved
in neither VA oxidation nor in its binding to LiP. On the
other hand, mutation of Trpl71 completely abolished VA
oxidation. Mutation of Phe267, a nearby residue to Trp171,
did slightly change VA oxidation levels but more notably
its binding to LiP. Therefore, the authors proposed the
involvement of Phe267 in the binding of VA at the surface
of LiP through the formation of m-stacking complexes.
On the other hand, the most clarifying results have been
given by Smith and Doyle [41], where they performed sin-
gle mutations of the near acidic residues to Trp171, which
revealed that modifications of Glu168, Glu250 and Asp165
strongly affect the binding (K,,) and oxidation (V,,,) of
VA, while mutation of Asp264 does not have an apparent
effect on LiP activity. In particular, mutation of Glul68 has
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the strongest impact on the kinetics effectiveness (7 times
less effective than wild-type LiP), presuming that this resi-
due could be involved in the stabilization of the postulated
complex [Trpl71-VA] ™.

Among other theoretical studies, Francesca Gerini
et al. [23] used steered molecular dynamics simulations
to explore the binding process of VA to the heme group,
where it was postulated that VA could approach the active
site through the main access channel. However, the bind-
ing process at Trp171 was not considered. Recently, Chen
et al. [42] performed molecular docking calculations and
molecular dynamics simulations to analyze the binding
modes of a lignin-model molecule at the active site of LiP
and other lignolytic enzymes. Although valuable informa-
tion on interactions that stabilize lignin at the active site of
LiP was identified, the binding of lignin at Trp171 was also
not explored. More recently, Miki et al. [43] discovered a
novel oxidation mechanism for Trametopsis cervina LiP,
where they observed that the active redox residue Tyrl181
forms an adduct with VA which is fundamental for the
catalytic activity of LiP. It was seen by means of docking
and molecular dynamics calculations that VA is stabilized
at Tyr181 by sandwich m-stacking interactions involving
Phe89. It is worth noting that Tyr181 from T. cervina is
located at a different position compared to Trp171 from P.
chrysosporium. Tyr181 is adjacent to one of the propionate
group, what would be the “front side” of LiP close to the
access channel, while Trp171 is located at the “back side”
of the enzyme [17, 44]. However, it could be expected that
similar interactions govern the stabilization of VA at LiP
surface since both redox residues are surrounded by mostly
acidic amino acids and aromatics such as Phe [44, 45].

The exact nature of the Trpl71 radical has also been
object of study [46, 47]. After the LRET reaction to the
heme has taken place, Trp171 would form the tryptophanyl
radical cation (Trp171T) [48]; however, evidence for it has
not been obtained so far, but instead, only the Trp171 radi-
cal has been detected in LiP variants [46]. The hypothesis
that Trp171°F may exist is supported by the existence of the
acidic residues around Trp171 that would help to stabilize
Trp171 . Quantum mechanics/molecular mechanics (QM/
MM) calculations have predicted that deprotonation of
Trpl71" is energetically unfavorable and that detection of
Trp171F could have not been achieved most likely due to
its very short half-life [47].

The present investigation is therefore focused on eluci-
dating the main interactions of VA at the P. chrysosporium
LiP surface and to study the mechanisms by which VA is
stabilized on it. Even though site-directed mutagenesis
experiments have revealed the importance of different
residues at the vicinity of Trpl71, there are no computa-
tional studies, to the best of our knowledge, that may offer
atomistic details about the interactions of VA at Trpl71

and its main binding modes. For instance, several aspects
of the binding process of VA will be addressed such as: Is
VA stabilized at the surroundings of Trp171? What are the
main binding modes for VA at Trp171? What is the role
of Phe267, Glul68, and the other acidic amino acids in
VA binding? Are there other key residues for VA stabiliza-
tion at the vicinity of Trp171? To answer these questions,
molecular docking calculations together with MD and
binding free energy (AG) simulations will be used to ana-
lyze the dynamical behavior of LiP-VA complexes.

2 Methods

2.1 Docking, MM-GBSA calculations, and MD
simulations

The crystal structure of P. chrysosporium LiP (PDB ID:
1LLP [17]) was taken from the protein data bank [49]. The
protein structure was processed using the Protein Prepa-
ration Wizard tool from Maestro [50-52]. Assignment of
bond orders, addition of hydrogen atoms, and correction of
bad contacts were also carried out with this tool. The four
carbohydrate molecules were deleted following the proto-
col given in previous studies [23]. We expect that this mod-
ification will have a minimum impact on our simulations
since the unglycosylated enzyme exhibits identical proper-
ties than the wild type (WT) [53]. Subsequently, protona-
tion states and hydrogen bond networks were optimized
at a pH of 4.5 using the Propka program [54]. This value
of pH was chosen since LiP presents its optimal degrading
activity at low pHs [48]. Titratable residues were carefully
inspected considering their direct microenvironment. Spe-
cially, residues Glu168 and Asp264, which were protonated
by Propka, were kept deprotonated since it has been postu-
lated they would participate in stabilizing the tryptophanyl
radical. Afterward, the protein structure was submitted to a
restrained minimization up to a RMSD (root-mean-square
deviation) convergence criterion of 0.3 A. VA was docked
in the resulting structure using the Glide software [55-57].
Standard and extra precision settings were applied gen-
erating a final set of 20 poses. The grid box was centered
on Trpl71, and dimensions were set to 20 x 20 x 20 A.
The rest of the specifications were maintained as default.
Parameters for LiP and VA were taken from the OPLS-
2005 force field [58].

Molecular dynamics simulations were performed with
the software Desmond [59]. The 20 docking poses served
as starting conformations for our MD simulations. In each
case, the system was inserted in an orthorhombic box of
SPC [60] water molecules and neutralization was achieved
by addition of 5 Na* ions. A buffer of 10 A was imposed
over all sides of the protein surface. Periodic boundary
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conditions were set over the x, y, and z axes. The default
relaxation protocol implemented in Desmond 3.4 was used.
Briefly, this protocol consists in six steps in which the sys-
tem is firstly energy minimized using a steepest descent
algorithm switching on and switching off restraints over
heavy atoms. Then, four short (12 and 24 ps) MD simula-
tions are performed retaining restraints to finally perform
an unrestrained simulation. MD simulations were run in a
NPT ensemble keeping the temperature at 300 K by means
of the Nosé—Hoover chain method [61] with a relaxation
time of 1 ps. Pressure was kept fixed at 1 atm. using the
Martyna—Tobias—Klein (MTK) barostat [62] with a relaxa-
tion time of 2 ps. A cutoff radius of 9 A was used for van
der Waals as well as electrostatic interactions. For the treat-
ment of long-range electrostatic interactions, the particle
mesh Ewald method [63] was considered. The RESPA
(time-reversible reference system propagator algorithm)
integrator [64] was used, and a time step of 2 fs was set for
bonded and short-range nonbonded interactions, while for
long-range electrostatics 6 fs was used.

Molecular mechanics/generalized Born surface area
(MM-GBSA) calculations were performed with the pro-
gram Prime [65, 66]. In one case, input structures were
taken from docking calculations and in a second case rep-
resentative structures from MD simulations were used. In
either case, the ligand strain energy was considered, but
entropic contributions to the binding energy were not.
However, we expect the latter assumption to have little
impact on our analysis since we are interested in relative
binding energies of the same ligand and receptor; therefore,
inclusion of entropic contributions should not alter the gen-
eral trend for binding energies. On the other hand, Prime
uses the VSGB 2.0 solvation model [67], which incorpo-
rates novel physics-based corrections to the energy func-
tion for the description of hydrogen bonding, hydrophobic,
and m-stacking interactions. Furthermore, this approach
contains a residue-dependent dielectric protocol that has
proved to provide adequate estimations of protein-ligand
binding energies [68, 69].

2.2 VA, Trpl71, and heme parameters

Parameters for VA, Trpl171, and the oxoferryl heme group
were extracted from the OPLS-2005 force field (see Fig.
S1 from Supplementary Information). The quality of these
parameters was tested by single-point calculations with the
software MacroModel [70] resulting in high-quality param-
eters, and only medium-quality parameters were found for
torsional angles of the heme group. The calculated RMSDs
for the oxoferryl group and backbone atoms (Fig. S2) show
a quick stabilization of the protein and the heme group con-
firming the suitability of the used parameters. Furthermore,
these parameters and the charges for VA were compared
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with those used in previous theoretical studies [23, 47]
finding good agreement with them in terms of sign and
magnitude of the charges.

2.3 Cluster analysis

Clustering was carried out by a hierarchical average-link-
age method [71] as implemented in Maestro [50], through
the script trajectory_cluster.py. We used this method based
on previous studies where this algorithm has been applied
showing successful results [72, 73]. The residues used to
build the RMSD distance matrix were Phe267, Trpl71,
and the VA ligand. Molecular dynamics simulations of VA
close to Trp171 were used for clustering. Here, only frames
in which the distance between VA centroid was within
a range of 7.5 A to the Trp171 centroid were considered.
This cutoff radius was chosen after analyzing single-point
QM/MM (quantum mechanics/molecular mechanics) cal-
culations in which VA and Trpl71 were gradually sepa-
rated and the spin density distribution was evaluated. It was
seen that after 7.5 A the spin density distribution was not
shared between VA and Trpl71, but it was only localized
on Trpl71 (Fig. S3). Therefore, this cutoff radius is a good
estimate of the longest distance between these two frag-
ments that may favor the formation of the VAt species (see
Supp. Information). As a result, 5503 frames were analyzed
from which 5 clusters were extracted. Other numbers of
clusters were also evaluated, but it was observed that more
than 5 clusters yielded clusters with very low populations
and with conformations already replicated in other groups.
Representatives were selected based on the structure con-
tained in a cluster closest to the centroid of that group.

3 Results and discussions
3.1 Docking studies

Docking calculations are the preferred computational tech-
nique for obtaining energy-minimized complexes for the
study of protein—ligand interactions. For this reason, dock-
ing studies were performed with the aim of finding the
most favorable conformations for VA binding at Trpl71.
Figure 1a shows that docking experiments predict the for-
mation of two clusters, one with VA roughly lying below
the plane of Trpl71 (cluster 1) and other above its plane
(cluster 2). In the former, the most relevant interactions are
hydrogen bonds with Asp264 and m-stacking interactions
with Phe267. Within this cluster, poses mostly differ in the
orientation of VA with respect to Phe267, with VA being
in some cases in a face-to-face geometry (Fig. 1b) and
in other cases in an edge-to-face geometry (Fig. 1c). The
second cluster is mainly made up by structures forming
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Fig. 1 a Poses from docking
calculation of VA at Trpl171
showing the formation of two
clusters: cluster 1 (orange) and
cluster 2 (purple). Hydrogen
bonds are represented as dashed
blue lines. b One docking

pose showing a face-to-face
mr-stacking interaction between
VA and Phe267, represented

as a dashed green line. ¢ One
docking pose showing an edge-
to-face m-stacking interaction
between VA and Phe267, repre-
sented as a dashed green line. d
Binding free energies for the 20
docking poses sorted by those
belonging to cluster 1 (orange)
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hydrogen bonds with Glu168 and Asp165, with VA being in
an inclined orientation with respect to the plane of Trp171.
For each docking pose, the AG was estimated by the MM—
GBSA approach. Figure 1d shows the AG values for poses
of clusters 1 and 2. From the 20 docking structures, 13
of them belong to cluster 1 and 7 to cluster 2. Figure 1d
clearly shows that the structures of cluster 1 exhibit a lower
binding energy than the structures of cluster 2, especially
for the seven lowest energy poses. The average AG val-
ues for clusters 1 and 2 are —18.47 and —15.96 kcal/mol,
respectively, and the average AG values for the seven low-
est energy poses in cluster 1 is —20.58 kcal/mol, evidenc-
ing a considerable difference of 4.6 kcal/mol with the aver-
age AG values of cluster 2 (Table 1). In order to elucidate
the role of Phe267 in VA binding, the Phe267Ala mutant

was prepared and new docking calculations were per-
formed (Fig. S4). Table 1 displays the predicted AG val-
ues alongside with some energy contributions to it for the
seven lowest energy structures of cluster 1, cluster 2, and
the mutant Phe267Ala. It results clearly from Table 1 that
the energetic preference of structures belonging to cluster
1 is due to the closeness of Phe267 to VA with which it
can form hydrophobic and m-stacking interactions. This is
evidenced by an enhanced energy contribution from these
two types of interactions (AEjp, and AEpcking, respec-
tively) in this cluster with respect to cluster 2 and the
Phe267Ala mutant. In these latter two, VA does not form
m-stacking interactions (AEpacking = 0) and hydrophobic
contributions are very similar between both (—8.55 and
—8.48 kcal/mol, respectively). The rest of the energy terms
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Table 1 Averaged binding free energies predicted by the MM—GBSA approach

AEézllec AE\I?dw AE; AEp()iacking AEﬁPO AGgred
Cluster 1 —6.05 £+ 2.38¢ —12.20 £ 0.55 9.43 + 1.39 —1.47 +1.04 —10.21 £0.78 —20.58 £0.35
Cluster 2 —5.61 + 1.81 —12.73 £ 0.65 11.06 £ 2.96 0.00 —8.55 +0.21 —15.96 £ 1.87
Phe267Ala mutant —-5.38+£0.77 —11.73 £ 0.66 8.23 £ 1.03 0.00 —8.48 + 0.05 —16.35 £ 0.69

Seven lowest energy docking poses from cluster 1, cluster 2, and Phe267Ala mutant were selected to perform the calculations. The most impor-
tant calculated energy components to AGpreg Were * electrostatic energy, ® van der Waals energy, © solvation energy, ¢ packing energy accounting
for ligand—protein 7-stacking interactions, ¢ lipophilic energy accounting for ligand—protein hydrophobic interactions, and © predicted binding
free energy. & Standard deviation is shown beside each averaged energy value

are approximately similar for the three groups of structures;
however, in some cases, high variations are seen, e.g.,
AE¢ec and AEg)y, due to the small data set used. Figure 1b,
¢ shows two representative docking poses from cluster 1
where VA forms face-to-face and edge-to-face m-stacking
interactions with Phe267.

At first, these results show that VA is more stabilized in
a conformation given by cluster 1 than one given by clus-
ter 2. However, Phe267 is expected to attain some degree
of flexibility, and therefore, dynamical contributions to
these interactions should be taken into account, point that
is addressed below.

3.2 MD simulations and interaction profiles

As was explained in the Sect. 1, it is not clear yet whether
VA fulfills its redox mediator role as a diffusible oxidant
or acts from the protein surface. Since Trp171 is a solvent-
exposed residue, it is plausible to think that specific amino
acids should be required to achieve proper stabilization of
VA at the protein surface, in its either neutral or radical cat-
ion form. For this purpose, molecular dynamics simulations
were used to assess the permanency of VA at the vicinity
of Trpl71 and to identify crucial interactions for its bind-
ing. The bound state of VA was analyzed by monitoring the
distances between the centroids of VA and Trpl171, results
shown in Fig. 2. Here, six simulations were chosen by sim-
ply visual inspection to depict the general behavior of the
20 simulations. It is possible to see a heterogeneous stabili-
zation pattern of VA to the LiP surface at Trpl171 where in
two cases (poses 1 and 2) VA remains close to Trp171 after
3 ns of simulation, while in the rest of the cases VA escapes
to the solvent at different time frames. In general, in 50 %
of the simulations, i.e., 10 out of 20, VA does not go to the
solvent, remaining close to Trpl71 interacting with differ-
ent residues within an approximate radius of 9 A.

The 10 simulations in which VA stuck around at the LiP
surface were used to identify the most important interac-
tions for VA binding. For this purpose, only frames where
VA remained within a cutoff radius of 9 A with respect
to the centroid of Trpl171’s benzene ring were analyzed.
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Fig. 2 Centroid—centroid distances between VA and Trpl71 for 6
selected MD simulations (the inset shows an example of the centroid—
centroid measurement)

Several frames were collected making a total simulation of
26.4 ns. The percentage of duration of the identified inter-
actions was estimated by using the Simulation Interactions
Diagram (SID) built-in tool implemented in Maestro [50].
Figure 3 displays the most relevant interactions and how
long these interactions lasted during the course of the com-
bined simulation.

It results clear that hydrophobic interactions with
Phe267 dominate over the simulation period having a total
percentage of duration of 59.5 %. This percentage can be
further broken down in contributions from general hydro-
phobic contacts, face-to-face and edge-to-face m-stacking
interactions. The highest contribution to hydrophobic
interactions comes from pure hydrophobic contacts hav-
ing a weight of 41.1 %. Some establishment of m-stacking
complexes with similar contributions from face-to-face
(11.4 %) and edge-to-face (7.0 %) conformations is also
seen. The second more important interaction is hydro-
gen bonding with Asp264, exhibiting a 52.2 % of dura-
tion. The total percentage of interaction with Trp171 is of
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Fig. 3 Interaction profile for a combined MD simulation of 26.4 ns
that was generated by combining 10 MD simulations where VA lies
within a radius of 9 A with respect to the Trp171’s centroid. The
interactions between VA and the residues at the vicinity of Trpl71
are rationalized in terms of hydrogen bonds (cyan), edge-to-face
m-stacking interactions (yellow), face-to-face m-stacking interactions
(orange), and hydrophobic contacts (gray). The numbers in bold
black inside the bars show the exact percentage of duration of that
interaction in the combined MD simulation

33.8 %, showing that VA does not remain attached to this
residue very long. Most of the interactions with Trp171
correspond to hydrophobic contacts with some formation
of edge-to-face m-stacking interactions (2.8 %) and hydro-
gen bonds (2.2 %) involving the hydroxyl group at its Cp.
Very interestingly, hydrogen bonds with Glul68 are very
scarce, showing that hydrogen bonding interactions with
this residue are not maintained in the simulation. This sup-
ports what was observed with docking calculations, where
the structures forming hydrogen bonds with Glul68 (clus-
ter 2) had a lower binding energy than structures forming
hydrogen bonds with Asp264. It is also noticed that hydro-
gen bonds with Aspl65 are practically undetected. This
result could be interpreted as contrary to the experimen-
tal finding that Glul68 has a great impact in VA binding
[41], but on the other hand it may suggest that this acidic
residue is more important for the stabilization of the com-
plex [Trpl171-VAJ]* than for unoxidized VA. This issue
could be addressed by performing MD simulations with
a charge distribution that correctly represent the positive
charge over VA, or by means of QM/MM MD simulations
where a quantum mechanical treatment of the radical could
be done. Summarizing, it seems clear the importance of
Phe267 and acidic amino acids such as Asp264 in the stabi-
lization of VA at Trp171; however, Trp171-VA complexes
are observed only for few nanoseconds.

3.3 Cluster analysis

In order to identify the most visited configurations for
“close-distance” Trpl71-VA complexes, a cluster analy-
sis was carried out on the previously combined simula-
tion. Since the goal was to identify Trp171-VA complexes
where the electron transfer from VA to Trpl71 may take
place, a shorter distance of 7.5 A between the centroids of
VA and Trpl71 was chosen (see Sect. 2.3). Figure 4 dis-
plays the five representative structures belonging to each
cluster. Herewith, Table 2 shows the population sizes and
the percentage of duration for hydrogen bonding interac-
tions within each group.

According to Table 2, cluster 1 is the most populated
containing 54.69 % of the analyzed frames. The representa-
tive structure (Fig. 4a) of this cluster positions VA between
Trpl171 and Phe267 after the latter residue has been flipped
with respect to the position given by the crystal structure to
a location below the plane of Trp171, more less resembling
a parallel-displaced m-stacking geometry. It is also shown
that the hydroxyl hydrogen atom of VA is close to the
carboxylic oxygen atom of Asp264 featuring a hydrogen
bonding interaction that is detected in 54.1 % of the ana-
lyzed frames (Table 2). The second most populated cluster
is cluster 4 with a population size of 36.14 %. The repre-
sentative geometry exhibits an edge-to-face m-stacking
interaction between VA and Phe267 and hydrogen bond-
ing interactions to Asp264 (Fig. 4d). It is noticed from
Table 2 that this hydrogen bond is highly stable throughout
this cluster having a contribution of 83.4 %. Cluster 2 is
the next most populated cluster with a population size of
6.74 %. The representative structure (Fig. 4b) shows VA
closer to Glul68 and Phel64 and not featuring specific
interactions with the near-by residues. Next cluster, clus-
ter 5, possesses a relatively low population size of 1.53 %,
and its representative structure (Fig. 4e) displays a simi-
lar arrangement of Phe267 and VA as in cluster 4 but with
VA displaced in an edge-to-face geometry with respect to
Trp171. In the representative structure, VA does not form a
hydrogen bond with Glu168; nonetheless, this interaction is
found in the 74.6 % of the frames of this cluster (Table 2).
Finally, cluster 3 has the lowest population size (0.88 %) in
which VA in its representative snapshot (Fig. 4c) is located
toward Phe164 interacting with this residue and Phe267.

Aiming at measuring the strength of the interaction
between VA and LiP for each representative structure,
AG values were calculated by means of the MM-GBSA
approach. Unfortunately, a rather poor correlation was
found when the population sizes of all five representa-
tives with respect to the free energy of binding were cor-
related (Fig. S5.A). This could be explained since the two
structures that have low population sizes, but high binding
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Fig. 4 Representative structures from clustering calculations derived structure from cluster 5. Veratryl alcohol is shown in green together
from MD simulations. a Representative structure from cluster 1, b with important residues for its binding at Trp171. Hydrogen bonds
representative structure from cluster 2, ¢ representative structure from are represented as dashed blue lines

cluster 3, d representative structure from cluster 4, e representative

Table 2 Population sizes for
each cluster

@ Springer

Cluster 1 2 3 4 5

Population size (%) 54.69 (54.1) 6.74 (11.2%) 0.88 (0.00) 36.14 (83.4) 1.53 (74.6%)

Numbers in parenthesis represent the percentage of duration of hydrogen bonding interactions with either
Asp264 or Glul68, the latter distinguished by an asterisk
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affinities, correspond to the representatives of clusters 2
and 3 (Fig. 4b, c), where VA approaches a hydrophobic
concave ditch close to Phel64 (see Sect. 3 above). For this
reason, the population sizes are expected to be small since
VA is moving toward that region and the AG binding affin-
ities tend to be high. Exclusion of these two structures from
the correlation plots renders a Pearson coefficient of —0.99
(Fig. S5.B), while inclusion of all points yields a Pearson
coefficient of —0.31 (Fig. S5.A). Within this context, popu-
lation sizes are considered to be a good parameter to assess
the preferred orientations of VA at Trp171.

In conclusion, these results complement the observa-
tions already seen in the interaction profiles from Fig. 3.
The highly stable hydrogen bonds with Asp264 and
m-stacking interactions with Phe267 are clearly rationalized
in the structures of the representatives from clusters 1 and
4 (Fig. la, d). m-Stacking interactions with Phe267 agree
well with experimental findings from Sollewijn Gelpke
et al. [27] who found that this residue had an important
impact on VA binding. On the other hand, similar results
have also been obtained for LiP from 7. cervina [43], where
it was observed that VA forms stable z-stacking complexes
with the aromatic residue Phe89 and the active redox resi-
due Tyr181. On the other hand, experimental evidence in
P. chrysosporium LiP has shown that mutation of Asp264
does affect neither the binding of VA nor the activity of
LiP but Glul68 and Aspl65 have a pronounced effect on
it. As discussed above, this apparent contradiction with our
results might be showing that the interaction dynamics of
VA and VAT are substantially different.

3.4 Hydrophobic concave ditch characterization
at binding site of LiP

Previous observations of the LiP crystal structure obtained
by Choinowski et al. [17] highlighted the existence of a
hydrophobic concave ditch next to Trpl171 formed by Phe
amino acids that could work stabilizing aromatic sub-
strates; however, a detailed characterization of this LiP
structural feature was not carried out. This fact led us to
consider that this hydrophobic ditch on the protein sur-
face may help to stabilize VA, whether it is in its neutral
or radical state. Careful inspection of the 10 MD simula-
tions in which VA did not escape to the solvent revealed
that VA in fact approaches this hydrophobic site next to
Trpl71, where it is highly stabilized. In order to explore
the first aspect of this hypothesis, routine MD simulations
of VA at this hydrophobic concave ditch were performed.
Five out of 10 MD simulations in which VA approached
this site were extended to 40 ns for subsequent analysis of
important interactions. MD simulations showed that VA
remained attached at this hydrophobic ditch for almost all
the simulation time in the 5 simulations, except for the case

>

[ Hydrogen bonds

[ n stacking (edge-to-face)
[ n stacking (face-to-face)
[ Hydrophobic contacts

30ﬁ

20

40

2.1

0.6

24.4 3.3

22.0

10

% of interaction residue-VA

15.9 | | 128
0.4 11.2 | |13.0

4.2
3.9
0 3.0 14

Phe129 Phel64 Phe267 Leu270 Ala271 Gly162 GIn274 Pro279 Met282
Residue

Fig. 5 a Interaction profile for a combined MD simulation of 190 ns
where VA is stabilized next to Trpl171 at a hydrophobic ditch. The
interactions between VA and the residues at this site are rationalized
in terms of hydrogen bonds (cyan), edge-to-face m-stacking interac-
tions (yellow), face-to-face m-stacking interactions (orange), and
hydrophobic contacts (gray). The numbers in bold black inside the
bars show the exact percentage of duration of that interaction in the
MD simulation. b Snapshot from a 190-ns MD simulation showing
VA at the hydrophobic ditch next to Trp171

of two of them where VA exited to the solvent at the last
5 ns. The merging of the 5 trajectories produced a simu-
lation of 190 ns, which was analyzed, and its interaction
profiles were generated. Figure 5a shows the main residues
that constitute this hydrophobic concave ditch and their
contribution to VA binding. The most important residue
for VA stabilization was Phe129, with which VA remained
interacting during 32 % of the simulation, showing contri-
butions from pure hydrophobic contacts (24.4 %), face-to-
face (5.5 %), and edge-to-face (2.1 %) m-stacking interac-
tions. Hydrophobic interactions with Phe267 were also
very frequent, with a contribution of 24.7 %, with a large
majority of pure hydrophobic contacts (22 %). Hydropho-
bic interactions with Phel64, Leu270, Ala271, and Pro279
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were also detected in a range of 4-13 %. Additionally,
hydrogen bonds between the methoxyl oxygens of VA and
side chain amino hydrogen atoms of GIn274 had also an
important contribution in VA binding with a percentage
of duration of 15.9 %. Lastly, minor contributions came
from hydrogen bonds between the hydroxyl hydrogen
atom of VA with the backbone oxygen atoms of Gly162
and Met282. Figure 5b shows VA at this hydrophobic ditch
alongside with the most important residues for its stabiliza-
tion. The electrostatic potential clearly shows the enhanced
hydrophobicity of the residues involved in this site, and
very interestingly, with a predominance of aromatic resi-
dues such as Phe.

The importance of hydrophobic amino acids at the
protein surface in other lignin and cellulose degrading
enzymes for catalysis is well established [74, 75]. For
instance, fungal cellulases possess a specific binding
domain with three aromatic residues that lie at the sur-
face of the subunit and control binding affinity toward
cellulose [75]. It has been shown that mutations of these
amino acids greatly affect the binding ability of the
enzyme and its enzymatic activity [74]. In a similar way,
we hypothesize that the hydrophobic amino acids form-
ing this hydrophobic concave ditch, which are the aro-
matics Phe267, Phel29, and Phel64 together with the
hydrophobic amino acids Leu270, Ala271, and Pro279,
may play an important role in the stabilization of VA at
the protein surface.

The relevance of this hydrophobic ditch, which is part
of the binding site at Trp171, could also be inferred from
new engineered peroxidases, where LiP activity toward VA
has been created in Coprinus cinereus peroxidase (CIP)
[41]. Here, the active redox residue Trpl171 together with
other two acidic aminoacids (Aspl65 and Glu250) was
inserted in their respective equivalent positions at the CiP
surface, and VA oxidase activity was successfully imple-
mented. However, the engineered enzyme was found to be
500 less efficient than WT LiP. They confirmed that the
inclusion of acidic amino acids was important since the
mutant containing only the active Trp exhibited a very low
activity. Besides, CiP lacks Phe amino acids at the vicin-
ity of the engineered active Trp; therefore, one reason for
the large gap in the activities between mutated CiP and
WT LiP may be due to the absence of a hydrophobic site
which could stabilize VA at the protein surface. It is worth
mentioning that all our observations need to be verified
by experimental essays where site-directed mutagenesis
experiments will be the key to prove the importance of
the identified residues on LiP catalytic activity. Ongoing
experimental and computational (at QM/MM level) work
is being performed in our laboratory in order to test this
hypothesis.

@ Springer

4 Conclusions

Phanerochaete chrysosporium LiP has been focus of con-
siderable research during the years due to its attractive fea-
tures to be used in industrial and biotechnological applica-
tions. However, many aspects of the mechanism by which
LiP degrades polymeric lignin and other substrates are
still obscure. Great advance has been done in elucidating
the importance of the redox active residue Trp171, without
which LiP lacks activity toward VA and other lignin-model
compounds. In this work, we have contributed to study
the main interactions by which VA is stabilized at the LiP
surface and specifically at the vicinity of Trp171. Docking
calculations predicted that the main binding modes of VA
at Trpl71 involve hydrophobic interactions with Phe267
and hydrogen bonds with Asp264. The importance of other
acidic amino acids such as Glul68 and Aspl65 was also
discussed. MM—-GBSA calculations were used to estimate
the binding free energies of the different docking poses
confirming that Phe267 makes an important contribution to
VA binding as had been proposed earlier from experiments
[27].

Molecular dynamics simulations allowed us to study
the dynamics of Trpl71-VA complexes. It was seen that
Trp171-VA complexes exhibit a complex and heterogene-
ous behavior, since in some cases VA escapes rapidly to the
solvent, while in others it remains close to Trpl71 inter-
acting through hydrophobic interactions with Phe267 and
hydrogen bonds with Asp264. Clustering of the MD frames
provided five clusters that resembled the most visited con-
figurations for Trp171-VA complexes. The two most popu-
lated clusters showed VA forming m-stacking complexes
with Trpl71 and Phe267 and forming hydrogen bonds
with Asp264, showing that these interactions are stable for
“close-distance” complexes during the simulation time. It
is noteworthy that previous experimental work has shown
that Glul68 has the greatest impact on LiP activity toward
VA [41], where its contribution could come from either the
stabilization of the Trp171 ™ species or the [Trpl71-VA] ™
complex [41]. The fact that we do not observe Glul68
being involved in VA binding may be shedding light on the
different stabilization mechanisms of VA and the VAT spe-
cies. Future computational and experimental work in our
laboratory will be focused on answering these questions to
further clarify the role of Glu168.

Finally, routine MD simulations allowed us to character-
ize a hydrophobic concave ditch previously identified in the
LiP crystal structure [17]. Our MD simulations show that
when VA remains attached to the LiP surface, it approaches
this hydrophobic ditch where it is highly stabilized dur-
ing the simulation time. We suspect that the hydrophobic
residues forming this ditch next to Trp171 could function
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driving the recognition of aromatic substrates such as VA
and very probably lignin polymeric units. Site-directed
mutagenesis of the residues forming this site upon VA
binding and catalysis should confirm this.
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