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ABSTRACT: Monolignol binding to the peroxidase active site is the first step in
lignin polymerization in plant cell walls. Using molecular dynamics, docking, and
free energy perturbation calculations, we investigate the binding of monolignols to
horseradish peroxidase C. Our results suggest that p-coumaryl alcohol has the
strongest binding affinity followed by sinapyl and coniferyl alcohol. Stacking
interactions between the monolignol aromatic rings and nearby phenylalanine
residues play an important role in determining the calculated relative binding
affinities. p-Coumaryl and coniferyl alcohols bind in a pose productive for reaction
in which a direct H-bond is formed between the phenolic —OH group and a water
molecule (W2) that may facilitate proton transfer during oxidation. In contrast, in
the case of sinapyl alcohol there is no such direct interaction, the phenolic —OH
group instead interacting with Pro139. Since proton and electron transfer is the
rate-limiting step in monolignol oxidation by peroxidase, the binding pose (and
thus the formation of near attack conformation) appears to play a more important

role than the overall binding affinity in determining the oxidation rate.

B INTRODUCTION

Lignin is a complex polymer derived mainly from three
phenylpropanoid monomers: p-coumaryl (H), coniferyl (G),
and sinapyl (S) alcohols, also called monolignols' (Figure. 1).
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Figure 1. Three main monolignols that constitute lignin structure.

Lignin is present in the secondary cell wall of plants, providing
mechanical support and regulating water conduction, and also
plays a crucial role in hindering plant deconstruction to biofuels
and bioproducts.”* Reducing lignin content in plants or altering
its structure has shown promise for im7proving efficiency in
biofuel and bioproduct production.*”” Therefore, under-
standing lignin polymerization and structure is important
both for fundamental reasons and for devising rational
strategies to8 overcome resistance of plant biomass to industrial
conversion.”
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Many factors determine the structure of plant lignin,
including the relative rates of monolignol synthesis,"*”"’
their transport across membranes,"”'* binding to and oxidation
by peroxidase enzymes,">'* and radical cougling reaction
enthalpies for various types of interunit bonds."

Lignin polymerization, catalyzed by peroxidases and laccases,
takes place in three steps: monolignol binding to the enzyme
active site, H,0,-mediated oxidation at the active site to form
radicals, and finally radical coupling reactions to form lignin
polymers.'®'” In previous studies on the radical coupling
reactions it was shown that the three monolignols favor specific
interunit linkage types for self- and cross-coupling reactions
during lignin polymerization.'”” The oxidation rates of the
monolignols and otherllxignin precursors are dependent on their

Two monolignol molecules are oxidized during one
oxidation cycle, the second oxidation being the rate-limiting
step, 10 times slower than the first."” Crystal water W2 and
residues His42 and Arg38 play important roles during
peroxidase oxidation (Figure. 2). W2 is hydrogen-bonded to
the phenolic group on the substrate monolignol. The substrate
phenolic group acts as a proton donor and W2 as an acceptor in
this hydrogen bond that facilitates proton transfer during the
oxidation process.”’

Knowledge about the monolignol binding is crucial for
understanding lignification in plant cell walls. However, this
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Figure 2. Crystal structure of HRPC (6AT]J.pdb). Coniferyl alcohol
(yellow) bound to the active site of horseradish peroxidase C. The
heme group is in its resting state and contains an iron atom (orange).
Important residues His42, Arg38, and Prol39 are in magenta, and
crystal waters (W1 and W2) involved in binding and oxidation of the
monolignols are also shown. Three phenylalanine residues, 68, 142,
and 179 (red), guard the entrance of active site. W2 forms H-bonds
(dashed blue lines) with His42 and the phenolic —OH of coniferyl
alcohol.

first step of monolignol binding to the enzyme active site
remains unexplored to date. Here we study monolignol binding
(the structure and the specificity) to the resting state of
horseradish peroxidase C (HRPC) using docking calculations.
Further, we quantify the relative binding affinities of the three
primary monolignols to the resting state of HRPC in their
productive poses for oxidation using molecular dynamics (MD)
free energy perturbation (FEP)*'~**simulations. Collectively,
these results suggest that although binding affinity of the
coniferyl alcohol is least favorable, its binding pose is most
suitable for the oxidation reaction among the three monolignols
studied here.

B COMPUTATIONAL METHODS

Molecular Dynamics and Free Energy Perturbation
Simulations. The initial structure for the MD-FEP simulations
was obtained from a substrate-bound crystal structure (PDB
access code 6AT]) of HRPC."® The crystallographic ferulic acid
was converted to coniferyl alcohol with the allylic hydroxyl
group pointing to the allylic double bond, this being the lowest
energy conformer of coniferyl alcohol.'” There are three
orientations of ferulic acid in the crystal structure (Figure
SI2).>® The first (pose A), with an occupancy of 0.46, has the
phenolic hydroxyl group oriented away from the heme Fe. The
second (pose B), with its allylic side chain inside the active site,
is biologically inactive and has the lowest occupancy (0.26).
The third orientation (pose C) with the phenolic hydroxyl
pointed toward the heme Fe and an occupancy of 0.36 was
chosen here, as it is the only geometry that allows oxidation.”’

The protein was embedded in a cubic water box of 76 X 84 X
71 A% dimensions. The system was neutralized using chloride
ions. All systems were prepared with VMD,* and simulations
were performed with NAMD2.9.”” The CHARMM?22 force
field”® with CMAP corrections™ and the TIP3P water model*
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were used to describe the protein and solvent, respectively.
Parameters for p-coumaryl, coniferyl and sinapyl alcohols (see
Supporting Information) were assigned by analogy from the
CHARMM lignin®' and General force fields.*” In the resting
state of the HRPC, the heme Fe is 5-coordinated, and the distal
histidine (His170) is bonded to the heme Fe such that the Fe is
slightly out of the plane of the prosthetic group. Parameters for
S-coordinated heme are provided in Table SII.

Before starting the FEP simulations, the system was first
energy minimized for 15000 steps while keeping the protein
backbone, the heavy atoms of the heme and monolignol, and
the calcium ions fixed. Then, the system was energy minimized
for another 5000 steps without fixing atoms. Starting from 0 K,
the temperature of the system was raised to 300 K in
increments of 20 K using MD, simulating the system at each
temperature for 20 ps while the Ca of the protein, the heavy
atoms in the heme and the monolignol, and calcium ions were
harmonically restrained using a force constant of 1.0 kcal/ (mol
A). At 300 K, all the restraints were released, and the system
was further equilibrated for 20 ps before starting the FEP
simulations.

All MD-FEP simulations were carried out in the NPT
ensemble. The temperature was maintained at 300 K using
Langevin damping with a friction coefficient of 1 ps™, and the
pressure was maintained at 1 bar using the Langevin piston
method.” Periodic boundary conditions were applied. A time
step of 2 fs was used throughout the simulations. Nonbonded
interactions were calculated at every time step. PME was used
to calculate long-range electrostatic interactions every two time
steps.”* Lennard-Jones and short-range Coulombic interactions
were truncated smoothly at 12 A with a switching function
applied at 10 A. The SHAKE algorithm was used to constrain
all covalent bonds involving hydrogen atoms at their
equilibrium lengths.

During the FEP simulations, each perturbation converting
coniferyl alcohol to either p-coumaryl or sinapyl alcohol was
divided into 24 windows. For each window, a total of 100 000
MD steps were performed, the first 40 000 being considered
equilibration and the remaining 60 000 used for data collection.
Probability distribution and free energy convergence plots for
few windows are shown in the Supporting Information. FEP
simulations were performed for both forward and backward
directions. A cumulative total of 4.8 ns of MD was performed
for each ligand in water and in the HRPC active site. Lennard-
Jones interactions were adjusted linearly over the entire range
of 4, the coupling parameter that smoothly connects the initial
(4 =0) and final state (4 = 1) of the perturbed system, i.e., the
monolignol. Electrostatic interactions were decoupled for
disappearing atoms at 4 = 0.5. A soft-core potential was
introduced near the 1 ends to avoid singularities in the
potential. FEP calculations were analyzed using the VMD
plugin,” and binding free energy differences and statistical
errors were calculated using the Bennett acceptance ratio
method.*

The thermodynamic cycle shown in Scheme 1 was used to
calculate the relative binding affinities of the monolignols.
AGyingca and AGyngye represent the binding free energies of
coniferyl and the other two ligands (p-coumaryl and sinapyl) to
the HRPC active site, respectively. AG” and AG" represent the
changes in free energy due to transformation of coniferyl
alcohol into p-coumaryl or sinapyl alcohol inside the active site
of enzyme and in water, respectively. The relative binding of
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Scheme 1. Thermodynamic Cycle Used To Compute the
Relative Binding Affinity of Monolignols to Horseradish
Peroxidase”

ac«

Ligand” here can be either p-coumaryl or sinapyl alcohol.

monolignols was calculated here using AG" and AG" as
AAGyng = AGbind,CA - AGbind,]ig = AG" — AG".

To calculate AGY, a monolignol with hybrid topology was
embedded in a water box of dimensions 30 X 30 X 30 A’. The
same procedure as in the protein environment was used for the
monolignol to calculate the free energy change during
transformation of coniferyl to p-coumaryl or sinapyl alcohol
in aqueous solution.

Docking Calculations. All docking calculations were
performed using the Autodock4.2 software.”” For docking,
the apo crystal structure of horseradish peroxidase was used
(PDB access code 1ATJ), which does not have any ligand
bound to the active site. The p-coumaryl, coniferyl, and sinapyl
ligands were flexible while the protein was kept rigid during
docking simulations. HRPC does not undergo any major
structure conformational changes upon ligand binding,38 and
therefore rigid receptor docking should not pose any major
problem in evaluating docking results. The CA-RMSD between
the apo structure of HRPC and the bound structure
(6AT].pdb) is 027 A, and there is no major side-chain
reorientation of residues lining the active site (Figure SI4).

AutoDockTools1.5.6”” was used to set the rotatable bonds
and add polar hydrogens. Docking was performed using a grid
map of 126 in each dimension with 0.375 A grid spacing. First,
for each of the three alcohols, docking calculations were
performed with and without the crystal water molecule (W1) in
the active site, with a population size of 100; ie., 100 separate
docking calculations were performed for each monolignol using
the same apo HRPC structure. Similar results were obtained in
both cases in terms of the number of times a monolignol binds
in a pose similar to pose C for the three alcohols. Additional
docking was performed, with a population size of 1000, for each
of the alcohols with either one (W1) or two (W1 and W2)
water molecules in the active site. The number of energy
evaluations used for each docking calculation was 25 000 000.
Clustering analysis was performed using an RMSD tolerance of
2 A

n-Stacking Interactions. To analyze the interactions that
stabilize binding to the enzyme, only snapshots with the pose C
like orientation of the monolignols were considered. Hence, we
used the snapshots from the first (for coniferyl) or the last (for
p-coumaryl or sinapyl) window of the FEP simulations (each
100 ps long; 200 snapshots) to evaluate the monolignol
interactions in their binding pose. Two types of interactions
were found between the monolignol aromatic ring and the
close-by aromatic residues: off-centered parallel displaced
stacking and T-shaped.”” The centroid-centroid distance,
Reny the center-normal angle, 8, and the normal—normal
angle, 7, between the aromatic rings39 were calculated using in-
house tcl scripts. Hydrogen bond occupancies between
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monolignols and water molecules were calculated using a
distance cutoff of 3.5 A and angle cutoff of 30°.

B RESULTS

Docking. Blind docking calculations were performed using
an apo HRPC structure (1AT].pdb) in the resting state to
investigate how the three monolignols might bind to the active
site of HRPC. Three sets of docking calculations were
performed; without and with one (W1) and two (W1 and
W?2) crystal waters (important for oxidation) in the active site.
Docking calculations without water and with W1 produced
complexes with monolignol orientations similar to that adopted
by the ferulic acid in the crystal structure. However, the
presence of two water molecules in the active site negatively
affects the binding of the three monolignols, yielding none of
the three binding poses seen experimentally. Details of the
docking calculations are given in the Supporting Information
(Figures SIS and SI6, Table SI2).

Docking without Crystal Waters. In 70—80% of the docked
conformations, the three monolignols bind to the active site in
three different orientations, similar to those observed in the
crystallographic analysis of ferulic acid bound to HRPC. In the
absence of active site waters, we found that in the lowest energy
docked complexes the phenolic oxygen in all three monolignols
interacts directly with His42 NE2. In contrast, in the case of
ferulic acid bound to HRPC (6AT]), the phenolic oxygen
interacts with His42 NE2 via W2 in a pose that primes the
substrate for oxidation (pose C).

Docking with Crystal Water W1 in the Active Site near
Heme Fe. W1 is present in close proximity to the Fe of the
heme porphyrin ring. The lowest binding energy pose for
coniferyl has its methoxy group flipped away from Phel79, i.e.,
opposite to what is seen in the crystal structure for ferulic acid,
while for p-coumaryl and sinapyl alcohols the phenolic oxygen
interacts with His42 as in the case of docking without crystal
waters. This means the crystal water W1 does not obstruct the
monolignol binding to the peroxidase active site. The pose of
the docked monolignols with the phenolic oxygen inside the
active site is shown in Figure SI7.

Docking with Two Crystal Waters in the Active Site.
Docking of monolignols to HRPC with two waters (W1 and
W2) in the active site produced no binding poses resembling
any of the three poses observed for ferulic acid. This is because
the second crystal water (W2) in the apo structure is located
exactly at where the monolignol would bind. We therefore
moved this crystal water to its position in the crystal structure
of HRPC bound to ferulic acid, thus, in principle, allowing the
monolignols to bind and make interactions with active site
residues. The water molecules were kept rigid during docking.
However, still no binding poses similar to ferulic acid were
obtained for any of the monolignols. This is not surprising since
it is known to be challenging to include waters in docking
calculations, which may enhance or deteriorate the docking
results.”**!

Overall, in the docking results the following was found: that
(1) p-coumaryl alcohol binds most frequently to the active site
and (2) coniferyl alcohol has the least favorable binding energy.
We now further quantify the binding affinity of the three
monolignols to the active site of HRPC using more rigorous
free energy calculations.

MD-FEP. Free energy perturbation (FEP) calculations were
performed in an effort to quantify the relative binding affinities
of p-coumaryl, coniferyl, and sinapyl alcohols to the active site
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of horseradish peroxidase. p-Coumaryl alcohol was found to
bind most strongly, by —1.3 + 0.1 kcal/mol compared to
coniferyl alcohol, followed by sinapyl alcohol, whose binding
free energy was —0.4 + 0.1 kcal/mol lower than for coniferyl
alcohol (Table 1). The trend is consistent with the docking
predictions.

Table 1. Binding Affinity of p-Coumaryl and Sinapyl
Alcohols to HRPC Relative to Coniferyl Alcohol As
Calculated from Free Energy Perturbation Calculations

ligand relative binding affinity (kcal/mol)
coniferyl alcohol 0
p-coumaryl alcohol -13 +0.1
sinapyl alcohol —04 + 0.1

In order to rationalize the relative binding affinities calculated
above, we investigated the molecular interactions of the three
monolignols with the surrounding protein residues in the active
site. We examined two types of interaction that can stabilize
monolignol binding: (i) Stacking interactions between the
phenyl ring of the monolignols and the three aromatic
phenylalanine residues (Phe68, Phel42, and Phel79) that
guard the entrance to the active site, especially Phe68 and
Phel79 that are more proximal to the substrate. Phel42 is not
listed in the table as it is further from monolignols than the
cutoff distance of 7 A used for stacking interaction calculations;
(i) hydrogen bonds between a phenolic group and a water
molecule.

As a reference, we also evaluated these two types of
interactions (hydrogen bonds and stacking) for ferulic acid
bound to HRPC in 6AT].pdb. The phenolic —OH group of
terulic acid forms a hydrogen bond with the crystallographic
water molecule W2, with an O—O bond distance of 3.18 A, and
W2 also interacts with His42, forming an O—N bond of 3.36 A
in length. The methoxy oxygen on C3 forms a further hydrogen
bond, with Arg38 (O—N bond length of 2.89 A). The methoxy
oxygen is considerably less polar than a hydroxyl oxygen and
may therefore be expected to form weaker electrostatic
interactions with Arg38. For stacking interactions, the
calculated centroid—centroid distance, R, and the center-
normal angle, 6, and the normal—normal angle, y, between the
rings of the ferulic acid and Phe68/Phel79 are shown in Table
2. Ry (8.4/11.1 A) is much longer than cutoff distance of 7.0
A. Thus, ferulic acid does not form strong stacking interactions
in its bound state.

For coniferyl alcohol, there is hydrogen bond between
phenolic —OH and W2 (Figure 2 and Figure SI8). As concerns
possible stacking interactions, the average R, between the
coniferyl ring and the Phe68 and Phel79 rings are longer than
those in the cases of p-coumaryl and sinapyl alcohol (Table 2
and Figure SI9). The average calculated nonbonded interaction

between the coniferyl ring and the Phe68 and Phel79 is —4.8
kcal/mol. For sinapyl, the phenolic —OH moves further away
from the Heme Fe and W2, interacting with the oxygen atom of
Pro139 (Figure 3 and Figure SI8). Stacking interactions may

Figure 3. p-Coumaryl (upper panel) and sinapyl (lower panel)
alcohols bound to the active site of the resting state HRPC enzyme.
The blue dashed lines indicate the hydrogen bonds. Protein is in
ribbon format. In the case of p-coumaryl alcohol, the phenolic —OH
(donor) is hydrogen bonded to W2 (acceptor) that further interacts
with His42, providing the mechanism for proton transfer during
monolignol oxidation. The sinapyl alcohol phenolic —OH group
interacts, however, with Pro139.

Table 2. Stacking between the Monolignol and the Nearby Residues Phe68 and Phe179

Phe68 (parallel-displaced)

Phel79 (T-shaped)

monolignol Ree (A) 0 (deg)
ferulic acid 8.41 S1

coniferyl 7.09 £+ 0.61 S4+6
p-coumaryl 6.37 + 0.50 50 +7
sinapyl 6.51 + 0.56 50 +7

v (deg) Reee (A) 6 (deg) 7 (deg)
33 11.10 60 76

24 + 14 6.84 + 048 7249 79 +7
27 + 15 5.94 + 030 75+ 9 82 + 5
29 + 14 644 + 037 7149 77 + 8

“The R,y 6, and y are the averages from FEP simulations as described above in the Computational Methods section.
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contribute to the binding because the sinapyl ring is mostly
outside the active site and closer to the Phe68 ring than that in
the case of coniferyl alcohol (Table 2). Correspondingly, the
average nonbonded interaction between sinapyl ring and the
two aromatic residues is —S.7 kcal/mol.

Three water molecules reside inside the active site when
sinapyl is bound compared to two in the case of coniferyl. Also,
in sinapyl binding, the more distant Phel42 aromatic ring
adopts a different orientation than that in p-coumaryl and
coniferyl, so as to accommodate the methoxy group at CS
(Figure 3). For p-coumaryl both the hydrogen bonding with
W2 through the phenolic —OH group and the stacking
interaction with Phe68 and Phel79 are present. p-Coumaryl
also allows three water molecules in the active site, like sinapyl
alcohol (Figure 3). The average calculated nonbonded
interaction between the p-coumaryl ring and the Phe68 and
Phel79 rings are —5.07 kcal/mol. Overall, the coniferyl ring has
the weakest nonbonded interactions with the guarding Phe
residues.

B DISCUSSION

In the present FEP simulations and docking calculations the
binding affinity is least favorable for coniferyl alcohol. This
finding is consistent with weaker interactions between the
coniferyl monolignol and the proximal Phe68 and Phel79
residues. As explained in ref 26, the position of the bound
monolignols will not change in going from the resting state of
HRPC to the active states compounds I and II for the first and
the second oxidation during peroxidase-mediated oxidation
cycle. W1 in the resting state is replaced by an oxygen atom
bound to the Fe forming oxo-iron in compounds I and II, but
W2 is still positioned between His42 and Fe. The present
binding calculation results, performed in the resting state of
enzyme, are thus valid for active states of the peroxidase.

After binding, for efficient oxidation to occur the monolignol
needs to be in a pose that facilitates oxidation to occur.
Oxidation occurs via a proton-coupled electron transfer
mechanism; a water molecule mediates a proton transfer
from the phenolic —OH group to His42, and an electron is
transferred to the heme Fe or porphyrin ring from the
monolignol.20 Thus, the interactions and distances of the
monolignol phenolic oxygen with the water W2 and to heme
Fe are essential criteria for productive oxidation.”” Coniferyl
alcohol binds to the active site of HRPC in a pose that fulfils
the above criteria (Figure 2 and Figure SIS8).

In contrast, the binding poses of p-coumaryl and sinapyl
alcohols are not optimal. In the case of p-coumaryl, although
the W2-phenolic —OH hydrogen bond is present, water
molecule W3 competes with W2 for hydrogen bonding to the
phenolic —OH, thus weakening the important W2-phenolic
—OH hydrogen bond. This might negatively affect the proton-
transfer step during oxidation.

In the case of sinapyl alcohol, the phenolic —OH group
interacts with the Prol39 oxygen (Figure 3). W2 forms a
hydrogen bond with phenolic oxygen in which the phenolic
oxygen acts as a proton acceptor instead of a proton donor as in
the cases of p-coumaryl and coniferyl alcohol. Proton transfer
from sinapyl thus cannot occur as efliciently as in the cases of
coniferyl and p-coumaryl.
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Bl CONCLUSION

Taken together, our results suggest that the binding affinity of
the monolignols decreases in the order of p-coumaryl, sinapyl,
and coniferyl alcohol. To optimize stacking interactions that
stabilize binding, the optimal geometry for oxidation is
sacrificed in the cases of p-coumaryl and sinapyl alcohols.
Our extensive docking and free energy calculations pointed
toward the importance of substrate binding pose, which is
directly related to the proton transfer step in monolignol
oxidation by peroxidase enzyme.
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