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pH bulffer plays versatile roles in both biology and chemistry. In this \ PH buffer stabilizes the Trp171-H™
study, we unravel the critical role of pH buffer in accelerating degradation of the ‘p—\ \ o Fordgnin oxidagon
lignin substrate in lignin peroxidase (LiP) using QM/MM MD simulations and the j}%\* pH buffer
nonadiabatic electron transfer (ET) and proton-coupled electron transfer (PCET) /ﬁ\Hisﬂe X k
theories. As a key enzyme involved in lignin degradation, LiP accomplishes the
oxidation of lignin via two consecutive ET reactions and the subsequent C—C k_/
cleavage of the lignin cation radical. The first one involves ET from Trpl71 to the ET /
active species of Compound I, while the second one involves ET from the lignin Trp171 ﬂ’\
substrate to the Trp171 radical. Differing from the common view that pH = 3 may Substrate

enhance the oxidizing power of Cpd I via protonation of the protein environment,

our study shows that the intrinsic electric fields have minor effects on the first ET step. Instead, our study shows that the pH buffer of
tartaric acid plays key roles during the second ET step. Our study shows that the pH buffer of tartaric acid can form a strong H-bond
with Glu250, which can prevent the proton transfer from the Trp171-H*" cation radical to Glu250, thereby stabilizing the Trp171-
H** cation radical for the lignin oxidation. In addition, the pH buffer of tartaric acid can enhance the oxidizing power of the Trp171-
H** cation radical via both the protonation of the proximal Asp264 and the second-sphere H-bond with Glu250. Such synergistic
effects of pH buffer facilitate the thermodynamics of the second ET step and reduce the overall barrier of lignin degradation by ~4.3
kcal/mol, which corresponds to a rate acceleration of 10°-fold that agrees with experiments. These findings not only expand our
understanding on pH-dependent redox reactions in both biology and chemistry but also provide valuable insights into tryptophan-
mediated biological ET reactions.

long-range electron transfer, pH effects, lignin peroxidase, QM/MM MD simulations, nonadiabatic ET and PCET

Scheme 1. An Abbreviated Catalytic Cycle of Lignin

pH buffers play vital roles in biology and chemistry. For Peroxidase
instance, pH buffers can change the protonation/deprotona- H\O/H
. . 1,2 .
tion of the electron donor/acceptor directly, "~ through which
one could modulate the redox potential of the electron donor/ st H202
acceptor. However, the exact roles of pH buffer are still elusive .
for many enzymatic reactions. Herein, we address these issues | His I
in lignin peroxidase,”* a key enzyme involved in lignin s H* H.O
degradation. H 2
In nature, several peroxidases are found to be responsible for ~0 0
the degradation of lignin, including the versatile peroxidase
(VP) ,5’% manganese pgroxidase (MngP) ,/ and lignin peroxidase
(LiP).**~"" As a peroxidase, LiP catalyzes the cleavage of ether His H* His
C—C and C—O bonds in lignin via a H,0,-dependent
oxidative mechanism. Compared to many other peroxidases,
LiP can oxidize the less-reactive nonphenolic lignin sub- s+ I g
units. """
As shown in Scheme 1, the catalytic cycle of LiP involves November 30, 2022
three main stages.”'' Similar to other peroxidases, the first January 4, 2023
stage (I) involves the activation by H,O, to form a ferryl ion January 5, 2023
porphyrin 7-cation radical species, so-called Compound I January 24, 2023

(Cpd 1), a common active species in peroxidases.m’lz_14 In the
second stage (II), Cpd I performs one-electron oxidation of
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the lignin substrate, yielding Cpd II and the lignin cation
radical species (S**). Emerging from this lignin cation radical
species, C—C cleavage can occur to generate the lignin
fragments. In the third stage (III), Cpd II can perform a
second-round oxidation of the lignin substrate, returning the
enzyme to the native ferric state. Currently, it is widely
accepted that the oxidation of lignin by Cpd I/II involves a
long-range electron transfer (ET) from the lignin substrate to
Cpd I/IL*”'%""' Such long-range ET is mediated by a
redox-active tryptophan residue exposed at the protein surface.
In both VP and LiP, a tryptophan radical (Trp171 in LiP and
Trpl64 in VP) has been characterized by EPR spectrosco-
py,°** suggesting that the oxidation of lignin may occur via
two long-range ET steps mediated by Trpl71 (see Figure 1).

His176

the first ET

Substrate

Figure 1. Two consecutive long-range ET steps mediated by Trp171.
These two ET steps are involved in the first-round oxidation of the
lignin substrate by LiP (stage II in Scheme 1).

One involves ET from Trpl71 to Cpd I, while the other
involves ET from the lignin substrate to the Trpl71 radical.
However, the mechanism of long-range ET reactions, either
through outer-sphere ET or throu§h proton-coupled electron
transfer (PCET), is elusive.">**~>

In addition to the unsolved ET mechanism in LiP, a long-
standing issue exists for the pH-dependent reactivity of LiP.
Specifically, it was found that the degradation of the lignin
substrate can be enhanced by ~10°-fold when changing pH = 7
to the optimal pH = 3. To rationalize this puzzle, various
explanations have been proposed. For instance, it was
proposed that low pH can protonate the titratable residues
close to Heme, which may increase the redox potential of Cpd
I, thereby increasing the oxidizing power of Cpd I toward
lignin oxidation.”* However, an increase of the Cpd I redox
potential can only increase the driving force for the first ET
step (Trpl71 — Cpd I), while the thermodynamics of the
second ET step (lignin — Trp171) may not be affected. Thus,
it is enigmatic how pH buffer is involved in LiP catalysis.

To elucidate the mechanism of LiP catalysis and pH effects
on the ET rate, we performed QM/MM MD simulations and
the nonadiabatic ET and PCET calculations on the one-
electron oxidation of lignin mediated by Cpd I (stage II in
Scheme 1). Our study provided a molecular basis on how pH
buffer accelerates the lignin degradation by LiP, highlighting
that the engineering of the second-sphere H-bonding
interactions and the proximal protonation states can be used
as practical strategies to regulate the kinetics of the ET
reactions.
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The structure of LiP was constructed based on the crystal structure of
the native LiP from P. chrysosporium (PDB entry: 1B80, which was
obtained at pH = 3.5 and with a resolution of 1.73 A).>* The P.
chrysosporium LiP has been extensively studied by experiments,
which has well-characterized crystal structures and biochemical
data,®"**%%” providing an excellent example for comparison with
theoretical studies. Only chain A was retained in our study. The f-
hydroxy-Trp171 was converted back to a normal Trp residue. The
dimeric lignin substrate (i.e., 1,2-bis(3,4-dimethoxyphenyl)-1,3-
propanediol) was docked into the proximity of Trp171, while tartaric
acid was docked into the proximity of Glu250. Notably, as our
simulations focus on the interaction of Glu250 with a protonated
carboxylic group of tartaric acid, either the singly protonated or the
doubly protonated form would be reasonable for our simulations. In
the present study, we treated the tartaric acid doubly protonated in
our simulations. All dockings were performed using the AutoDock
Vina tool’® in Chimera.”® We assigned the protonation states of
titratable residues (His, Glu, Asp) based on the calculated pK, values
by PROPKA software®” and pH = 3 or 7. The protonation states were
further checked by visual inspection of the local hydrogen-bond
networks. Especially, Glu250 was deprotonated, while protonation
states of the other titratable residues are provided in the Supporting
information (SI). The pK, values can also be reliably predicted by the
constant pH MD simulations.*”*" Nevertheless, the parameterization
of non-standard residues (such as heme-Cpd I) for our current system
can be a difficult task. For heme propionic groups, we assigned them
as the deprotonated states since the pK, values of surrounding titrable
residues are higher than 3 according to the PROPKA calculation. To
further confirm such an assignment, we have tested the proton
transfer reaction from the protonated surrounding residue Asp183 to
the heme propionic group using QM/MM calculations (Figure S1).
Our calculations show that the PT reaction is very endothermic
(Figure S1), suggesting that the protonation of the surrounding
residues is favored over the protonation at heme propionic groups.
The general AMBER force field (GAFF)* was used to model the
dimeric lignin substrate and tartaric acid with the atomic charges
assigned as the RESP charges™ at the B3LYP/6-31G(d) level of
theory. The force field parameters for Cpd I and the protonated Cpd
Il were generated using the MCPB.py program.”** The Amber
ff14SB force field*® was employed to simulate the protein. Finally, the
system was solvated in a rectangular box of TIP3P waters, which
extends to a minimum distance of 16 A from the protein surface.
Chloride/sodium ions were added to neutralize each system.

After proper setup, the system was minimized for 20,000 steps
using the steepest descent algorithm, followed by 20,000 steps using
the conjugate gradient algorithm. Then, the system was heated from 0
to 300 K in 50 ps under NVT ensemble with a weak restraint of 25
kcal/mol/A* on the protein. To achieve a uniform density after
heating, 1 ns of density equilibration was performed under the NPT
ensemble, where the target temperature of 300 K was maintained
using the Langevin thermostat*” with a collision frequency of 2 ps,
while the target pressure of 1.0 atm was controlled using the
Berendsen barostat'® with a pressure relaxation time of 1 ps.
Afterward, a production MD simulation was propagated for 50 ns
under the NPT ensemble. During the equilibration and production
runs, a weak restraint of 25 kcal/mol/A” has been applied to the
substrate because the substrate binding is flexible at the enzyme—
water interface. A 2 fs time-step was used for all of the MD runs. The
SHAKE algorithm was used to constrain the covalent bonds involving
hydrogen atoms, while the “three-point” SHAKE algorithm was used
for the water molecules. All MD simulations were performed using the
pmemd.cuda program in the Amber18 software package.*’

A representative snapshot between 40 and 50 ns of the production
MD trajectory was used for the subsequent QM/MM MD simulations
(see Figures S3 and S4). These selected structures are quite close to
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Scheme 2. Three reaction steps involved in the one-electron oxidation of lignin by Cpd I in Stage II (see Scheme 1)

(A) The first ET from Trp171 to Cpd I
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the most populated structures from the cluster analysis of the MD
production trajectory (Figures S4—S9). All QM/MM Born—
Oppenheimer MD simulations were performed using the CP2K 5.0
package,” along with the QM program QUICKSTEPS®' and the MM
driver FIST. In this code, a real space multigrid technique is used to
compute the electrostatic coupling between the QM and MM
regions.sz’53 The QM region was modeled at the DFT(UB3LYP-D3)
level, employln% the dual basis set formalism of Gaussian and plane
waves (GPW),”' whereas the remaining part of the system was
modeled at the MM level using the same parameters as in the classical
MD simulations. For the QM calculations, the Gaussian double-{
valence polarized (DZVP) basis set was used to expand the wave
function,”* while the auxiliary plane-wave basis set with a density
cutoff of 360 Ry and GTH pseudopotentials’ was utilized to
converge the electron density. The dangling bonds between the QM
and MM regions were capped with hydrogen atoms. The QM region
consists of the electron donor, the electron acceptor, and the
surrounding key residues, which have been specified for each step (see
Figure S$10). To speed up the calculation of Hartree—Fock exchange
within the B3LYP hybrid functional, the auxiliary density matrix
method (ADMM) was used.”® All QM/MM MD simulations were
performed under the NVT ensemble using a time step of 0.5 fs. The
system was equilibrated without any constraints for 2 ps for the first
ET step and S ps for the second ET step, respectively. For QM/MM
metadynamics calculations, the width of the Gaussian hills was set to
0.2 A, the Gaussian height was set to 0.6 kcal/mol, while the time
deposition interval between the two consecutive Gaussians was set to
10 fs. In our study, one recrossing over the transition state, as
recommended in literature studies, was taken as convergence criteria
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for metadynamics calculations.”” Our QM/MM calculated spin
density population of Cpd I is provided in Figure S11, which
corresponds to the typical electron state of Cpd L°° As discussed
previously,”” multireference and multiconfiguration (MR/MC)
methods could possibly achieve better accuracy than DFT methods,
but in practice, it is quite challenging to be used as MR/MC
calculations require a very balanced treatment of electron correlation

for a few states.”®

All QM model calculations were performed using Gaussian 16
software.”” The geometries of interested species were fully optimized
in conjunction with the SMD continuum solvation model®' at the
B3LYP-D3/def2-SVP level of theory.(’z_65 The energies were further
refined with the larger basis set def2-TZVPP for all atoms.*
Harmonic frequency calculations were performed at the same level
of theory as the optimizations to estimate the zero-point energies as
well as the thermal and entropic corrections. In addition, we also
tested the wB97XD functional for the calculation of the electronic
coupling. With wB97XD, the calculated electronic coupling for the
second ET step is 0.015 eV, which is close to the value of 0.021 eV
obtained by B3LYP. As QM-optimization may lead to the shortening
of the donor—acceptor distance compared to the one within the
protein environment, we have adjusted the electronic couplings based
on the difference between the QM-optimized ET distance and the
averaged ET distance from the QM/MM MD simulation (Eqgs. 2 and
5 in SI).
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The Marcus theory® was used to calculate the ET rates (eq 1).
Herein, AG® is the reaction-free energy based on QM calculations. V
is the electronic couplinug7 calculated using the fragment charge
difference (FCD) method®’ implemented in the Q-chem program68
and by considering the distance correction. A is the total
reorganization energy, in which the inner-sphere reorganization
energy was calculated using the four-point method, while the outer-
sphere (or solvent) reorganization energy was calculated by using the
two-sphere model.*”’

bty [F (AG" + 1)
B T T ik
B B (1)
1 2 T 2
kpcer = E vl m ;PM ; <ISMD(RPT)| )
(AG,, + A)
exp|————
42k T )

The nonadiabatic PCET theory’® "’ was used to calculate the
PCET rate (eq 2). For the PCET calculations, the calculations of the
electronic coupling follow the same protocol as for the ET reactions,
while calculations of the reorganization energy follow a similar
protocol as for the ET reactions. In eq 2, AG,, means the reaction-
free energy with the donor-proton in the vibrational state 4 and the
acceptor-proton in the vibrational state v. P, is the Boltzmann
population of the donor-proton in the vibrational state u. S, is the
overlap integral between the donor-proton and acceptor-proton
vibrational wavefunctions when they are in the states y and v,
respectively. S, is a function of Rpy, which is the donor—acceptor
distance. Morse potentials were used to model the donor-proton and
acceptor-proton vibrations. In the PCET calculations, the donor-
hydrogen and acceptor-hydrogen vibrational states up to the third
excited states (with ., = 3 and v, = 3) were taken into account to
ensure the convergence. Further details about the calculations of the
ET and PCET rates are shown in the SIL

As summarized in Scheme 1, the whole catalytic cycle of LiP
can be divided into three main stages. Among these stages, the
activation of H,0, (stage I), en route to the formation of Cpd
I, can proceed via the well-established “Poulos—Kraut
mechanism”.'>”> Such a mechanism via the heterolytic
cleavage of the O—O bond has been extensively studied in
heme-dependent metalloenzymes.”*~” As such, our study
would focus on stage II in Scheme 1, which is comprised of
two consecutive ET steps and the subsequent C—C cleavage of
lignin cation radical (Scheme 2). The first ET step involves the
long-range ET from Trpl71 to Cpd I, generating the Trpl71
radical and Cpd II. Due to the basicity of Cpd II and the acidic
pH environment, Cpd II would undergo the facile protonation
to form the Fe(IV)-OH species, ie, the protonated Cpd
IL.">*%*" The formation of the protonated Cpd II could inhibit
the back ET from Cpd II to the Trp radical. The second ET
step involves the long-range ET from the lignin substrate to the
Trpl71 radical, leading to the intact Trpl71 residue and the
lignin cation radical species. Then, the C—C cleavage can
occur in the lignin cation radical species, leading to the lignin
fragments.

In stage III, the protonated Cpd II would be responsible for
the second-round substrate oxidation. As the reaction
mechanism in stage III is expected to be similar to that in
stage I, the present study focuses on stage II (Scheme 2), and
the obtained insights can be transferred to stage III
straightforwardly. In the following sections, we first performed

539

QM/MM MD simulations to track the plausible ET
mechanism at pH = 7 and pH = 3. In particular, the state-
of-the-art QM/MM MD simulations can enable us to obtain
the equilibrated structures before/after the ET/PCET
processes and to gauge the thermodynamics of the ET/
PCET processes. However, as noted in our previous study,93
the QM/MM MD simulations may significantly overestimate
the rate of an ET reaction, mostly due to the neglection of the
electronic transmission coefficient in the Marcus theory. Thus,
the ET and PCET rate constants were later calculated with the
nonadiabatic ET and PCET theories. Finally, the cluster-
continuum model calculations were performed to investigate
the C—C cleavage of the lignin cation radical in water solution.

As we mentioned in the introduction, the condition at pH ~ 3
can speed up the lignin degradation by up to ~10°-fold when
compared to that at the neutral pH condition (pH ~ 7). In
experiments, the pH buffer of tartaric acid has been widely
used in studies of LiP.**~** Tartaric acid is a diprotic acid with
two pK, values of 3.0 and 4.3, respectively. Thus, diprotic acid
would have at least one carboxyl group protonated at pH ~ 3.
As an organic acid, tartaric acid can act as a proton donor or
H-bonding donor to a plausible base. For residues surrounding
Trpl71, the predicted pK, values are 4.11 for Asp264 and 2.94
for Glu250. Thus, Asp264 would be in the protonated form,
while Glu250 is likely in the deprotonated form at pH ~ 3. As
the deprotonated Glu250 is the only available base at the
surface of LiP that is exposed to the solvent, the protonated
carboxylic group of tartaric acid may form a H-bond to the
deprotonated Glu250 (see Figure 2). To further investigate the
effect of including the tartaric acid explicitly at pH = 3, we have
investigated both ET steps at pH = 3 with or without tartaric
acid.

pH buffer
Glu250

Asp264

Figure 2. Local structure of Trpl71 at pH = 3. Asp264 is protonated,
while the surface-exposed Glu250 residue is available to form a H-
bond with the pH buffer of tartaric acid.

In Scheme 3, we present two ET steps at pH = 7 and pH = 3
(with tartaric acid). In addition, the QM-calculated reaction-
free energy is shown for each ET step.

3.2.1. First ET from Trp171 to Cpd | at pH ~ 7. To
decipher the mechanism of the first ET step from Trpl71 to
Cpd I at pH = 7, MD and QM/MM MD simulations have
been carried out. First, our classical MD simulations indicated
that the sidechain N atom of Trp171 keeps a distance of ~16.8
A from the Fe atom in the heme group (see Figure $12). Such
distance is reasonable for biological electron transfer.®> Then,
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Scheme 3. Illustration of Two ET Steps at pH = 7 and pH = 3, along with the QM-Calculated Reaction-Free Energy (in kcal/
mol) for Each Step. At pH = 7, Asp264 is Deprotonated, while the pH Buffer of Tartaric Acid is Fully Deprotonated and is Not
Able to Donate a H-Bond to Glu250. At pH = 3, Asp264 is Protonated, and the pH Buffer of Tartaric Acid is Able to Donate a

H-Bond to Glu250
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we calculated the ET pathway from the Trp171-N atom to the
Heme-Fe atom using the Pathways plugin in VMD software.*®
As shown in Figure 3, the most favorable ET pathway between

Figure 3. Most favorable ET pathway from Trpl71 to Cpd L

these two atoms is Trpl71 — Metl72 — Leul73 — His176
— Heme. Based on the representative structure from the
classical MD simulations, we carried out the QM/MM MD
simulations, in which the key residues along the ET pathway
were included in the QM region.

Our QM/MM MD simulation shows that an electron can
transfer from Trpl71 to Cpd I within ~220 fs (Figure S13),
affording the Trpl71-H** cation radical (Figure 4). This
finding suggests that the first ET step is favorable
thermodynamically, which is consistent with our QM model
calculations (with an exergonicity of 3.68 kcal/mol, see
Scheme 3). In addition, this result suggests that the long-
range ET from Trpl71 to Cpd I follows an outer-sphere ET
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Figure 4. Evolvement of the spin density distribution during the first
ET step (Trpl71 — Cpd I) at pH = 7 during the QM/MM MD
simulations.

mechanism rather than a PCET mechanism, as the ET was not
coupled to the proton transfer from Trp171 to Glu250.
3.2.2. Second ET from the Lignin Substrate to Trp171
at pH ~ 7. In the last section, our QM/MM MD simulations
suggest that the ET from Trpl71 to Cpd I follows an outer-
sphere ET mechanism, yielding the Trpl171-H®* cation radical
and Cpd II. Then, Cpd II would undergo a fast protonation to
form the Fe(IV)-OH species (i.e., the protonated Cpd II),
while the Trpl71-H*" cation radical would oxidize the lignin
substrate either via an outer-sphere ET mechanism or via a
PCET mechanism. Unlike the first ET step, we did not observe
a spontaneous ET from the lignin substrate to the Trp171-H**
cation radical during S ps QM/MM MD simulation (Figure
S14), suggesting that the second ET step at pH = 7 may be
unfavorable thermodynamically. This agrees with our QM
model calculations, which showed that the second ET is
endergonic by 5.96 kcal/mol at pH = 7 (see Scheme 3).
Next, we have investigated the proton transfer (PT) from
the Trpl71-H*" cation radical to Glu250 using QM/MM
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metadynamics simulations (Figure S). It is seen that such a PT
reaction is accessible both thermodynamically and kinetically,
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Figure S. (a) Free energy profile for the PT from the Trpl71-H**
cation radical to Glu250 calculated by the QM/MM metadynamics
simulations. The reaction coordinate was defined as the difference
between the N—H distance and O—H distance, with the three atoms
marked by blue color. (b) Representative structures of the QM region
in the reactant and product states of the PT reaction, where the spin-
up isodensity surfaces are depicted in yellow.

leading to a Trpl71° neutral radical species. In addition, the
Trpl71-H®* cation radical form has similar free energies with
the Trpl71° neutral radical form, suggesting that these two
forms may coexist at pH = 7. If we inspect the reverse PT
reaction from Glu250 to Trpl71, we found the PT could not
drive the ET from the lignin substrate to the Trp171° radical,
suggesting that the concerted PCET mechanism is not
favorable. In the latter section, both the ET and PCET rates
were calculated and compared using the nonadiabatic ET/
PCET theory.

CpdII

3.2.3. First ET from Trp171 to Cpd | at pH ~ 3 without
Tartaric Acid. We also performed QM/MM MD simulations
of the system at pH ~ 3. First, we have investigated the first ET
step at pH ~ 3 without tartaric acid. QM/MM MD simulation
shows a spontaneous electron transfer from Trpl171 to Cpd I
within ~300 fs (Figure S13), leading to the Trp171-H** cation
radical. This is consistent with our QM model calculations,
showing that the first ET step, which generates a Trpl171-H**
cation radical, is exergonic by 1.11 kcal/mol (see Figure S16).
Moreover, further QM/MM MD simulation led to a
spontaneous PT from the Trpl71-H®" cation radical to
Glu250 within ~620 fs, yielding a Trpl71° neutral radical
and the protonated Glu250 (see Figure 6). This result suggests
that PT from the Trpl71-H®" cation radical to Glu250 is
favorable thermodynamically at pH ~ 3 without tartaric acid.

3.2.4. Second ET from the Lignin Substrate to Trp171
at pH ~ 3 without Tartaric Acid. In the last section, our
QM/MM MD simulations suggest that the first ET step at pH
~ 3 without tartaric acid follows a stepwise ETPT mechanism,
yielding a Trp171° neutral radical and Cpd II. Unlike the first
ET step, we did not observe a spontaneous ET from the lignin
substrate to the Trp171°® neutral radical during the 5 ps QM/
MM MD simulation (Figure S14), suggesting that the Trp171°
neutral radical is inefficient for mediating the ET process. As
the protonated Glu250 forms a persistent H-bond with Trp171
during QM/MM simulations, we assume that it may back
donate the proton to the Trpl71 neutral radical, which may
drive the long-range ET from the lignin substrate to the
Trpl71° neutral radical via a PCET mechanism. To verify such
a possibility, QM/MM metadynamics simulations were carried
out to study the thermodynamics of this PCET process, with
the calculated free energy profile depicted in Figure 7. It was
seen that the PT from Glu250 to the Trp171° neutral radical is
coupled with the ET from the lignin substrate to the Trp171°
neutral radical, yielding an intact Trpl71 and a lignin cation
radical. This process involves a free energy barrier of ~7.5
kcal/mol and a free energy change of ~2 kcal/mol. Compared
to the case at pH = 7, the protonation of Asp264 at pH = 3
may increase the redox potential of the Trpl71° neutral
radical, which makes the PCET accessible thermodynamically.

3.2.5. First ET from Trp171 to Cpd | at pH ~ 3 with
Tartaric Acid. At pH = 3, we assume that the tartaric acid
buffer would form a strong H-bond with the surface-exposed
deprotonated Glu250. To test such possibility, a tartaric acid
molecule was docked into the proximity of Glu250 (Figure
S18), based on which we carried out the classical MD and
QM/MM MD simulations. Our QM/MM MD simulations

Cpd I -

Trp171-H *+

Figure 6. Evolvement of the spin density distribution during the first ET step (Trpl171 — Cpd I) at pH ~ 3 without tartaric acid during the QM/

MM MD simulations.

541

https://doi.org/10.1021/jacsau.2c00649
JACS Au 2023, 3, 536—549


https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a)

Free energy (kcal/mol)

(b)

206
B a

~°
RC

Figure 7. (a) Free energy profile for the second ET step via a PCET
mechanism at pH ~ 3 without tartaric acid calculated by the QM/
MM metadynamics simulations. The reaction coordinate was defined
as the difference between the N—H distance and O—H distance, with
the three atoms marked by the blue color. RC means the reactant
complex, while PC means the product complex. (b) Representative
structures of the QM region in the reactant and product states, where
the spin-up isodensity surfaces are depicted in yellow.

indicated that the tartaric acid molecule could form a persistent
and strong H-bond with Glu250, with an average O—H
distance of 1.69 A (Figure S19). Similar to the case without
tartaric acid at pH = 3, our QM/MM MD simulation showed a
spontaneous ET from Trpl71 to Cpd I (Figure S13), which
yielded Cpd II and the Trp171-H** cation radical. This can be
confirmed by the spin density accumulation in Trpl71 after
the ET (see Figure 8). In addition, QM/MM MD simulations
show that the ET process can be crossed back (Figure S13),
suggesting that the first ET step with tartaric acid is almost
thermally neutral, which is in line with the QM-calculated
value of 0.63 kcal/mol for the reaction free energy (Scheme 3).

Unlike the one without tartaric acid at pH = 3, we did not
observe the spontaneous PT from the Trpl71-H®* cation
radical to Glu250 during QM/MM MD simulations,
suggesting that the presence of a strong H-bond with tartaric
acid can significantly undermine the basicity of Glu250 for
proton reception. This observation agrees with our QM
calculations (Figure S20), showing that this step is endergonic
by 3.8 kcal/mol. Thus, our simulations suggest that the first ET
step transpires via a pure ET mechanism in the presence of
tartaric acid. In addition, the presence of tartaric acid can
inhibit the PT from the Trp171-H*" cation radical to Glu250,
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Figure 8. Spin density distribution of heme and Trp171 after the first
ET step at pH ~ 3 with tartaric acid from the QM/MM MD
simulations.

which thus stabilizes the Trpl71-H*" cation radical and
inhibits the formation of the Trp171° neutral radical.

The pK, of Glu250 is ~2.94, suggesting that it is mostly in
the deprotonated state at pH = 3. This is consistent with our
QM/MM MD simulations, showing that the proton stays
dominantly on tartaric acid rather than on Glu250 at pH = 3.
For comparison, we also performed MD simulations for the
Glu250-protonated state at pH = 3 (without tartaric acid). The
MD simulations show that the protonated Glu250 would move
far away from Trpl71, as the protonated Glu250 cannot be
strongly H-bonded to the positively charged Lys260 (Figure
S21). In addition, without the deprotonated Glu250, our QM
model calculations show that the electron affinity of the
Trpl71-H®** cation radical would increase by 5.6 kcal/mol
(Figure S22), which would be highly unfavorable for the first
ET. Thus, there exists a minor possibility that Glu250 would
be protonated. These findings also rationalize why the Trp-Glu
pair is conserved in all lignin peroxidases (Figure S23).

3.2.6. Second ET from the Lignin Substrate to Trp171
at pH ~ 3 with Tartaric Acid. Again, we found that tartaric
acid could form a persistent and strong H-bond with Glu250,
with an average O—H distance of 1.51 A (see Figure S24).
Unlike the one without tartaric acid, we observed a
spontaneous ET from the lignin substrate to the Trp171-H*"
cation radical in the presence of tartaric acid, which yielded the
lignin cation radical and the intact Trp171 (Figure 9). Such a
finding implies that the formation of the strong H-bond
between Glu250 and tartaric acid can significantly facilitate the
thermodynamics for the second ET step. Such a finding is in
line with our QM model calculations (Scheme 3), showing that
pH ~ 3 with tartaric acid can facilitate the thermodynamics of
the second ET by 4.3 kcal/mol compared to that at pH = 7.

3.2.7. Reaction Rates Calculated Based on the
Nonadiabatic ET or PCET Theories. Because the QM/
MM MD simulations may significantly underestimate the
barriers of a nonadiabatic ET or PCET process due to the
neglection of the electronic or vibronic transmission
coefficient, the reaction rates of the nonadiabatic ET and
PCET reactions were evaluated by the nonadiabatic ET and
PCET theories. Table 1 shows the calculated rate constants for
two ET steps at pH = 7 (without tartaric acid) and pH = 3
(with tartaric acid), respectively. As indicated by our
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Figure 9. Spin density distribution of Trp171 and the lignin substrate
after the second ET step at pH ~ 3 with tartaric acid from the QM/
MM MD simulations.

Table 1. Calculated ET and PCET Rates According to the
Marcus Theory and Nonadiabatic PCET Theory”

pH = 7 (without tartaric

acid) pH = 3 (with tartaric acid)
step-1 step-2 step-1 step-2
ker (s71) 4.8 x 10° 9.3 x 10* 9.6 x 10” 1.3 X 107
kpcer (s71) N/A 9.0” N/A N/A

“The parameters for these calculations are shown in Tables S2 and S3.
bAs our QM/MM MD simulations suggest that the PT from the
Trpl71-H** cation radical to Glu250 is nearly thermoneutral, the
driving force of the PCET is approximated to be the same as that of
the ET.

simulations (Section 3.2), the second ET step at pH = 7 is
inaccessible, while all of the other ET reactions follow an
outer-sphere ET mechanism. As such, the ET rates have been
calculated for all of the steps. For the second ET step at pH =
7, both the ET and PCET rates have been calculated for the
second ET step at pH = 7, given that the Trpl171-H®* cation
radial and the neutral radical can coexist under such
conditions. Table 1 summarizes the nonadiabatic ET or
PCET rate constants, while the parameters for these
calculations are provided in Tables S2—S3.

pH=7
—— pH=3

We can see: (1) for both pH = 7 and pH = 3, the second ET
step shows a much faster reaction rate than that in the first ET
step; this is mainly because the calculated electronic coupling
in the second ET step (~0.02 V) is much higher than that in
the first ET step (~0.00024 eV); (2) the low pH condition
(pH = 3) slightly reduces the rate of the first ET step but
significantly increases the rate of the second ET step; (3) for
the second ET step at pH = 7, the calculated ET rate is ~4
orders higher than the PCET rate, this is mainly because the
Trpl71-H®* cation radical is an accessible intermediate that is
as stable as the Trp171° neutral radical (see Figure S). In such
a case, the ET pathway can be remarkably favorable over the
concerted PCET pathway.” (4) The calculated ET rate is
about two orders of magnitude higher than the catalytic rate
for lignin degradation at pH = 3, while it is about five orders
of magnitude higher than the catalytic rate for lignin
degradation at pH = 7,%° suggesting that the two ET steps
may not be the rate-determining step in the catalytic cycle.

3.2.8. How pH Buffer Accelerates the Degradation of
the Lignin Substrate. As indicated in Scheme 1, the
reactions in stage II consist of two consecutive ET steps and
the subsequent C—C cleavage of the lignin cation radical
(Scheme 2). Thus, we proceed to investigate the water-
mediated decomposition of the lignin cation radical with
hybrid cluster-continuum (HCC) model calculations.”””** Our
calculations showed that the C—C cleavage of the lignin cation
radical, which is coupled to the proton transfer to the
surrounding waters, involves a free energy barrier of 13.8 kcal/
mol (Figure S27).

For the first ET step at either pH ~ 7 or pH ~ 3, our QM/
MM MD have shown the spontaneous electron transfer from
Trpl71 to Cpd I, suggesting that the reaction-free energy
(AG) of this step is less than or close to 0 kcal/mol. For the
second ET step, our QM/MM MD simulations have shown
that pH ~ 3 with tartaric acid can significantly facilitate ET
from lignin to the Trpl71-H*" cation radical. Indeed, QM
calculations have shown that the second ET is endergonic by
5.96 kcal/mol at pH ~ 7 without tartaric acid, while the
reaction is endergonic by only 1.66 kcal/mol at pH ~ 3 with
tartaric acid. Thus, the condition of pH ~ 3 with tartaric acid
can reduce the endergonicity of the second ET by ~4.3 kcal/
mol.

With these values in hand, we can map the energy profiles
for LiP-catalyzed degradation of the lignin substrate at pH = 7

first ET step

second ET step

C-C cleavage

Figure 10. Comparison of the free energy profiles (in kcal/mol) for the degradation of the lignin substrate when at pH = 7 and pH = 3.
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vs pH = 3 (Figure 10). As our nonadiabatic ET calculations
showed, both ET steps are relatively fast, and the rate-limiting
step would be the third step of the C—C cleavage of the lignin
cation radical. As shown in Figure 10, the C—C cleavage has an
overall barrier of 19.77 kcal/mol at pH = 7, while at pH = 3,
the barrier has reduced to 15.47 kcal/mol. Notably, such
reduction of barrier originated from the decreased ender-
gonicity from the second ET step. According to the transition
state theory, the reduction of the barrier of ~4.3 kcal/mol can
lead to the rate enhancement of ~1480-fold, which
qualitatively agrees with the experimental observation that
the decrease of pH from 7.39 to 3.06 can speed up the catalysis
by 3 orders of magnitude.”

3.2.9. Why pH Buffer can Enhance the Oxidizing
Power of the Trp171-H** Cation Radical for Lignin
Oxidation. At either pH = 7 or pH = 3, our QM/MM MD
simulations have shown that the first ET step from Trp171 to
Cpd I is spontaneous, suggesting that the increase of the redox
potential of Cpd I at pH ~ 3 is not the key reason for the
enhanced activity of LiP. To gain some clues on this, we have
analyzed the intrinsic electric field (IEF) along the Fe—O bond
from the MD trajectory of LiP-Cpd I at pH = 7 vs pH ~ 3.
Existing studies have shown that the IEF along the Fe—O bond
has significant effects on the reactivity and redox potential of
the Heme-Cpd I species.”” For pH = 7, the calculated average
IEF value is =72 MV/cm (Figure S28). Such a negative value
suggests that the redox potential of Cpd I is intrinsically
inhibited by the protein environment of LiP.”* For pH = 3, the
calculated average IEF value is —59 MV/cm (Figure S28),
suggesting that the condition at pH = 3 can increase the redox
potential of Cpd I compared to that at pH = 7. However, such
elevation is not significant (—72 — —59 MV/cm). Such a
finding is in line with our QM/MM MD simulations, showing
that the first ET step does not have much dependence on the
pH conditions (Section 3.2.1 vs Section 3.2.5). Especially, the
first ET step is spontaneous at both pH = 7 and pH = 3.

To understand how pH ~ 3 can increase the redox potential
of the Trp171-H®" cation radical by 4.3 kcal/mol relative to
that at pH = 7, we have gauged the separate contributions of
tartaric acid and the titratable residues close to Trpl71. For
pH = 3, our QM/MM MD simulations show that the
formation of the H-bond between tartaric acid and Glu250 can
significantly undermine the H-bonding strength between
Glu250 and the Trpl71 cation radical (Figure S29), which
thus can increase the electron affinity of the Trp171 cationic
radical by ~1.7 kcal/mol (Figures 11a vs 11b). Such finding is

(a) Asp264 (b) Asp264  (c) Asp264
Trpm Tipl71 h
Lys260 \. g
Glu250 Glu250 H,0  Glu250
Tartaric acid Tartaric acid
AG=118.73 AG=117.00 AG=116.84

Figure 11. Calculated electron affinity (in kcal/mol) for the Trp171-
H** cation radical with different environments. (a) Asp264 is
protonated, while Glu250 is H-bonded to tartaric acid. (b) Asp264
is protonated, while Glu250 is H-bonded to solvent water. (c) Asp264
is deprotonated, while Glu250 is H-bonded to tartaric acid.
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evident from the QM model calculations, showing that the
replacement of tartaric acid by solvent water can decrease the
accumulation of positive change on the Trpl71 cation radical
(Mulliken charge of +0.824e with tartaric acid in Figure 11a vs
+0.741e with water in Figure 11b).

Besides tartaric acid, we note that the titratable residue of
Asp264, which forms a salt bridge with Lys260 and is just
located above Trp171, can have significant effects on the redox
potential of the Trpl71-H®" cation radical as well. The
predicted pK, value of Asp264 is 4.11, indicating that Asp264
is protonated at pH ~ 3 and deprotonated at pH ~ 7. As
shown in Figure 11, the electron affinity of the Trp171-H**
cation radical with the protonated Asp264 (Figure 11a) is ~1.9
kcal/mol higher than that with the deprotonated Asp264
(Figure 11c). It is reasonable as the negatively charged Asp264
would decrease the electron affinity of the Trp171-H®* cation
radical. This is also supported by the accumulated positive
charge on Trpl71 (+0.824e with the protonated Asp264 in
Figure 11a vs +0.784e with the deprotonated Asp264 in Figure
11c).

Obviously, the increased redox potential of the Trp171-H®*
cation radical at pH = 3 mainly originated from the
protonation of Asp264 and the H-bonding formation between
Glu250 and tartaric acid. Notably, except for the role of
enhancing the redox potential of the Trpl71-H*" cation
radical, tartaric acid also plays a key role in stabilizing the
Trpl71-H®* cation radical. As demonstrated from our QM/
MM metadynamics simulations, the absence of the strong H-
bond from tartaric acid to Glu250 at pH ~ 7 could lead to the
ultimate PT from the Trpl71-H®* cation radical to Glu250,
affording the Trpl71° neutral radical. As the Trpl171° neutral
radical can only oxidize the lignin substrate via a PCET
mechanism and the calculated PCET rate is much lower than
the calculated ET rate, the formation of the neutral Trp171°
neutral radical would slow down the lignin oxidation. Thus,
tartaric acid plays dual roles in modulating the reactivity of the
Trpl71-H®" cation radical—it not only inhibits the PT from
the Trpl171-H*" cation radical to Glu250, thereby stabilizing
the Trpl71 cation radical but also significantly enhances the
redox potential of the Trp171-H®* cation radical for the lignin
oxidation.

In addition to tartaric acid, other weak acids such as citric
acid, succinic acid, phosphoric acid, and acetic acid (Scheme
4) can be used in LiP experiments. For all of these pH buffers,
at least one of the acid sites has a pK, value higher than 3,
suggesting that all of these weak acids can function as the H-
bonding donor to Glu250 at pH = 3. Thus, the present finding
can be generalized for different kinds of pH buffers.

In this work, we studied the pH-dependent degradation of
lignin by lignin peroxidase using the QM/MM MD simulations
and nonadiabatic ET/PCET theories. Upon the formation of
Cpd I, the first-round degradation of lignin involves two
successive ET steps and the subsequent C—C cleavage of the
lignin cation radical. For both pH = 7 and pH = 3, our QM/
MM MD simulations led to the spontaneous ET from Trpl71
to Cpd I, affording the Trp171-H®* cation radical. For pH = 3
without the pH buffer of tartaric acid, our QM/MM MD
simulations led to the spontaneous proton transfer from the
Trpl71-H®*" cation radical to Glu250, yielding the Trpl171°
neutral radical species. Importantly, the presence of the
second-sphere H-bond between Glu250 and tartaric acid at

https://doi.org/10.1021/jacsau.2c00649
JACS Au 2023, 3, 536—549


https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00649/suppl_file/au2c00649_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00649?fig=fig11&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Scheme 4. Various pH Buffers Used in Catalysis of LiPs
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pH = 3 can inhibit the PT from the Trp171-H®" cation radical
to Glu250, thereby stabilizing the Trpl171-H*" cation radical.
For the second ET step at pH = 7, a spontaneous ET from the
lignin substrate to the Trpl71-H®** cation radical was not
observed during the QM/MM MD simulations, suggesting
that the second ET step is unfavorable thermodynamically,
which can be supported by an endergonicity of 5.96 kcal/mol
from QM model calculations. Importantly, the condition of pH
= 3 with tartaric acid can greatly facilitate the thermodynamics
of the second ET step by ~4.3 kcal/mol, leading to a
spontaneous ET from the lignin substrate to the Trpl171-H**
cation radical as observed in QM/MM MD simulations.
Using the nonadiabatic ET/PCET theories, we have
calculated the ET rates for both ET steps at pH = 7 and pH
= 3. Our calculations show that both ET steps are relatively fast
at pH = 7 and pH = 3. Moreover, for the second ET step at pH
= 7, the calculated PCET rate is ~4 orders of magnitude
smaller than the calculated ET rate, indicating the concerted
PCET reaction is much slower than the corresponding ET
reaction. Based on the calculated kinetics and thermodynamics

Cytochrome c Peroxidase

Thr234

for the two ET steps and the subsequent C—C cleavage of
lignin cation radical species, we have identified the root cause
for the accelerated lignin degradation at pH = 3 relative to that
at pH = 7. We found that the accelerated lignin degradation at
pH = 3 mainly originated from the reduction of endergonicity
in the second ET step. At pH = 3, the endergonicity of the
second ET step can be reduced by ~4.3 kcal/mol relative to
that at pH = 7. Accordingly, the overall barrier of the lignin
oxidation can be reduced by 4.3 kcal/mol, which corresponds
to a rate acceleration of ~3 orders of magnitude. This
qualitatively agrees with the experimental observation.””

In LiP, we have shown that pH buffer can modulate the
redox potential of the Trpl71-H®" cation radical by
functioning as both the proton donor and H-bond donor. As
a H-bond donor to Glu250, tartaric acid can not only enhance
the oxidizing power of the Trp171-H*" cation radical but also
inhibit the PT from the Trp171-H*" cation radical to Glu250,
thereby stabilizing the Trp171-H®" cation radical intermediate
for the one-electron oxidation of lignin substrate. For Asp264
located above Trpl71, the protonation of Asp264 at pH = 3
can also effectively enhance the oxidizing power of the Trp171-
H*®* cation radical. Notably, our calculations show that the
Trpl71-H*"-mediated ET rate is much higher than the
Trpl71° radical-mediated PCET rate, indicating that the ET
pathway is favored over the concerted PCET pathway.

These findings should have far-reaching implications for
biological ET reactions. For instance, the redox-active residues,
especially Tyr and Trp,”"”” are widely involved in biologically
important proteins such as PSIL,"*?*™° Ribonucleotide
reductase (RNR),”’~*? LPMO,"'*>'*" and peroxidases.””'*>'**
In these proteins, the redox-active Tyr or Trp residues usually
have H-bonding interactions with adjacent basic residues (e.g.,
Asp, Glu, His). In such cases, the adjacent base may mediate
the ET/PCET process or stabilize the cation radical
intermediate via H-bonding interactions.””'**~'% Such a
regulation would depend on the pK, of redox-active residues.
Specifically, for Trp, the experimentally characterized pK, of
the Trp171-H®" cation radical is ~4.5,""’ suggesting that the
adjacent base with a pK, lower than 4.5 can stabilize the
Trpl71-H®** cation radical for long-range ET reactions. As

Cytochrome ¢

Ny

Figure 12. Second-sphere H-bonding interaction between Asp23S and His17$ in cytochrome ¢ peroxidase (CcP). This interaction may well
stabilize the active site Trpl191-H*" cation radical, which could significantly accelerate the long-range ET from Cytochrome c to the active site of

CcP.
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demonstrated in our study, the second-sphere H-bonding
interactions, either with acid buffers or other second-sphere
residues, could significantly reduce the basicity of Glu250,
thereby stabilizing the Trp171-H®* cation radical for the lignin
oxidation. Another representative example is cytochrome ¢
peroxidase (see Figure 12), in which the second-sphere H-
bonding interaction between Asp235 and His17S may well
stabilize the active site Trpl91-H®* cation radical for
accelerating the lon%—range ET from Cytochrome c¢ to the
active site of CcP.'”'*® We expect that pH buffer could
effectively regulate the redox properties of the redox-active
residues via both the protonation of their proximal residues
and the second-sphere H-bonding interactions, especially for
redox-active residues exposed to solvents.

In sum, our study revealed the mechanistic basis for the pH
buffer-accelerated lignin degradation by lignin peroxidase. The
obtained knowledge could not only benefit the manipulation of
biological ET reactions via engineering the second-sphere
residues but also provide guidance for the relevant catalyst
designs in the long run.
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LiP lignin peroxidase

VP versatile peroxidase

MnP manganese peroxidase
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RNR ribonucleotide reductase

MD molecular dynamics

QM/MM quantum mechanical/molecular mechanical
PCET proton-coupled electron transfer
ET electron transfer

PT proton transfer
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