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Fungal laccases (EC 1.10.3.2) are important multi-copper oxidases with broad substrate specificity. Laccases
from Trametes versicolor (TvL) are among the best-characterized of these enzymes. Mutations in the
substrate-binding site of TvL substantially affect Ku, but a molecular understanding of this effect is
missing. We explored the effect of TvL mutations on Ky for the standard laccase substrate 2,6-
and MMGBSA free energy
computations. We show that changes in Ky due to mutation consistently correlate with the dynamics of
the substrates within the substrate-binding site. We find that Ky depends on the lifetime ("dynamic
stability”) of the enzyme-substrate complex as commonly assumed. We then further show that
MMGBSA-derived free energies of substrate binding in the active pose consistently reproduce large vs.

dimethoxyphenol using 4500 ns of molecular dynamics, docking,

small experimental Ky values. Our results indicate that hydrophobic packing of the substrate near the T1
binding site of the laccase is instrumental for high turnover via K. We also address the more general
question of how enzymes such as laccases gain advantage of lower Kyv despite the Sabatier principle,
which disfavors a stable enzyme-substrate complex. Our data suggest that the observed Ky relates

R 4 27t A 2018 directly to the lifetime of the active substrate pose within a protein. In contrast, the thermochemical
eceive th August - -
Accepted 23rd October 2018 stability of the enzyme—substrate complex reflects an ensemble average of all enzyme—substrate binding

poses. This distinction may explain how enzymes work by favoring longer residence time in the active
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Introduction

Laccases (EC 1.10.3.2) are multi-copper oxidases found in
plants, fungi, bacteria and insects.™” They catalyze the transfer
of four electrons from substrates to catalytic copper centers in
protein and reduce molecular oxygen to water.>”® They have
broad activity toward organic electron donors and catalyze the
oxidation of a range of phenols, acids, anilines, ketones and
lignin.®™*® Laccases perform diverse functions based on their
origin;»* in some plants, they perform lignin biosynthesis,
whereas in fungi and bacteria they appear to perform lignin
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pose without too favorable general enzyme—substrate interactions, a principle that may aid the rational

modification.”*"* Accordingly, laccases are important indus-
trial  biocatalysts with potential for lignocellulose
processing."*"”

Structurally, fungal laccases consist of three different
domains (1, 2 and 3) and four Cu atoms distributed within two
sites: The T1 Cu site, and the tri-nuclear cluster consisting of T2
Cu, T3 o Cu, and T3 B Cu.**®2° The T1 Cu site is situated near
the surface of domain 3 and directly interacts with the
substrates in the presumed active binding poses, via a histidine
hydrogen bond.*® The four electrons are transferred from
substrates to T1 Cu one at a time, and then from T1 to the tri-
nuclear cluster.”**>** This cluster of three copper ions is
located at the buried interface between domains 1 and 3 and is
responsible for the 4-electron reduction of molecular oxygen to
water.’ It is accessed by water and oxygen channels, and can be
inhibited by small anions such as cyanide and fluoride.**

Site-directed mutagenesis has been widely applied to study
and improve laccases for particular types of reactivity.>**®* Two
central studies reported the effect on the Michaelis constant
Ky of specific mutations within the substrate-binding site of
Trametes versicolor laccase (TvL),>>*® suggesting order-of-
magnitude effects on Ky due to mutation of only one amino
acid. Madzak et al. mutated Asp-206,>® which interacts directly
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with many laccase substrates.”® They prepared the D206E,
D206A and D206N mutants and evaluated Ky, kcar and Keae/Knt
for 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and 2,6-dimethoxyphenol (2,6-DMP) at pH 3.4. While
little effect on ABTS activity was observed, a major increase in
Ky of 2,6-DMP was seen for two specific mutants, D206A and
D206N. Galli et al. studied the effect of mutating phenylala-
nine at positions 162, 265, 332 and 337 within the substrate
binding site.”® Again, no major change was observed for ABTS
whereas for 2,6-DMP, K, increased from 17 &+ 5 uM in the wild-
type protein (WT) to 165 + 5 uM in F332A. Very low initial
oxidation of 2,6-DMP was reported for the mutant F337A and
therefore, no kinetic data were reported in this case.”®

These experimental studies thus open the door to a more
detailed molecular investigation of the substrate-protein
interactions that contribute to the observed enzymatic turn-
over and Ky. Such studies using molecular dynamics (MD)
simulations to confer the substrate dynamics of enzyme
catalysis have been applied successfully to other enzymes.***°
In this process, one should note that the Michaelis constant
Ky is not trivially interpretable as a stability constant of the
enzyme-substrate complex.*® Generally, higher turnover
numbers are associated with higher k.../Ky. Thus, lower Ky is
presumably desirable for high turnover, but this would violate
the Sabatier principle,*” which states that too stable interme-
diates, in this case the enzyme-substrate complex, impair
turnover. Then how do enzymes such as laccases gain advan-
tage of lower Ky in light of the Sabatier principle? Under-
standing the molecularly “active” substrate-protein poses that
actually lead to product formation therefore seems to be of
major interest not just for understanding and improving lac-
case activity but also for understanding the molecular deter-
minants of Ky more generally.

To understand the molecular determinants of Ky, its
modulation, and whether the effect can be reproduced
computationally, we performed a detailed analysis of 2,6-DMP
in complex with TvL using both explicit MD simulations of the
combined substrate-protein complexes and dynamically
averaged MMGBSA calculations on the active enzyme-
substrate conformations. Our simulations consistently recover
the high stability of 2,6-DMP associated with the T1 site of the
WT protein at both the assay pH values. In contrast, the same
type of MD simulations consistently produce release of the
substrate quite early in the studied mutants with high Ky
values. Third, the MMGBSA method, which provides estimates
of the binding affinity of ligands to proteins with higher
accuracy than conventional docking scores, consistently
separates the large and small experimental Ky, values. Our
results thus show that the binding affinity of the substrate to
the protein in the active (productive) pose largely contribute to
real observed Ky in a way that enables a robust protocol for Ky
optimization of laccases. In a broader sense, the fact that
relative magnitudes of Ky are largely recoverable from
combined MD and MMGBSA studies, which are normally used
primarily for protein inhibitor studies, should be of substan-
tial interest in future enzyme design.
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Methods
Studied dataset

The studied dataset consists of the experimentally reported Ky
for WT TvL and four of its mutants®>?® reported at two pH values
(3.4 and 5.0). We were interested in understanding the large
effects observed for 2,6-DMP compared to the other non-
phenolic standard laccase substrate ABTS, and these data
were accordingly investigated, as summarized in Table 1. The
positions of the T1 binding site and the experimentally mutated
residues, Asp-206, Phe-332, and Phe-337 are shown in Fig. 1.

Preparation of wild-type and mutant laccases

The TvL structure with PDB code 1KYA*** was used for the
preparation of the WT and mutant laccases as it has a substrate
(2,5xylidine) bound and thus represents a protein-ligand
complex better than the commonly used 1GYC structure.*® The
same resting oxidized (RO) state® of the WT and mutants were
prepared at the specific pH of each assay as mentioned in Table
1. To ensure adequate reference states for the WT protein, we
studied the WT in parallel at both pH values using otherwise
identical setups. The RO state contains all four copper atoms in
oxidation state (Cu®"). The 1KYA structure contains four Cu**
atoms, but it does not contain all the water molecules known to
coordinate with these Cu atoms.*® Therefore, the PDB structure
1GYC,* which is assumed to be in this RO state, was used to
consistently produce this state for all the studied proteins. The
four Cu®" atoms and water molecules within 5 A of these were
copied from 1GYC to 1KYA. The 1KYA structure was then
prepared using the Protein Preparation Wizard. Missing side
chains of the residues and hydrogens (which are not available in
the crystal structure) were added using Prime.*” All hydrogen
bonds of the proteins were optimized for proper alignment. In
addition, we performed local structure optimization to remove
close contacts of the amino acid side chains without changing
the backbone atom coordinates. A WT structure and the
mutants D206A and D206N were prepared at pH 3.4, and
another WT structure, F332A, and F337A were prepared at pH 5.

Substrate structures, molecular docking and MMGBSA
computations

2,6-DMP was prepared at pH 3.4 and 5.0 using the LigPrep
module of Schrodinger.*® For each of the protein structures, we

Table 1 TvL mutations that showed major effect on Ku®

Protein type pH Ky of 2,6-DMP (M) Ref.
WT (YL4) 3.4 190 25
D206A 3.4 1630 25
D206N 3.4 3280 25
WT (YL4) 5.0 1745 26
F332A 5.0 165 £ 5 26
F337A 5.0 N/A 26

¢ For the F337A mutant, kinetic data were not reported due to very low
initial oxidation.>

This journal is © The Royal Society of Chemistry 2018
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the T1 binding site.

generated a grid similar in size to the co-crystallized ligand of
the 1KYA structure. Docking of 2,6-DMP was then performed on
this grid using the XP scoring function of Glide* with default
parameters and using the specific structures generated at pH
3.4 and 5. At both these pH values, the ligand protonation state
and pose were similar. The output pose from the Glide docking,
which was ensured to represent an active pose with close
contact to T1 as required for optimal electron transfer, was
subsequently used to compute the MMGBSA binding affinity
with fixed protein structure.’”*

Molecular dynamics simulations of protein-substrate
complexes

In order to qualitatively analyze the binding of 2,6-DMP to
the TvL variants, four simulations were performed for each of
the six protein-substrate systems: one standard simulation
for 50 ns (run 1), two additional longer simulations for 200 ns
(run 2 and 3) and one final simulation for 300 ns (run 4) using
the Desmond MD program.*"** Previous MD simulations on
laccases have shown that this is necessary and sufficient to
obtain equilibrated ensembles for these enzymes.**** To
ensure independency of the simulations, we used random
seeds and random velocities for runs 1, 2 and 3. Run 4 was
performed using the same seed as run 1 but for longer
simulation time. Each protein-substrate complex obtained
from Glide docking was solvated with SPC water in an
orthorhombic box. The volume of each box was ~487 000 A®
with approximately 45 000 atoms, including ~12 500 water
molecules (ESI Table S11). These systems were neutralized by
adding counter-ions, and additional ions up to a total
concentration of 0.15 M NaCl were added to each structure
using random placement (ESI Table S17).

The systems were prepared using the System Builder tool
of Desmond,** and the OPLS2005 force field was applied,*’

This journal is © The Royal Society of Chemistry 2018
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(a) The TvL structure showing the T1 and T2/T3 sites and the residues where mutations occurred in the studied data. (b) Residues forming

which is based on the free-energy derived force fields devel-
oped by Jorgensen and co-workers.**"** All system energies
were minimized using a combination of steepest descent and
Broyden-Fletcher-Goldfarb-Shanno  optimization. =MD
simulation was then performed within the NPT ensemble at
300 K and 1.0013 bar using an integration time-step of 2
femtoseconds for the multistep protocol as implicated in
Desmond.** Energies were recorded at intervals of 1.2 pico-
seconds (ps), and trajectories were noted with an interval of
50 ps for the six 50 ns simulations, 200 ps for the twelve 200
ns simulations, and 300 ps for the six 300 ns simulations,
thereby generating 1002 snapshots in each simulation.
Steady temperature and pressure values were maintained
using the Nose-Hoover chain thermostat* and the Martyna-
Tobias-Klein barostat® as commonly applied. Ewald mesh
summation was used to determine the long-range electro-
static interactions.®® The default interpolating function was
applied for electrostatic interactions with a cut-off of 9.0 A.

MMGBSA computation on MD trajectories

In order to estimate the binding affinities of the substrate to the
various laccase variants, we computed MMGBSA calculations
using Prime.*”” Because these calculations are likely to be
sensitive to the exact choice of protein-substrate coordinates,
and because protein properties are generally very sensitive to
the exact choice of static structure used as input for computa-
tion,*»*>> we performed the calculations both on the top pose
produced by Glide as commonly applied, but also exhaustively
on 402 snapshots from the last 20 ns of the 50 ns MD trajec-
tories (run 1). For each protein-substrate complex, we
compared the average free energy of binding obtained from
these computations, the associated standard deviation, and the
maximum and minimum values.

RSC Aadv., 2018, 8, 36915-36926 | 36917
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Results and discussion
Docking and MMGBSA analysis

The comparison of the experimental pK,, values and the
MMGBSA binding affinities (kcal mol™") calculated using the
docked protein-ligand complexes generated directly from Glide
indicates some trend agreement between these parameters (of
the WT and mutated complexes; ESI Table S27), albeit not very
strongly. This free energy represents a simple estimate of the
substrate affinity towards the enzyme for only one, fixated and
static enzyme-substrate conformation. We speculated that
a more informative estimate of this affinity is obtainable from
a complete dynamic averaging over the MD trajectories of all the
six proteins, as explored further below.

Qualitative analysis of 2,6-DMP binding in WT and mutated
complexes

Based on the four MD trajectories of each protein-substrate
complex (viz. one 50 ns, two 200 ns, and one 300 ns), the root-
mean-square deviation (RMSD) in the protein structure rela-
tive to the initial structure is shown in ESI Fig. S1-S47 (addi-
tional data of RMSF plots in ESI Fig. S5-S87t). All trajectories
were dynamically stable as indicated by the dominance of
horizontal RMSD values in the final parts of the trajectories
(except for the mutants F332A in run 4 and F337A in run 2 and 4
where the substrate loss affects the RMSD substantially, which
was a desired observation as we are looking for substrate loss in
the mutant systems).

Analysis of the ligand RMSD during the four runs showed
that in all the WT complexes the ligand spanned more time at
the T1 pocket than their mutants (except F337A, only in run 4)
as shown in Table 2 and ESI Fig. S9-S12.1 The ligand in the
mutants moved away from the T1 site either very early or after
some initial residence time (ESI Fig. S9-S127). In all simula-
tions, the substrate spent more time at the T1 sites of the WT
proteins, except for F337A in run 4, where the ligand was stable
for ~148 ns near the T1 site (Table 2 and ESI Fig. S127).
However, in runs 1, 2 and 3, the substrate left the T1 site of the
F337A mutant early during the simulation (Table 2 and ESI
Fig. S9-S117). Altogether, there are four mutant-WT compari-
sons for each set of simulations, giving a total of 16 mutant-WT

Table 2 Ligand RMSD analysis during the four MD runs
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comparisons; in 15 of these 16 simulations we observed that the
substrate left the T1 site earlier in the respective mutant than in
the WT protein.

From an analysis of the specific substrate trajectories, it is
clear that the lifetime of the T1-bound substrate state is longer
in WT than in the mutants; since the general behavior is very
consistent (except one of the four F337A simulations mentioned
above), we focus our further analysis on run 1 (50 ns), which
provides better clarity of presentation. Fig. 2a shows the average
of the protein RMSD during run 1. Fig. 2b shows the corre-
sponding ligand-only average RMSD. For both WT complexes at
pH 3.4 and 5.0, the ligand RMSD values were low, indicating
stable dynamics throughout the simulations, whereas the
substrates undergo major changes in all the mutants (ESI
Fig. S91). Importantly, although the two WT simulations were
statistically independent, the ligand RMSD was similar, up to 10
A in both simulations and generally smaller than this. In
contrast, all mutants displayed unstable trajectories for the
ligand dynamics: in the D206A mutant complex (pH 3.4), the
substrate moved up to ~54 A during the simulation. In the
D206N mutant complex (pH 3.4), the ligand RMSD reached
values of ~64 A. A similar magnitude of fluctuations was seen
for the F332A variant (pH 5.0), although 2,6-DMP eventually
attained a stable RMSD trajectory at ~30-45 A, indicating
movement to a secondary binding site on the surface of the
protein, as explored further below. Finally, the F337A variant
(pH 5.0) also displayed features of an unstable ligand-protein
complex, with the substrate RMSD values up to ~50 A relative to
the initial active pose.

In all six simulations of run 1, the RMSD analysis consis-
tently shows that the substrate relocates from the binding site
in the mutants but remains in the binding site in the WT
proteins. These results were supported by the root-mean-square
fluctuations (RMSF) of the substrates, which directly relate to
the structural disorder of the protein-bound ligand (Fig. 2c).
Whereas the two WT structures consistently show low disorder
(RMSF < 5 A), the mutants consistently showed much higher
ligand RMSF values. In order of D206N (pH 3.4), F332A (pH 5.0),
D206A (pH 3.4), and F337A (pH 5.0) the average RMSF values
were 30.3 A, 27.1 A, 21.2 A, and 15.2 A.

In the WT complexes at pH 3.4 and 5.0 (run 1), 2,6-DMP
interacted with 21 and 18 residues, respectively, during the

Analysis of the ligand movement from T1 site

Mutation Ky>>?® (WM)  Run 1 (50 ns) Run 2 (200 ns) Run 3 (200 ns) Run 4 (300 ns)

WT (pH 3.4) 190 Ligand remains at T1 site  Moves away at ~198 ns Moves away at ~100 ns Moves away at ~70 ns

D206A 1630 Moves away at ~30 ns Moves very early Moves very early Unstable trajectory
(moves away at ~23 ns
then moves in and out
up to ~60 ns)

D206N 3280 Moves very early Moves away at ~44 ns Moves very early Moves away very early

WT (pH5.0) 17 +5 Remains at T1 site Ligand remains at T1 site  Moves away at ~155 ns Moves away at ~110 ns

F332A 165 £ 5 Moves away at ~20 ns Moves very early Moves very early Moves away very early

F337A N/A Moves very early Moves very early Moves away at ~13 ns early Moves away at ~148 ns

36918 | RSC Adv., 2018, 8, 36915-36926
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Fig.2 Dynamic properties of the WT (pH 3.4 and 5.0) and mutated proteins (D206A, D206N, F332A and F337A) during the 50 ns MD run (run 1).
(a) Average RMSD plot of the proteins. (b) Average RMSD plot of 2,6-DMP superimposed on the proteins. (c) RMSF plot of 2,6-DMP in complex
with WT and mutated proteins. (d) Average solvent accessible surface area of 2,6-DMP in the studied proteins.

simulation time (ESI Fig. S13a and df). The substrate main-
tained contact with the same ~1-5 residues most of the time in
the WT structures (ESI Fig. S14 and S15%). However, in the
mutant complexes, 2,6-DMP consistently interacted with 33-64
different residues during the simulations (ESI Fig. S13b, ¢, e and
fT), with relatively fewer persistent interactions (ESI Fig. S16-
S19t1). We conclude from the interaction analysis that the
substrate moved away from the substrate-binding site of all
mutated proteins whereas the two WT structures maintained
tight association with the substrate during the entire simulation
within the same binding cavity.

To explore further the displacement occurring distinctly in
the mutant structures, the solvent accessible surface area
(SASA) of 2,6-DMP was assessed over the full MD trajectory
(Fig. 2d and ESI Fig. S207). In WT structures at both pH 3.4 and
5.0, the SASA of 2,6-DMP was <100 A® during most of the
simulation time. In contrast, large departures from this
regime took place consistently for all four mutant simulations.
In both D206A and D206N at pH 3.4, the substrate SASA
increased beyond 300 A? during large parts of the simulation.
In the F332A mutant at pH 5.0, the substrate SASA exceeded
300 A? for ~14 ns. In F337A (pH 5.0), the substrate SASA was
mostly 100-200 A? but exceeded 300 A? for ~7 ns. Thus, SASA
values for 2,6-DMP consistently showed increased solvent
exposure during the simulations of the mutant proteins,
which is indicative of impaired binding to the protein, to be
further analyzed below.

This journal is © The Royal Society of Chemistry 2018

Substrate relocation during MD simulation correlates with
experimental Ky,

In order to understand the dynamic changes described above in
terms of molecular structure, we inspected the protein and the
substrate poses of the initial and final frames of the 50 ns MD
simulations (run 1) as shown in Fig. 3 and 4. Since the early event
of substrate release from the mutant proteins is a consistent
feature producing most of the observations in the overall RMSD
and fluctuations, the overall behavior is well represented by the
simulation at only 50 ns; although we required the longer
multiple MD simulations to actually realize this. In case of the
WT complexes at both pH 3.4 (Fig. 3a) and 5.0 (Fig. 4a), the ligand
remained in the initial binding pocket throughout the simulation
time. However, in the mutated complexes D206A (pH 3.4), D206N
(pH 3.4), and F332A (pH 5.0), 2,6-DMP moved away from the
initial binding site (T1) and became exposed to the solvent. In
F337A (pH 5.0), the substrate moved from the T1 site to different
cavities of the protein and sometimes outside the protein, and
therefore, formed contacts with very many residues of the protein
(ESI Fig. S137). Table 3 shows a summary of this MD trajectory
analysis. Thus, the MD simulations clearly represent a case of
stronger substrate-protein binding for the WT laccase and
weaker binding for the mutated proteins as directly reflected in
the full-atom dynamics of the various proteins.

In order to further confirm the high dynamic stability of 2,6-
DMP at the T1 site of the WT, we performed an additional
replication of the WT (pH 3.4) simulation with a different
substrate pose (produced by Glide) using the same methodology

RSC Adv., 2018, 8, 36915-36926 | 36919
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Fig. 3 Comparison of the initial and final structures of WT, D206A and D206N complexes at pH 3.4 (from run 1), showing the drifting of the
substrate (in sphere representation) from the initial substrate binding site in both mutants.

as described above for 50 ns and 150 ns. Analysis revealed very
similar results as those discussed above for the two other WT
systems (ESI Fig. S21-S247). The 150 ns run reproduced the 50
ns run, and the substrate remained at the T1 site throughout
the entire 150 ns of time (ESI Fig. S247). The average binding
affinity for the last 20 ns of the 50 ns run was —35.9 kcal mol™*
and its range was —44.0 to —27.5 kcal mol .

We conclude that 2,6-DMP forms favorable contacts with the
WT at both pH 3.4 and 5.0 and that this leads to a longer resi-
dence time of the substrate within the T1 pocket, which will
increase the effective concentration of active poses that lead to
product formation. However, in the absence of the crucial
binding residues, favorable protein-substrate contacts are
missing and the substrate displaces from the T1 site to reduce the
lifetime of the productive conformation. This dynamic stability
(defined here as the lifetime measured in the MD trajectory) of
the active protein-substrate conformations is arguably an
important real reason for the observed Ky in experimental
assays, as explored further below. The consistent observation for
all these statistically independent simulations suggests that

36920 | RSC Adv., 2018, 8, 36915-36926

explicit protein-substrate molecular dynamics effectively

discriminate large vs. small Ky, which is very encouraging.

Dynamically averaged MMGBSA binding affinities reproduce
experimental Ky

As discussed above, the dynamic stability of the protein-
substrate complexes as deduced from MD simulations repro-
duce the experimentally observed low vs. high Ky, values for WT
and mutant laccases. The question now arises whether this
dynamic stability of the active conformations that lead to
product formation also relate to the thermodynamic stability of
these protein-substrate complexes. To explore this, we evalu-
ated the MMGBSA binding affinities over the full last 20 ns of
the 50 ns MD trajectories (run 1), to avoid artifacts of the initial
equilibration of the structures. Interestingly, the average
MMGBSA energy correlated well with the experimental Ky,
values (Table 4), and showed a better binding energy difference
than for Glide poses. This indicates that MMGBSA calculations
averaged over equilibrated MD snapshots

quantitative, accurate information on overall Ky;.

gives semi-

This journal is © The Royal Society of Chemistry 2018
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(a) WT (pH 5)

Final frame

(b) F332A (pH 5)

Final frame
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(c) F337A (pH 5)

Final frame

Fig. 4 Comparison of the initial and final frame structures of WT, F332A and F337A complexes (pH 5.0) (from run 1), showing again the drifting of
the substrate (in sphere representation) from the initial substrate binding site also in these mutants.

Many of the configurations in the mutants represent
substrate configurations far from the active site, illustrating
areal dynamic molecular situation where low-affinity substrates
diffuse on the surfaces of the proteins and do not remain stat-
ically fixated within the active site. We believe, based on the
correlation to experimental Ky, of these data and the MD
simulations discussed above, that our simulations capture

a molecular interpretation of the Ky, parameter as reflecting the
subset of active conformations that actually lead to product
formation. In contrast, the many low-affinity sites on the surface
of the proteins, which are relatively more important when the
substrate-binding site has been impaired by mutation, reflect
unproductive conformations. Accordingly, we argue that Ky,
does not simply reflect the stability of the protein-substrate

Table 3 Summary of the 50 ns trajectory analysis (run 1) of WT and mutated TvL complexes

Analysis of the MD trajectory

K> Ligand Average ligand ~ Protein-ligand Ligand-protein Ligand moved
Mutation (M) RMSD (A) RMSF (A) contacts contacts (>30%)  SASA (A?) from T1 site
WT (pH 3.4) 190 =9 3.5 Mostly =1 2 Mostly <100 No
D206A 1630 =54 21.2 No contact for ~15ns  No >300 during ~28-45ns  Yes
D206N 3280 =64 30.3 No contact for ~15ns  No >300 for ~15 ns Yes
WT (pH5.0) 17+5 =9 2.7 Mostly 2-5 4 Mostly =100 No
F332A 165+5 =64 27.1 No contact for ~14 ns  No >300 for ~14 ns Yes
F337A N/A =50 15.2 Mostly =1 No >100 Yes

This journal is © The Royal Society of Chemistry 2018
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Table 4 Binding affinity analysis of the 2,6-DMP-protein complexes

MMGBSA binding
free energies (kcal mol ")

Mutation pH  Ky*>?° (uM)  Average SD  Range

WT (YL4) 3.4 190 —26.3 3.3 —36.8 to —16.3
D206A 3.4 1630 —4.3 7.9 —25.7 t0 0.8
D206N 3.4 3280 —-11.3 7.7 —30.6 to 0.5
WT (YL4) 5.0 17 £5 —30.4 4.1 —38.4 to —8.9
F332A 5.0 165 £ 5 —15.3 8.4 —29.4 to 1.6
F337A 5.0 N/A —18.4 5.7 —30.5to 0.3

complex, but only the active conformation of this complex. In
contrast, the measured thermochemical stability of the protein—
substrate complex (i.e. the substrate affinity for the protein)
reflects an ensemble average of all the conformations encoun-
tered. In laccases, this active conformation is well defined by
restrictions on the electron transfer distance,” making it an
ideal case study for understanding Michaelis—-Menten kinetics.

The pattern of maximal and minimal binding affinities also
correlated well with the experimental Ky, values in all cases. The
minimal and maximal binding energy values were in all cases
smaller for the WT proteins than for the mutants. The upper range
of the free energy of binding for both the WT complexes were
negative, whereas they were positive (indicating no net binding) for
the mutant complexes. The maximum binding affinity of both the
WT complexes (pH 3.4 and 5.0) clearly represented the affinity at
the T1 site, because the ligand remained at the T1 site in both
these complexes throughout the simulations.

In addition, the standard deviation (SD) values represented
the variation in the binding energy over last 20 ns. SD of both
the WT complexes was also consistently smaller than their
mutated complexes, which reflects a consistency of binding
affinity in WT complexes.

Active pose of 2,6-dimethoxyphenol

In order to understand the identified active protein-substrate
conformation that explains the observed Ky;, we analyzed in
detail the conformation in the WT complex at pH 3.4 during run
1 (50 ns). 2,6-DMP maintained hydrogen bonding and hydro-
phobic interactions with Phe-457 and Phe-162 for more than
30% of the simulation time (Fig. 5a, b and 5e). The ligand
phenolic OH donated a hydrogen bond to the backbone
carbonyl O-atom of Phe-457 and maintained this contact for
~40% of the total 50 ns (Fig. 5b and e). Phe-162 formed
hydrophobic contacts with 2,6-DMP for about >50% time,
including m-7 stacking (~24% time). In addition, the residues
Ala-161, Asp-206, Phe-265, Phe-332, Thr-335, Phe-337, Gly-392,
and Ala-461 formed crucial contacts with 2,6-DMP during the
simulation (Fig. 5a). Ala-161 formed hydrophobic contacts and
water bridges. Asp-206, Thr-335 and Gly-392 formed hydrogen
bonds and water bridges with the ligand. Asp-206 formed
a hydrogen bond with the phenolic OH group and water bridges
with the OH and OCHj; groups of 2,6-DMP. The residues Phe-
265, Phe-332, Phe-337 and Ala-461 were involved in hydro-
phobic interactions with the protein.

36922 | RSC Adv., 2018, 8, 36915-36926
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In WT complex at pH 5.0 (run 1-50 ns), 2,6-DMP showed
similar prominent hydrophobic interaction with Phe-162 and
Phe-332 residues as in WT pH 3.4; however, the interaction with
Phe-457 was not found. In contrast to WT complex at pH 3.4, the
prominent interactions in WT at pH 5.0 occurred with Leu-164,
Asp-206, Phe-265 and His-458 residues. 2,6-DMP formed and
maintained favorable contacts with Phe-162, Leu-164, Phe-265
and His-458 for more than 30% of the simulation time
(Fig. 5¢, d and f). N° H-atom of His-458 donated a hydrogen
bond to the OH group of 2,6-DMP and maintained this inter-
action for 38% of the time (Fig. 5d and f). It also formed
hydrogen bonding with the two ortho OCH; groups of the ligand
for 17% and 23% time. His-458 also formed water bridges with
OH and OCHj; groups and - stacking with the phenyl ring of
the ligand. The residues Leu-164, Phe-265 formed and main-
tained crucial hydrophobic contacts. Asp-206, which formed
contacts for a very small duration in WT at pH 3.4, formed
prominent hydrogen bonds or water bridges for >40% of the
simulation in WT pH 5.0. The carboxyl group of Asp-206
accepted a hydrogen bond from the OH group for ~23% time
and additional water bridges with the OH and OCH; groups of
2,6-DMP. In addition, Pro-391 and Pro-394 formed hydrophobic
contacts, and Gly-392 and Ala-393 formed hydrogen bonding
and water bridges with 2,6-DMP.

In contrast to 2,6-DMP, another substrate in the dataset —
ABTS*?® showed similar experimental Ky, in the mutated and the
WT laccases. The plausible reason for this is that the ABTS lacks
the phenolic OH and OCH3 groups, and therefore does not form
hydrogen bonding between these atoms and Asp-206 (ESI
Fig. S251). However, it mainly forms w— stacking (hydrophobic)
interaction with Phe-265. In addition, ABTS (molecular weight:
514.603 g mol ') is comparatively larger than 2,6-DMP (molec-
ular weight: 154.165 g mol '), and therefore maintains different
prominent interactions than 2,6-DMP (ESI Fig. S257).

From this detailed overview, we conclude that the active poses
that explain the observed K, of the assays involve direct hydrogen
bonding between Asp-206/His-458 and 2,6-DMP and additional
water bridges that illustrate the role of solvent in substrate-lac-
case interaction at the T1 site. At pH 5 both or¢tho methoxy groups
of the substrate maintained hydrogen bond interactions with the
His-458 for 23% and 17% of the time. However, His-458 also
formed hydrogen bond with the OH group for 38% of the time.
The residues Phe-162, Leu-164, Phe-265, Phe-332 and Phe-337
provide excellent hydrophobic packing of the substrate to keep
it near the T1 site, and thus maximizes the residence time of the
substrate's active pose that enables electron transfer to T1. In the
absence of this strong hydrophobic interaction, the active pose of
2,6-DMP becomes dynamically instable. The reduced prevalence
of this pose thus leads to a reduction in turnover of the enzyme
regardless of the affinity of the substrate for the protein in other
non-productive poses.

Rationalization of the observed Ky, effects of laccase mutants

Our computations suggest that Asp-206 is engaged in important
interactions with the substrate in the active pose that leads to
enzymatic turnover and thus underlies the measured Ky;. When

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Protein—-ligand interactions in the WT laccase. (a) Residues of TvL WT at pH 3.4 interacting with 2,6-DMP. (b) Interactions that were
maintained for more than 30% at pH 3.4. (c) Residues of TvL WT at pH 5.0 interacting with 2,6-DMP. (d) Interactions that were maintained for
more than 30% at pH 5.0. (e) Residues of WT at pH 3.4 interacting with 2,6-DMP in the representative MD structure. (f) Residues of WT at pH 5.0

interacting with 2,6-DMP in the representative MD structure.

this residue is replaced with the very hydrophobic Ala, the
important stabilizing hydrogen bond is lost. Instead, Ala-206
forms mainly hydrophobic interactions with the ligand
together with several other residues (viz. Y152, F162, F265 and
F457) that are not strong enough to keep the substrate in the
active pose for longer simulation time (ESI Fig. S13 and S167).
This suggests that the D206A mutation disrupts the important
hydrogen-bond interaction of Asp-206 and destabilizes the
ligand at T1 site, even though some hydrophobic residues work
to maintain the ligand at T1 site.

In another mutant, Asp-206 was replaced with the similar-
sized Asn residue, which neutralizes a negative charge in the

This journal is © The Royal Society of Chemistry 2018

binding cavity (Asp-206 could in principle be protonated at the
studied pH but the protonation protocol did not indicate so,
and the agreement with experiment does not suggest so either).
In these simulations, the substrate moved away from the T1 site
(ESI Fig. S177), indicating that the optimal hydrogen bonding is
also lost in this mutant, consistent with the expected weaker
hydrogen bond accepting ability of the amide group.

In contrast, Phe-332 and Phe-337 act as anchors that fixate
the substrate within the T1 binding site. These residues are
present at the entrance of the T1 site as shown in Fig. 1a and 6.
They form hydrophobic interactions with 2,6-DMP in the WT
complexes (pH 3.4 and 5.0) (Fig. 5). When Phe was replaced by

RSC Adv., 2018, 8, 36915-36926 | 36923
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(a) WT pH 5.0
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(b) F332A
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(c) F337A
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Fig. 6 Surface view of the change in the T1 binding cavity due to mutation, using the representative structures from cluster analysis of the last 20
ns for the run 1 simulations. Green color represents the hydrophobic surface, cyan color represents the polar uncharged area, red color
represents the negatively charged surface, and gray represents the area contributed by the glycine residue. The substrate is shown as dark gray
van der Waals surface. (a) F332 and F337 act as anchors keeping the substrate in the T1 site of the WT for longer time. (b) The T1 entrance channel
opens up considerably for F332A. (c) The mutation F337A leads to a much wider entrance channel than F332A.

the much smaller Ala residue, the substrate-anchoring function
was lost and the T1 entrance channel opened up significantly
(Fig. 6), which further reduced the affinity of the ligand for the
active site. In the F332A mutant, Ala-332 formed mainly
hydrophobic interactions initially for some time during the MD
run. The residues Phe-162 and Phe-337 also formed hydro-
phobic interactions that stabilize this pose of the substrate;
however, this interaction was lost during the run and the
substrate moved away from the T1 site (ESI Fig. S13 and S187).
In the mutant F337A, the substrate could not maintain any
contacts with the T1 site and immediately left the T1 site during
simulation (ESI Fig. S197).

We conclude that the hydrogen bonding between Asp-206
and 2,6-DMP as well as hydrophobic anchoring by the phenyl-
alanines are important interactions that orient the substrate for
productive turnover (electron transfer) at the T1 site.

Conclusions

We have reported the results of a computational study of the
molecular causes of the experimentally observed Ky values of
laccase mutants. Using docking, MMGBSA and molecular
dynamics simulations, we identify what we consider the “active”
pose of the substrate 2,6-DMP within the laccase, located close
to the T1 copper and optimally positioned for electron transfer,
enabled by hydrogen bonds between the ortho methoxy groups
and OH group and His-458. We show that MD lifetimes of the
protein-substrate complexes and MMGBSA binding free ener-
gies consistently reproduce the separation of the mutants with
high experimental Ky values from the WT proteins with low Ky
values.

We find that the Asp-206 and hydrophobic Phe-332 and Phe-
337 residues are crucial for maintaining the substrate in the
active pose that leads to turnover. Mutation of these residues
leads to premature diffusion of the substrate away from the T1
site to impair turnover; these observations in all cases corre-
lated with the experimental Ky, values from two different assays.

36924 | RSC Adv., 2018, 8, 36915-36926

One may speculate on the reasons for the success of this
procedure. First of all, the dynamic stability of the active poses
of the substrate that supposedly engage in enzymatic turnover
must necessarily require an energy-balanced force field that
enables observation of both the bound and free ligand states, as
we see here. Thus, part of the success of the protocol described
here probably relates to the fact that we used OPLS2005,* which
is well suited to produce a balanced description of drug-protein
interactions because of its origin in experimental free energies
rather than merely quantum mechanical calculations.**** We
expect unbalanced force fields to favor either too much or too
little the active pose of the substrate. The fact that we observe
both prevalence and loss of this pose indicates that the applied
force field is balanced, justifying its use in this protocol, which
we consider encouraging for further studies of this type. We
observed the expected stochastic behavior of MD simulations,
as different runs of the same system yielded distinct residence
times, but the overall behavior of the 4500 nanoseconds of
simulations were similar, with 15 of the 16 mutant-WT
comparisons consistently showing earlier release of substrate
in the mutants. This shows that one should perform several MD
runs of such systems before making strong conclusions, as the
substrate release depends, among other things, on the initial
velocity seeds of the MD simulations.

We also note that the MMGBSA binding affinity averaged
over the MD trajectory displays a good trend agreement with the
experimental K. While MMGBSA binding affinities are
commonly used to predict drug inhibitory constants, they can
also estimate Ky, values for enzymes. Our results suggest that
MMGBSA is a good scoring function to qualitatively distinguish
between high and low Ky, values of an order of magnitude
difference; this finding should be of interest to enzyme design
and optimization.

In its standard interpretation, Ky, reflects the concentration
of substrate required to reach half the maximum activity of the
enzyme.*> However, the Michaelis constant is often assumed to
quantify the strength of the protein-substrate interaction. Yet,

This journal is © The Royal Society of Chemistry 2018
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in the limit of very strong association, the turnover would be
impaired as described by the Sabatier principle,*” and thus the
normal interpretation of Ky, as simply the protein-substrate
affinity cannot be universally true.*"** We show in this work that
Ky relates directly to the lifetime of the active substrate pose
within the protein, a conformation that is largely determined by
the electron transfer distance from the substrate to the T1
copper site, rather than the total ensemble-averaged stability of
the enzyme-substrate complex. While the lifetime arising from
the specific stability of the active pose substantially contributes
to Ky, additional factors probably contribute, as Ky also carries
some information relating to the actual electron transfer step.

In contrast, the measured thermochemical stability of the
protein-substrate complex (i.e. the substrate affinity for the
protein) reflects an ensemble average of all the conformations
encountered. These findings are in good agreement with the
discussion of the Michaelis-Menten parameters by Northrop.**
Thus, one cannot generally expect substrate affinities for
various docked poses to correlate well with Ky, whereas we
argue here that those of active poses do.

MD simulations have been carried out previously for other
proteins to understand the active site dynamics showing the
value of this approach.”**** The present study shows that for
laccases, which are complex multi-copper electron transfer
proteins, relative experimental Ky, values (i.e. larger vs. smaller
Ky) can be accurately estimated from a group of comparative
MD simulations allowing for substrate release according to our
protocol. In laccases, the relevant active conformation is well-
defined by restrictions on the electron transfer distance,** and
thus it is an ideal case study for understanding the contribution
of substrate residence time to experimental Ky.
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