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ABSTRACT: H,O,, is an attractive oxidant for synthetic
chemistry, especially if activated as percarboxylic acid.
H,O,, however, also is a potent inactivator of enzymes.
Protein engineering efforts to improve enzyme resistance
against H,0O, in the past have mostly focused on tedious
probabilistic directed evolution approaches. Here we
demonstrate that a rational approach combining mul-
tiscale MD simulations and Born-Oppenheimer ab initio
QM/MM MD simulations is an efficient approach to rap-
idly identify improved enzyme variants. Thus, the lipase
from Penicillium camembertii was redesigned a single
mutation (I260R) lead to drastic improvements in H,O,
resistance while maintaining the catalytic activity. Also
the extension of this methodology to other enzymes is
demonstrated.

The importance of H,O, as oxidant in enzymatic re-
actions is steadily increasing. For example, peroxygenase-
catalyzed reactions and oxidative depolymerization medi-
ated by co-factor free lytic polysaccharide monooxygenas-
es have been gaining increasing attention in the past few
years.™ Particularly, the so-called perhydrolase activity of
lipases is of significant preparative interest. First, lipases
are generally very robust catalysts operating also at ele-
vated temperatures and under non-aqueous conditions.
Second, the perhydrolase approach gives access to indus-
trially relevant transformations such as the Baeyer-
Villiger oxidation and epoxidation of C=C double bonds
(Scheme1).5™

Furthermore, H,O, is an attractive oxidant, being rel-
atively easy to handle and leaving water as the sole waste
product. This makes the chemoenzymatic approach par-
ticularly interesting from a preparative point-of-view:
instead of using stoichiometric amounts of peracids such
as m-CPBA only H,0, and catalytic amounts of the lipase

and the carboxylic acid are needed. Overall, this not only
results in significant economic savings but also reduces
the amount of waste produced significantly.

(0]
R
(0]
H20,
R)LOH
Prilezhaev R ™™
reactig_n___/
0]
Baeyer-Viliger .
oxidation (o]
X L
H0 L
R OfoH 0

A

Scheme 1. Exploiting the perhydrolase activity of
lipases to generate peracids, which in catalytic
amounts can perform Baeyer-Villiger oxidations or
epoxidation (Prilezhaev) reactions.

Nevertheless, despite these attractive features, H,O,
also exhibits a ‘dark side’; the majority of biocatalysts is
oxidatively inactivated by H,O, thereby limiting the ro-
bustness of H,O,-driven biocatalytic redox reactions.>"®
Hence, one could compare H202 due to its both faces
with the ancient Roman god of doors and gates, Janus
who was generally depicted with multiple faces.

From an industrial biotechnology point-of-view im-
proving the H,O, resistance of enzymes is inevitable to
attain practical feasibility on industrial scale.

Immobilization and solvent engineering appear
promising approaches to alleviate above problem.*7*
However, more elegant would be to engineer enzyme
mutants with an increased stability against H,O,. Low-
redox potential amino acids such as methionine, cysteine,



tryptophane and histidine are plausible targets for protein
engineering.”” This has been explored extensively in case
of H,0,-dependent peroxidases.”>*® Most mutagenesis
studies, however, are based on random strategies such as
directed evolution resulting in huge mutant libraries,
which are tedious to screen.”*® A rational approach to
improve the robustness of enzymes against H202 has not
yet been pursued.

Gaining molecular understanding of the H,O,-
inactivation mechanism of enzymes may put the basis for
a rational approach to design H,O,-resistant biocatalysts.
To develop such rational strategies, we used the lipase
from Penicillium camembertii (PCL) as a model enzyme.
As a basis for our simulations we took the crystal struc-
ture of PCL.*°

To elucidate the H,O,-inactivation mechanism on
PCL, classical molecular dynamics MD (CMD), steered
MD (SMD) and Born-Oppenheimer ab initio QM/MM
MD were employed (for a detailed description of the
methods and the results, please refer to the Supporting
Information).>>® First, wild type PCL model without sub-
strate bound was solvated into a box containing 5000
water molecules and 1000 H,O, molecules followed by a
100 ns CMD simulation. As shown in Figure 1A, in the
catalytic pocket can accommodate more than two H,O,
molecules, even up to four. It is reasonable to assume that
the rate of H,O,-related PCL-inactivation correlates with
the amount and probability of H,O, found in the enzyme
active site.
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Figure 1. (A) The probabilities of number of H,0, molecules
in the catalytic pocket of wild type model. (B) The geometry
conformation of H,O, molecule in the catalytic pocket. (C)
The component residues of H202 binding site (green sticks)
and pocket (blue sticks) of PCL. (D) The initial perhydrolysis
activity as well as H,O, resistance of wild type PCL and Y21F,
Hi144W mutants.

Further analysis using the CMD trajectory of PCL re-
vealed that the H,O, molecules are preferentially located
close to residues Y21 and Hig4 (Figure 1B) forming H-
bonds with Y21, Hi44 and H259. H259 is part of the cata-
lytic triade. The conformation is similar to the binding
mode determining by QM/MM MD simulations (Figure
1C, the detail process see Supporting Information). To
shed light on this, SMD simulations and umbrella sam-

pling were performed to elucidate the H,O, trajectory and
the variations of the energy level of H,O, from outside the
pocket to the position close to Y21/Hi44 (Figure 2A and
2B). This analysis revealed that the binding of H,O, to
Y21/Hi44 is both, thermodynamically and kinetically
favorable. In other words H,O, is ‘squinted’ towards the
Y21/H144 residues.
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Figure 2. The results of the SMD simulations and umbrella
sampling. (A) The distance-energy curves between the mass
center of H,O, molecule and Y21/Hi44 residues in different
three models and motion trail of the H,O, molecule from the
outside of pocket to the Y21/Hi44 residues in the (B) wild-
type, (C) Y84R and (D) [260R models, respectively.
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We then carried out an ab initio QM/MM MD simu-
lation with umbrella sampling to further elucidate the
catalytic mechanism of PCL and its mutants in the perhy-
drolysis reaction. The geometries of reactants (i.e. H,O,
and pentanoic acid bound to the active site, React.) and
intermediate 2 (i.e. H,O, activated by partial deprotona-
tion by H259 attacking the serine-acyl intermediate, Int.
2) are shown in Figure 3A. Again, a strong H-bond net-
work between Y21, Hi44 and H2s59 with H,O, was ob-
served controlling its orientation to nucleophilically at-
tack the acyl-enzyme ester (Figure 3A). The hydrogen
bond lengths were 2.09+0.20 A and 1.87+0.13 A in React.
and Int. 2, respectively. Upon exchanging Y21 or Hi44 to
other amino acids, H,O, becomes more flexible due to
significantly increased H-bonding distances and less like-
ly forms a H-bond with Hz2s59, which is required for the
perhydrolysis of the enzyme-acyl intermediate (Figure 3B
and 3C). The higher degree of freedom of H,O, in such
mutants leads to a less efficient perhydrolysis reaction as
well as to more interactions of H,O, with other active site
residues. As a result, decreased perhydrolysis activity and
increased susceptibility towards H,O,-related inactivation
should be the case. This was experimentally conformed
(Figure 1D). The perhydrolase activities of e.g. Y21F and
Hi144W (0.41 and 0.29 U/mg for Y21F and Hi44W, respec-
tively) were significantly lower than the specific activity of
the wild type PCL (1.97 U/mg). Also, both mutants were
significantly less stable in the presence of H,O, as com-
pared to the wt-enzyme (loss of 50 or 80% of the initial



activity after 2h incubation, respectively as compared to
only 15% loss by the wt-PCL).
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Figure 3. The determined geometries at reactant (React.)
and intermediate 2 (Int. 2) of (A) wild type, (B) Y21F and (C)
Hi44W models. The unit of the distance data in Figure was
A. The complete reaction processes of the three models were
presented in Figure S7-Sg.

Based on the above-described H,O,-inactivation
mechanism, we hypothesized that a promising strategy to
increase PCL’s resistance against H,O, may be to restrict
access of H,0O,to the enzyme active site and thereby re-
ducing the amount of H,O, molecules.

To validate this hypothesis, we mutated three non-
polar amino acid residues in the vicinity of the H,O, bind-
ing site (G82, F256 and 1260) to more polar ones. In addi-
tion, we also evaluated the mutant Y84R as the original
phenolic OH-group did not appear to contribute to H,O,
stabilization as it was pointing away from H,O, and sub-
stitution to an arginine may induce more flexibility.
Overall, we aimed at mutants with whom H,O, binding is
still thermodynamically feasible but kinetically impeded
thereby reducing the number of H,O, molecules in the
active site. Still these mutants should efficiently bind and
position H,O, correctly to act as a nucleophile for the
perhydrolysis of the enzyme-acyl compound.

All five mutants were placed in the same water box
containing 5000 H,O and 1000 H,O, molecules followed

by 100 ns CMD simulations. As shown in Figure 4A, the
number of H,O, molecules within the active site of G82S
was still approximately two thereby not representing an
improvement (Figure SuA). However, in case of F256Y,
[260E, Y84R and 1260R (Figure 4A) significantly less H,O,,
in some cases even only one molecule was observed in the
mutants’ active sites.

Further CMD analysis of the H,O, trajectory within
these mutants revealed that the more polar amino acid
residues indeed formed H-bonds with H,O, and thereby
kinetically impeded H,O, access to the active site (Figure
SuB-SuE).

Again SMD analysis and umbrella sampling were
used to investigate the trajectory and energy variation of
the H,O, molecule from the outside of the pocket to the
mutants. Due to the loss of the structural stability, mu-
tants F256Y and [260E models were no longer considered
(Figure S12). As shown in Figure 24, Y84R and 1260R im-
posed a very significantly higher energy barrier for H,O,
to access the active sites as compared to the wt-PCL. This
could be assigned to some binding interaction of H,O,
with the new, polar amino acid residues (Figure 2C and

D) while in case of the wt-PCL H,O, did not encounter
any impediments. Hence Y84R and 1260R should be more
resistant to H,O,.
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Figure 4. (A) The number of H,O, molecules in the binding
pocket of wild type and various mutant type models. (B)
Complete free energy profile of the conversion of the penta-
noic acid into the corresponding perpentanoic acid for wild
type and mutant type PCL determined by ab Initio QM/MM
MD simulations and umbrella sampling.
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The perhydrolysis mechanism was further elucidated
by QM/MM MD simulations. As shown in Figure 4B, a
higher activation energy was calculated for the Y84R mu-
tant while the energy profile for [260R was very compara-
ble to that of the wild-type enzyme. Therefore, we fo-
cused on [260R as with this mutant no significant reduc-
tion of the catalytic efficiency was to be expected.

Next, we aimed at experimental validation of the pre-
dicted higher robustness especially of 1260R. Therefore,
we compared the residual activities of wt-PCL and [260R-
PCL and some other mutants after incubation in the pres-
ence of 1 M H,O, (Figure 5A). Strikingly, while the wt-
enzyme lost half of its catalytic activity within 10h, 1260R-
PCL maintained 80% of its initial activity even after 22h of
incubation. Further kinetic characterization of the mu-
tants such as catalytic properties (Table S1), T-, pH-range,
thermostability and acyl donor preference (Figures S16A-
D) can be found in the Supporting Information. Here it is
worth mentioning that the kinetic parameters for penta-
noic acid as acyl donor were almost not affected by the



mutations (Table S1). The same is true for the Ky, value of
H,O,. Quite interestingly, [260R not only exhibited a
markedly higher resistance towards H,O, as compared to
the wt-enzyme, it also had a 16-fold increase half-life time
upon incubation at 45°C (Table S1 and Figure S16C). Pos-
sibly, this is due to the formation of a new salt bridge
between the newly introduced R260 and D267 (Figure
SuE and Si5) leading to a stabilization of the C-terminus.

To test the general applicability of our hypothesis we
also generated mutants of the lipases from Aspergillus
oryzae (AOL, PDB: 5XK2) and from Thermomyces lanugi-
nosus (TLL, PDB: 1DT3).Particularly the mutants V259R-
AOL and L259R-TLL corresponded to the successful
[260R mutation in PCL (Figure S17). Again, a substantial
improvement in H,O, stability of these mutants com-
pared to their wt-parents was observed while leaving the
perhydrolysis activity almost unaltered perhydrolysis
activity (Figure S18). These results are also in accordance
with a previous report on the stabilization of the esterase
from Pyrobaculum calidifontis.*
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Figure 5. (A) The H,O,-resistance for the wild type PCL and
various mutant type PCL. (B) The comparison of the turno-
ver frequency within 12 h between the wild type PCL and
mutant 1260R in different H,O, concentration. The detailed
comparison of the reaction course referred to Figure Si9.
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Finally, we also compared the catalytic performance
of wt- and [260R-PCL in the chemoenzymatic epoxidation
of 1-octadecene (Figure 5B and Figure Si9). Owing to the
high Ky-value of both mutants for H,O, a linear rate de-
pendence of both enzymes on the H,O, concentration
employed was observed. The wt-enzyme, however
showed a markedly decrease activity (within the
timeframe of the experiments of 6h) above 2.8 M H,O,, at
4.44 M H,O,, the catalytic activity was almost completely
lost. 1260R, in contracts, exhibited a linearly increasing
activity up to 4.44 M H,0O,. Hence, these results further
confirm our hypothesis.

In conclusion, on the basis of extensive multiscale
MD simulations and Born-Oppenheimer ab initio
QM/MM MD simulations we have proposed a mechanism
for H,O,-inactivation of PCL. The mutant [260R proposed
from this suggestion also experimentally proved to be
more resistant without compromising the catalytic activi-
ty. These results could also be transferred to other lipases.

Hence, the approach taken here may be a useful one
not only for H,O,-inactivation of lipases but for other
H,O,-dependent biocatalysts as well.
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