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Bacillus subtilis BsDyP belongs to class | of the enzyme's dye-decolorizing peroxidase (DyP) family. It is an
interesting biocatalyst due to its high redox potential, broad substrate spectrum, and thermostability. The
engineering of the enzyme towards improved activity for phenolics revealed that loops close to the heme pocket

could be modulated for tuning catalytic and stability DyP properties.
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| 1. Introduction

Biocatalysis is both a green and sustainable technology and redox biocatalysts offer eco-friendly advantages in
comparison with conventional chemical reactions due to the selectivity, controllability and economy of their
reactions. Lignin is the largest reserve of aromatics on Earth and is a key renewable source of chemicals and
materials . Recent strategies developed for lignin depolymerization allowed the derivation of well-defined
compounds in acceptable quantities, bringing the utilization of lignin as a feedstock for aromatic chemicals one
step closer to reality L2l At present, the challenge is the set-up of atom-economic and waste-free (bio)processes
that allow the full implementation of a lignin-derived platform of chemicals, sustainable starting material for the
production of drop-in chemicals, structural scaffolds exploitable in the field of medicinal chemistry, polymers and
emerging functional materials MABIEIE |0 nature, white-rot fungi and certain bacteria are responsible for the
depolymerization and conversion of lignin, and therefore, they are useful sources of ligninolytic enzymes, such as

laccases and fungal lignin (LiP), versatile (VP), manganese peroxidases (MnP) and dye-decolorizing peroxidases
(DyPs) [BIRI101[11]

DE is a powerful engineering tool that mimics the principles of natural selection through iterative rounds of
mutagenesis, recombination and screening 2. The properties of evolved variants based on their biochemical,
kinetic and structural analysis are discussed. In DyPs, the oxidation of reduced substrates occurs in heme cavities
and in tyrosine and tryptophan surface-exposed residues, similarly to LiP and VP enzymes, and then to transfer
electrons to the heme using long-range electron transfer (LRET) pathways L3I[24I15] However, details of substrate
binding and of molecular determinants of substrate specificity in DyPs remain open questions. This helps to

understand the role of conserved loops around the heme pocket in substrate binding and catalysis and the
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interplay of catalytic and stability mechanisms of DyPs with implications in their industrial application and in the

future design of enzymes.

| 2. Deletion of Tat-Signal Peptide from BsDyP

BsDyP has a 45-residue N-terminal twin-arginine signal peptide sequence
(MSDEQKKPEQIHRRDILKWGAMAGAAVAIGASGLGGLAPLVQTA) with an Arg-Arg motif, recognized by the twin-
arginine translocation (Tat) pathway, involved in the translocation of folded proteins from the cytoplasm and
secretion to the extracellular milieu 28171 The recombinant production of BsDyP in Escherichia coli resulted in two
forms with different molecular masses as assessed by SDS-PAGE (Figure Sila [28)): one upper band that most
probably corresponds to the unprocessed cytoplasmic precursor containing the signal peptide, and a lower band
that corresponds to the mature periplasmic enzyme without the signal peptide 8, similarly to what was observed
in the heterologous expression of TfuDyP Thermobifida fusca 12 and E. coli YcdB 29, DyP members from class |
also harboring an N-terminal twin-arginine sequence. Researchers deleted the N-terminal sequence of BSDyP to
achieve homogeneous preparations of recombinant enzyme. The heterologous production of the truncated
(mature) form of BsDyP resulted in one single band in the electrophoresis gel. The truncated enzyme shows
spectroscopic and kinetic properties comparable to those of an intact enzyme 18l This form (named hereafter wild-

type BsDyP) was used.

| 3. Directed Evolution of BsDyP for Improved DMP Oxidation

Three rounds of evolution were performed and approximately 6000 clones were screened to identify a variant with
improved catalytic efficiency for the lignin-related phenolic DMP (Figure 1). In the first round of evolution using
epPCR, ~600 clones were screened using the qualitative “activity on-plate assay” followed by liquid activity
screening in 96-well plates. Two variants, 3G5 (with mutations A330V, L166Q, V284A and T296S) and 1F9 (with
the single S325P mutation), showed 2- and 5-fold higher activity for DMP, respectively, in comparison with the wild
type. Variant 1F9 parented the next generation where ~3500 variants were screened. The top four variants inserted
one additional mutation: K220R (variant 50F7), K317E (variant 54D6), E346V (variant 56C8), K248E (variant
51E9), and revealed very similar enzymatic activities (1.5 to 1.9-fold higher than 1F9), which impaired the selection
of one clearly best variant to parent the following round of evolution. Therefore, to construct the third generation
library of variants, random recombination by DNA shuffling of genes coding for 50F7, 51E9, 54D6 and 56C8 plus
the gene coding for variant 3G5, found in the first round of evolution, was performed. A library of ~1980 mutants
was screened and the top twenty-five variants were selected for further analysis. The DNA sequencing revealed
that from the initial twenty-five phenotypes, only fifteen corresponded to different genotypes considering the non-
synonymous substitutions; for example, the six top variants (5G5, 7E7, 6B8, 3C7, 2C5, 7E10) that reached 1.7 to
2.5-fold higher activity than the parent (considered 50F7) corresponded to only three genotypes. The highest
activity for DMP was consistently measured for variant 5G5, which gathered mutations S325P and A330V from
variants 1F9 and 3G5, respectively, from the first generation, and mutation K317E from variant 54D6 of the second

generation.
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Figure 1. Lineage of BsDyP variants generated in this entry. In the first generation, a total of 614 variants,
generated through error-prone PCR, were screened in 96-well plates using 1 mM of DMP. The 1F9 variant was
selected on the basis of its 5-fold increased activity in crude extracts compared with the parent. Next, the second
generation was evolved from the 1F9 variant as the parent. In this round, 365 variants, resulting from error-prone
PCR, were screened in 96-well plates. The variants 50F7, 51E9, 54D6 and 56C8 were identified as having a
slightly higher activity (between 1.5 and 1.9-fold) when compared to the parent. In the third generation, variants
were constructed using DNA shuffling, where genes from variants of the second generation were recombined with
the 3G5 gene, from the first round of evolution, with a 2-fold increased activity in crude extracts when compared
with the wild type. In this round of evolution, 588 variants were screened in 96-well plates. From this process

resulted one hit variant, 5G5, with 2-fold increased activity at pH 4. rA represents the relative activity to the parent.

| 4. Biochemical and Kinetic Characterization

To understand the role of the three mutations that originated the improved activity of BsDyP towards DMP, the wild
type and variants 1F9, 3G5, 54D6 and 5G5 were overproduced, purified and characterized. The Reinheitszahl
values of purified enzymes vary between 1.6 and 2.5 and the UV-visible absorption spectra of the purified
enzymes revealed the characteristic Soret band at 406-407 nm (Table 1). The enzyme yields improved in the

course of evolution from 8 mg L1 in the wild type to 15 mg L™1 in hit variant 5G5 (Table 1), indicating the beneficial
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role of mutations acquired for BsDyP recombinant production. Furthermore, the incorporation of the heme cofactor

almost doubled from 0.4 to 0.6—-0.7 mol per mole of protein in the wild type and variants, respectively.

Table 1. Spectroscopic and redox properties of purified BsDyP wild type and variants.

Enzyme Production (mg L™) Rz Amax(nm) &£(mM1cm™) Heme Content
Wild Type 8.3+0.4 2.3 406 82 04+0.1
1F9 11.1+0.8 2.5 407 92 0.7+0.2
3G5 6.5+05 1.6 406 60 0.6 +0.2
54D6 16.0+0.9 1.8 407 66 0.6+0.1
5G5 15.0+ 1.0 2.1 407 77 0.7+0.1

An optimal pH around 4 was observed for DMP and for 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) for all tested enzymes. The activity for H,O, and ABTS increased 2 to 4-fold in all variants, but as the K,
values also slightly increased (2—3 fold) the catalytic efficiency (k.5?PP/K,2PP) remained analogous in the variants
as compared to the wild type (Table 2). The variants from the first and second round of evolution, 1F9, 3G5 and
54D6, showed similar k4P values for DMP, circa 2-fold of those of the wild type (Table 3). Noteworthy, the k ;PP
of the hit 5G5 variant is ~7-fold higher for DMP, indicating a synergistic action of the three mutations S325P, A330V
and K317E in the functional transition. The K, values for DMP of variants 54D6 and 5G5 (both containing the
mutation K317E) increased 10-fold as compared to the wild type, which is reflected in a slightly lower catalytic
efficiency (k.o?PP/K,,) for DMP as compared to the wild type. The lower Km indicates that mutation K317E
introduced steric changes in the substrate-binding site(s) that negatively affected DMP binding to the enzyme.
Note, however, that the turnover number (k.52PP) is considered the most important parameter for biotechnological
applications since bioprocesses usually take place at high concentrations of substrate, i.e., the enzyme’s activity is
not limited by substrate concentration but by the turnover number. In this respect, the hit variant 5G5 has a k.42°P
for DMP 107-, 56- and 29-fold higher when compared, for example, with class | bacterial Thermobifida fusca
TfuDyP (k. 2°° = 0.026 s™1), class P P. putida PpDyP (k.**P = 0.05 s™1) and class V Streptomyces avermitilis,
SaDyP2 (k.2 = 0.097 s71), respectively 12211122 5G5 js also a promising candidate for further BsDyP evolution
to increase the k.;2PP parameter to values close to those of fungal counterparts, such as Auricularia auricula-judae
AauDyP, which shows a paramount k.,2°° of 89 s~1 for DMP [23],

Table 2. Apparent steady-state kinetic parameters of wild type and variants for hydrogen peroxide and ABTS,
measured at 25 °C and pH 4.2.

Enzyme H,0, ABTS
app app app app app
k(csail) Km?P (mM) kc?:w—llsl’(—ni) Ki (mM) Kp2PP (mM) kc?;w—l/;(—nlq)
Wild 14.2 + 0.06 £ 5 6.5+ 0.42 + 4
Type 1.0 0.01 (2.2+£0.4)x 10 19 0.03 (3.6 £0.3) x 10
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Enzyme H,0, ABTS
Keat?PP a K....3PP/K _app K....2PP/K app
pp cat m . app cat m
(S—l) Km (mM) (M—ls—l) K| (mM) Km (mM) (M—ls—l)
50.4 + 0.19 + 26+ 0.89 +
2.7+0.7) x 10° 5.8+ 0.7) x 10*
1F9 1.4 0.05 ( ) 0.2 0.10 ( )
28.1 + 0.06 + 85+ 1.37 +
4.9+0.7) x 10° 2.5+0.5) x 104
365 2.1 0.01 ( ) 0.4 0.25 ( )
47.7 + 0.15 + 8.1+ 0.80 + in sodium
3.3+0.6) x 10° 6.0+ 1.1) x 104
SR 2.9 0.02 ( ) 0.7 0.14 ( ) > 5.
56.1 + 0.18 + e 3.9+ 1.29 + .
Enzyme Keat?PP (s7Y) Kn2PP (mM) Keat?PPIK,2PP (M~1s71)
Wild Type 0.42 +0.03 0.06 +0.01 (7+1) %108
1F9 0.83 +0.04 0.15 + 0.01 (5.5 +0.4) x 10°
3G5 0.8+0.1 0.09 +0.01 (9+1) %108
54D6 1.0+0.1 0.60 + 0.01 (1.6 +0.5) x 10°
5G5 2.8+0.1 0.7+0.1 (3.8+0.2) x 10°

9. KOIe OT1 iviutations in ine UpIIﬂIIZﬂIIOﬂ o1 9GO T10I VUIVIVP
Oxidation

To investigate the structural consequences of evolving the wild type to 5G5, the X-ray crystal structures of 5G5 and
the wild type were solved at 2.10 and 2.49 A resolution, respectively (Figure 2a and Table 4). The 5G5 variant
crystal structure is very similar to the wild type, showing root-mean-square deviations (r.m.s.d.) between Ca atoms
that range from 0.46 to 0.51 A. The wild type crystallized in the trigonal P3121 space group with two molecules per
asymmetric unit (Figure S6a). These two subunits have an r.m.s.d. of 0.31 A between Ca atoms. The recently
deposited BsDyP crystal structure (PDB 6KMN, [24)) belongs to the triclinic P1 space group, showing four subunits
in the asymmetric unit. The crystal structure of the 5G5 variant belongs to the monoclinic P21 space group and four
monomers in the asymmetric unit were identified. Chains A, B and C share a higher structural homology, with
r.m.s.d. values ranging from 0.30-0.33 A between Ca atoms, than chain D (r.m.s.d. = 0.43-0.45 A); researchers

opted to examine chain A for both the wild type and the 5G5 variant in most of the structural analysis.
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Figure 2. (a) Transparent secondary structure cartoon of superimposed wild type (blue) and 5G5 (green). The
mutations P325 and V330 in 5G5 are shown as green spheres, and their homologs in the wild type as blue
spheres. K317 is shown as blue spheres in the wild type and E317 is not visible in 5G5, and therefore is not
represented. The heme is represented as sticks, with carbon, oxygen and nitrogen atoms colored as yellow, red
and blue, respectively. The iron is shown as a brown sphere. Cartoon representation of the main-chain 5G5 (b) and
wild-type (c) structures with thickness proportional to a.d.p. values, color coded from blue (21 A?) to red (126 A2).
The full length enzymes contain 416 residues but the refined models consist of polypeptide chains with 349-354
amino acids; the first 45 residues, TAT signal, were deleted and the residues 46-55 (N-terminal) and 415-416 (C-
terminal) are not visible in the electron density maps. A long loop region containing 32 residues (107-138) has high
a.d.p.s, 55.4-109.8 A2, and five residues (112-116) could not be modeled in the wild type due to lack of electron
density. Additionally, the region 309-321 (boxed) becomes more flexible during evolution and is not visible in the

electron density maps of 5G5 in chains A—C (b); in chain D, the missing region is between residues 317 and 321.

Table 4. X-ray data collection and refinement statistics. Values in parentheses belong to the highest resolution

shell.
BsDyP-Wild-Type BsDyP-5G5
Data Collection
Beamline BL13-XALOC ID30A-3
Wavelength (A) 0.97926 0.9680
Space group P3;21 P12,1
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Unit cell parameters (A)

Resolution (A)

Number of observations

BsDyP-Wild-Type

a=953,b=953,c=

181.2

BsDyP-5G5

a=63.9,b=114.8,¢c=116.8

75.09-2.49 (2.59-2.49)

215,157 (26,986)

61.96-2.10 (2.20-2.10)

285,233 (46,534)
Unique reflections 33,999 (5374) 92,499 (15,038)
Completeness (%) 99.8 (99.2) 99.1 (98.0)
Multiplicity 6.3 (5.0) 3.1(3.1)
Mosaicity (°) 0.12 0.09
CC1p (%) 2 99.7 (30.6) 99.6 (47.8)
Rsym (%) P 13.0 (78.8) 8.8 (53.2)
Rmeas (%) © 16.8 (243.4) 12.2 (111.2)
Rpim (%) 5.6 (39.5) 5.8 (35.2)
<I/o(l)> 10.37 (0.67) 9.02 (1.39)
Wilson B-factor (A2) 61.4 42.4
Vum (A3 Da™) 2.99 2.27
Estimated solvent content (%) 58.9 45.8
Refinement
Rwork (%) © 20.7 19.1
Riree (%) © 23.2 21.5
rmsd for bond lengths (A) 0.008 0.002
rmsd for bond angles (°) 0.922 0.627

Average B-factor (A?)

68.3 (chain A), 68.2

37.8 (chain A), 39.5 (chain B), 43.2 (chain C),
(chain B) 47.6 (chain D)
Ramachandran plot
Residues in favored regions 97.6 974
(%)
Residues in allowed regions 2.4 2.6

The mutations present in 5G5 are located nearby the heme proximal side (Figure 2a). S325P is adjacent to the
heme proximal histidine ligand, H326, and mutation A330V lines the cavity at ~3.5 A to the heme. In the wild-type

https://encyclopedia.pub/entry/41634

7/15



Loops around Heme Pocket influence Bacillus subtilis's BsDyP | Encyclopedia.pub

BsDyP-Wild-Type BsDyP-5G5 5, E317 is
%
(%) 1 with the
Residues in disallowed 2 38-48 A?,
regions (%) Y .
L7 by the
PDB code 7PKX 7PLO

In BsDyP, the heme cofactor is partially buried in a predominantly hydrophobic pocket lined by the conserved
proximal ligand H326 and catalytic distal residues D240 and R339 (Figure 3a,b). It is coordinated by four nitrogen
atoms of the porphyrin ring, at a mean distance of 2.0 A, and by H326 at 2.3 A. The side chains of D240 and R339
are oriented to the heme iron, with a D240°P1—Fe distance of 5.2-5.5 A and R339NH?_Fe distance of 4.1-4.6 A,
similar to those measured in the reported BsDyP structure (PDB 6KMN). A water molecule is located approximately
at 3.5 A apart from the iron atom; in the heme pocket of the 6KMN structure, an electron density blob was fitted
with molecular oxygen, where the closest oxygen atom to the iron atom is at a 3.4 A distance 24, Access to the
heme from the surface, as defined using a 1.4-A rolling probe, is made through a distal tunnel and an open wide
cavity (Figure 3a). The tunnel, conserved in all characterized DyPs, is proposed to be the main entrance of H,O,
(25][26](271[281(29] and includes in BsDyP a 6 A-wide side gallery. The catalytic D240 and R339 residues are part of the
tunnel, and three water molecules were found in this pathway in the wild-type structure (and four in the 5G5
structure). The open wide cavity gives access to the solvent-exposed heme propionate p6 group and likely
represents an electron transfer route from substrates to the porphyrin radical 2239, BsDyP structure PDB 6KMM
unveiled the presence of two HEPES molecules: one is bound at 6 A away from the propionate group in the heme
cavity and another at 16 A near the surface-exposed Y388 residue [24!. Moreover, the docking of HEPES and three
different synthetic dyes using snapshots from molecular dynamics simulations of BsDyP also indicated two putative
binding sites for reduced substrates 24, BsDyP, similarly to other DyPs, is rich in tyrosines and tryptophans that
can play a role in DyP catalysis by forming surface-exposed oxidation sites for bulky substrates, which are
connected to the heme by long-range electron transfer (LRET) pathways [281[21[30][31I[32][33][34][35][36][37] ' Residue

Y388 is the most exposed residue at the shortest distance to the heme and can hypothetically act as a second

(radical) substrate-binding and -oxidation site in BsDyP.

loop 1
INFLSGGKNGETPRNLFGFK D GTGNOSTHDD

loop 3
-‘“"‘GHGILRR‘AF"’

helix ab

:mH USLA.I(ST*“

loap 2
H?FGHRHSSGAPFGCH{KETDWKLHDIPSN Sm
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Figure 3. Representation of loops and the small helix delimiting the heme pocket in BsDyP. (a) The BsDyP
monomeric form is shown as solvent-accessible surface colored in gray. The loops that surround the heme pocket
are shown in pink (loop 1), green (loop 2) and orange (loop 3) and a small helix a6 is represented in dark red. The
access to the heme, as defined using a 1.4-A rolling probe, is made through a distal tunnel (in dark gray) and one
cavity; (b) Zoomed view of the cartoon representation as shown in (a). The catalytic residues, D240 and R339, are
shown as sticks with carbon atoms colored in pink and orange, respectively. The heme proximal ligand H326 is
shown as sticks with carbon atoms colored in red. The residues K317, S325 and A330 that were replaced in the
evolved variant 5G5 are shown as sticks with carbon atoms colored in cyan. The nitrogen and oxygen atoms are
shown as sticks colored in blue and red, respectively. Highlighted in the text boxes are the catalytic residues (D240
and R339) and the heme proximal ligand (H326) in black, and the residues (K317, S325 and A330) that were

replaced during the course of evolution in light blue.

The mutations in the course of evolution of BsDyP were inserted in flexible loops and in a small helix close to the
heme pocket (Figure 3a,b). Flexible loops in the proximity of active sites frequently play roles in catalysis as they
interact with solvent and substrates [B8I39l: it is widely accepted that their pronounced conformational flexibility may
contribute to their function, in substrate selectivity and recognition, and the facilitation of substrate binding, as well
as protein evolution, as they represent molecular elements of variability 4%, Loop 1 (222-250) and loop 3 (334—
342) are predominantly located at the distal side of the heme and comprise the catalytic residues D240 and R339,
respectively. Loop 2 (297-325) and the small a-helix (326—-333) are at the heme proximal side; loop 2 contains
mutations K317E and S325P and the helix 06 comprises the adjacent heme proximal ligand H326 and the mutation
A330V. A structural superposition of BsDyP—-HEPES bound (PDB 6KMM) with BsDyP PDB 7PKX shows that a
hydrogen bond network comprising solvent molecules and amino acids from loop 1, loop 2 and the small a6-helix
extended from HEPES to the heme propionate that may facilitate electron transfer to the heme iron. Therefore, the
insertion of mutations in these flexible elements during the evolutionary trajectory of 5G5 is expected to have

changed the conformational and chemical environment of the catalytic active site, facilitating redox reactions.

K317 (and D314 from loop 2) establishes salt bridges with D250 (and K248) from symmetry-related molecules in
the wild-type crystal structure (Figure 4a). E312 from loop 2 interacts through hydrogen bonds with K239, T242,
R299 and G304, which are at the cavity entrance (Figure 4a,c). Therefore, the replacement of K317 with a
glutamate disrupted the salt bridge to D250, hypothetically leading to loop 2 destabilization and structural
rearrangements that resulted in the higher flexibility of region 309-321 (Figure 4b). For example, R299 in 5G5 is at
a different conformation and is closer to K331 (~5.0 A) than in the wild type (~7.0 A) and is significantly more
exposed to the solvent, similarly to residues K239, T242 and G304 that border the entry to the cavity (Figure 4c,d).
Furthermore, the higher flexibility of the region 309-321 in 5G5 allowed an increase in the solvent ASA of the
residue P325 (Figure 4c,d). The tunnel that gives access to the heme has a similar length (~10 A) and diameter
(=3 A) in both the wild type and the 5G5 variant, but the open cavity not only has a higher volume and area, but
also an entrance width that is 6 A larger in 5G5 (~18.0 A) than in the wild type (~12.0 A). This results in an
increased exposure of the heme group to the solvent: 9% ASA in 5G5 as compared to 4% in the wild type (Figure
4c,d). The results indicate that the variation in the loops’ flexibility and the widening of the active site entrance in

the evolved variant 5G5 negatively affect substrate binding, as reflected in higher Michaelis constants, K, but
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simultaneously facilitate electron transfer from substrates to the heme, as assessed by the increased catalytic rates
of 5G5 for DMP (and also for ABTS). The comparative analysis of available DyPs structures reveals that the loops
and a-helix regions delimiting the heme pocket are structurally conserved in all DyPs (Figure 5). Members of class
V display longer loops, on average with more than 10 to 30 residues, than enzymes from P and | classes. These
longer loops most likely contribute to the occluding of the respective heme cavities from contact with the solvent, as
observed in the X-ray crystal structures. Nevertheless, in solution, the expected high flexibility of this region may
promote solvent access of the heme and allow the oxidation of small substrates at the cavity surface; for example,
aromatic molecules were observed to bind within the heme entry of AauDyP 14l and mutagenesis and kinetic

analysis in this same enzyme indicated the involvement of a substrate-binding site close to the heme cavity 411,

Figure 4. Residues surrounding the heme cavity in BsDyP wild type and 5G5. Stick representation of residues
limiting the access to heme cavity and interacting with residues K317, D314 and E312 of loop 2 in wild type (a) and
5G5 variant (b). The carbon atoms of the mutated residues (S325P, A330V and K317E) are colored in cyan. The
residues K239 and T242 (loop 1) and R299 and G304 (loop 2) are interacting through hydrogen bonds with E312
(loop 2) and are colored accordingly (Figure 3). The residues of the symmetry-related molecule K248 and D250
are represented with carbon atoms colored in gray. The hydrogen bonds between residues are shown as dashed
lines. The red triangle represents the interatomic distances between R299, K331 and the heme propionate group.
Solvent-accessible surface area (ASA) representation of the regions delimiting the cavity is colored as in Figure 3
for wild type (c) and 5G5 (d). The residues with higher ASA values (K239, T242, R299, G304 and K331) in 5G5 are
highlighted. The mutated residues K317, P325 and A/V330 are colored as in (a) and (b). The missing region 309—
321 is shown as a dashed line in (d).
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Figure 5. Loops, molecular tunnels and cavities in class P K. pneumoniae DyP (PDB 6FKS) (a,b), class | B.
subtilis BsDyP (PDB 7PKX) (c,d) and class V A. auricula-judae DyP (PDB 4AU9) (e,f). The regions lining the
cavities are colored in light pink (loop 1), green (loop 2), dark red (small a-helix) and orange (loop 3). The tunnels

(T) and cavities (C) corresponding to panels (a,c,e) are represented as grey ASA in panels (b,d,f), respectively.

| 6. Conclusions

It is possible to tune the dynamics of catalytically relevant loops, which might be essential for the improvement or
emergence of new catalytic properties in these enzymes. Researchers opens perspectives to further evolve BsDyP
towards the conversion of phenolic compounds in green chemistry and biorefinery fields and to advance

fundamental biochemical insights within the DyP-type peroxidase family of enzymes.
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