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Expression of lignin-oxidising Pseudomonas fluorescens Dyp1B in the periplasm of Pseudomonas putida KT2440,
using a tat fusion construct, was found to lead to enhanced whole cell activity for oxidation of DCP and polymeric
lignin substrates. Four amino acid residues predicted to lie at the manganese ion binding site of Pseudomonas
fluorescens peroxidase DyplB were investigated using site-directed mutagenesis. Mutants H127R and S223A
showed 2-fold and 4-fold higher ke, for Mn(Il) oxidation respectively, and mutant S223A showed 2-fold

enhanced production of low molecular weight phenolic products from a polymeric soda lignin. The mutant Pfl
Dyp1B genes were expressed as tat fusions to investigate their effect on lignin oxidation by P. putida KT2440.

1. Introduction

The aromatic heteropolymer lignin is, together with cellulose and
hemi-cellulose, a major component of the lignocellulose plant cell wall,
and comprises 15-30% of plant biomass [1]. Hence there is considerable
interest in the conversion of lignin into renewable aromatic chemicals,
either using chemical catalysis or biocatalysis [2]. Microbial enzymes
that are able to attack lignin include fungal lignin peroxidase and
manganese peroxidase enzymes secreted by white-rot Basidiomycete
fungi, and fungal multi-copper oxidase enzymes [3]. Bacterial enzymes
have also been identified that can attack polymeric lignin:
dye-decolorizing peroxidases from Rhodococcus jostii RHA1 [4] and
Pseudomonas fluorescens Pf-5 [5] show activity for polymeric lignin
oxidation in the presence of Mn2" ions, and further Dyp-type peroxi-
dases with activity for lignin oxidation have been reported from Strep-
tomyces albidoflavus [6] and Pseudomonas sp. Q18 [7]. Multicopper
oxidases from Streptomyces coelicolor [8] and Ochrobactrum sp. [9] have
been shown to have activity for polymeric lignin; and
glutathione-dependent beta-etherase enzymes from Sphingobium SYK-6
and Novosphingobium show activity towards lignin dimers [10-12] and
higher molecular weight lignin fragments [13].

Bioinformatic analysis of genomes for bacterial lignin-degrading

* Corresponding authors.

strains has identified that nearly all such microbes contain either Dyp-
type peroxidase genes or multi-copper oxidase genes on their genomes
[14]. However, it is uncertain whether Dyp-type peroxidases are
expressed extracellularly or intracellularly: A-type Dyp sequences
contain a Tat signal sequence for protein export [14], but B-type Dyp
peroxidases that contain lignin-oxidising enzymes are either targeted to
an encapsulin nanocompartment [15], or contain no signal sequence.
Since the initial steps of lignin oxidation must be extracellular, then we
hypothesised that expression of lignin-oxidising enzymes either extra-
cellularly or in periplasm of Gram-negative bacteria may improve mi-
crobial lignin oxidation. As precedent, it has been reported that
overexpression of Streptomyces small laccase SLAC leads to enhancement
in the rate of acid-precipitable polymeric lignin (APPL) production in
Streptomyces coelicolor [16]. Also in a plant host, overexpression of
R. jostii DypB in tobacco is reported to cause reduced lignin content [17].
Hence we wished to investigate whether extracellular or periplasmic
expression of a Dyp-type peroxidase with activity for lignin oxidation
would cause enhancement in microbial lignin breakdown.

We have also investigated amino acid replacements at the active site
of a Dyp-type peroxidase that could further enhance lignin oxidation
activity. The active site of DyP-type peroxidases contains catalytic
aspartic acid and arginine residues responsible for the formation of the
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compound I iron-oxo intermediate responsible for substrate oxidation,
whose function have been explored via site-directed mutagenesis and
spectroscopic studies [18-21]. In B-type DyP peroxidases which have
activity for Mn?* oxidation, there is a Mn?* binding site adjacent to the
haem edge, whose structure has been determined in R. jostii RHA1 DypB
[4]. Replacement of an Asn-246 residue by Ala in R. jostii DypB led to an
80-fold increase in ey for Mn?" oxidation [22]. Mn®* is thought to act
as a diffusible oxidant that can penetrate the lignin structure to initiate
lignin depolymerisation. Given the modest activity of bacterial DyP-type
peroxidases towards phenolic substrates (Keat/Ky 10%-10% M'!s!) and
Mn?* (Keat/Km 10%-10° M1s1), studies to improve activity by protein
engineering have been reported. Error-prone polymerase chain reaction
has been used to enhance the activity of Pseudomonas putida DyP,
identifying three mutations on the surface of the protein (E188K,
Al142V, H12V) that enhance kc/Ky for 2,6-dimethoxyphenol by
100-fold, and move the optimum pH to 8.5 [23]. Directed evolution
using focused libraries at the active site of Pseudomonas fluorescens Pf-5
DyP1B identified mutant H169L which showed enhanced low molecular
weight product release from polymeric lignin [24]. Directed evolution of
Pleurotus ostreatus Dyp4 has also been reported, via fusion of the Dyp4
gene with E. coli OsmY, an extracellular protein [25].

Since Pseudomonas putida KT2440 has activity for lignin breakdown,
and expression systems for this bacterium are well developed, we
investigated the expression of Dyp1B either in the periplasm or on the
outer membrane of this bacterium. Here we report the expression of
P. fluorescens DyP1B and mutant DyP1B enzymes in the periplasm of
lignin-degrading bacterium Pseudomonas putida KT2440. We have
investigated four amino acid replacements at the manganese ion binding
site of P. fluorescens DyP1B, in order to enhance activity for Mn2"
oxidation.

2. Materials and methods
2.1. Construction of TAT-Dyp1B fusion

The TAT signal sequence of Thermobifida fusca DyP peroxidase
(Uniprot accession Q47KB1, amino acids 1-46) was amplified by poly-
merase chain reaction (nucleotide primers given in Supporting Infor-
mation Table S1), together with a Hise fusion tag, and cloned using
restriction enzymes HindIIl and Pstl into the polylinker site of plasmid
pIZ1016 [26] to make a pIZ1016-TAT construct. The Pseudomonas flu-
orescens DyplB gene (Uniprot accession Q4KAC6_PSEF5) was then
amplified by polymerase chain reaction (nucleotide primers given in
Supporting Information Table S1), and cloned into pIZ1016-TAT using
restriction enzymes Pstl and Xbal to make the pIZ1016-TAT-DyplB
construct, whose nucleotide sequence was verified by DNA
sequencing. Assembled pIZ1016_Tfutatsp_dyp1B constructs were trans-
formed into Agilent E. coli XL1-blue competent cells. The plasmid was
transformed into Pseudomonas putida KT2440 via electroporation
(Bio-Rad Gene Pulser, 2.5 kV).

2.2. Construction of OprF-Dyp1B fusion

A synthetic gene containing a truncated Pseudomonas aeruginosa
OprF gene (Uniprot accession P13794, sequence up to Lys-165) fused to
the Pseudomonas fluorescens DyplB gene (Uniprot accession Q4KAC6 -
PSEF5) was purchased from Genscript, in a pUC19 vector. This 1.4 kb
synthetic gene was excised using restriction enzymes Sall and PstI, and
cloned into the polylinker site of pIZ1016 to make the pIZ1016-OprF-
DyplB construct. The plasmid was transformed into Pseudomonas
putida KT2440 via electroporation (Bio-Rad Gene Pulser, 2.5 kV).

2.3. Growth of P. putida KT2440 expressing TAT-Dyp1B fusions

All components of the growth media were prepared individually and
were either autoclaved or where appropriate, filter sterilized. Cultures of
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P. putida KT2440 cells maintaining pIZ1016_Tfutatsp dyp1B constructs
were grown in M9 media from Sigma-Aldrich supplemented with trace
elements (FeS040.7 Hy0, ZnS040.7 H,0, MnSO4-H,0, H3BO3, NiCl,0.6
Hzo, EDTA, COC120.6 Hzo, CUC120.2 H20, NaMoO40.2 H20, and Na-
EDTA) in a shake flask incubator. A final concentration of 0.3 % (w/v)
Protobind lignin (Green Value Ltd) was utilised as the main carbon
source. The M9 growth medium was further supplemented with 0.4 %
(w/v) glucose, 1 mM MgSOy4, 0.3 mM CaCly, 0.25 % (w/v) yeast extract,
1 mM MnSOy, 0.5 mM IPTG, and 15 mg/mL gentamycin where appli-
cable. A final concentration of 1 mM H,0O, was added to cultures at
inoculation and then every 24 h. The growth cultures were incubated on
a constant shaker at 30 °C for 168 h. Samples were aseptically extracted
every 24 h for metabolic product analysis, and cell growth was estimated
via colony forming units.

2.4. Construction of site-directed mutant Dyp1B enzymes

A previously designed pET151Pfdyp1B construct [5] was utilised as
the DNA template for the site-directed mutagenesis of selected amino
acid residues, using the New England BioLabs (NEB) Q5® Site-Directed
Mutagenesis Kit for mutants E137A, E195A, S223A and H127R/S223N,
and QuikChange II Site-Directed Mutagenesis Kit (Stratagene Agilent
technologies) for mutants H127R and S223N. Each amino acid substi-
tution was performed using a pair of designed primers containing the
desired amino acid flanked by sequences complementary to the Pfdyp1B
gene. Primers are shown in Supporting Information Table S1. PCR re-
actions were carried out using materials provided in each manufacturers
kit and according to instructions laid out by both manufacturers.
Amplified constructs housing the mutant Pfdyp1B genes were subjected
to Dpnl digestion using the NEB KLD enzyme mix. Following digestion
PCR products were transformed into Agilent E. coli XL1-blue competent
cells. The extracted plasmids from obtained colonies were sent for
sequencing in order to confirm the accuracy of the sequence and that
amplified constructs did not contain any undesired mutations.
Sequencing results confirmed the presence of the desired mutations and
the absence of any undesired mutations. Following sequencing, the re-
combinant plasmids were transformed into NEB BL21 competent E. coli
for protein expression. For the expression of the recombinant Pfdyp1B
variants genes, 20 mL starter cultures of Luria-Bertani broth were
inoculated with single colonies of each variant in the presence of 100
mg/mL ampicillin and incubated overnight at 37 °C. Overnight cultures
were then added to 1 L Luria-Bertani broth and incubated at 37 °C until
OD at 600 nm was 0.6-0.8 A.U. Finally, cells were induced by adding
Isopropyl p-D-1-thiogalactopyranoside (IPTG) at a final concentration 1
mM and shaken overnight at room temperature (~20 °C), 60 rpm. Cell
pellets were harvested by centrifugation at 4000xg for protein
purification.

2.5. Purification of recombinant Dyp1B enzymes

Protein purification was carried out by metal affinity chromatog-
raphy. Extracted cell pellets were re-suspended in 20 mL lysis buffer (50
mM NaH;PO4, 300 mM NaCl, and 10 mM imidazole at pH 8) in the
presence of phenylmethanesulfonylfluoride (PMSF) at a final concen-
tration of 1 mM. Cells were lysed using a constant system cell disruptor,
followed by centrifugation at 10,000xg for 30 min, clear supernatant
containing extracted proteins was collected. Each extracted protein so-
lution was filtered and loaded onto a Ni-NTA resin FPLC column
(HisTrap Excel, 1 mL) equilibrated with lysis buffer, washed using wash
buffer (50 mM NaH3PO4, 300 mM NaCl, and 20 mM imidazole at pH 8),
and the recombinant protein was eluted by 10 mL of elution buffer (50
mM NaHyPO4, 300 mM NaCl, and 500 mM imidazole at pH 8). Protein
aliquots were subjected to SDS-PAGE electrophoresis and spectropho-
tometry analysis using the Thermo Scientific NanoDrop spectropho-
tometer. Remaining protein samples were put through buffer exchange
using a PD-10 de-salting column and eluted into MOPS buffer (80 mM
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NaCl and 20 mM MOPS at pH 7.5).

2.0 M equivalents of heme dissolved in DMSO was mixed vigorously
with protein solutions and incubated at room temperature for 2 h, excess
heme was removed by centrifugation at 10,000xg for 30 min. Following
heme reconstruction, aliquots of samples were passed through a PD-10
column equilibrated by and eluted into 10 mM K3PO4 buffer pH 8.0.
Eluted proteins were loaded into a Jasco T-1500 Circular dichroism
spectrometer with a path length of 1 mm, and circular dichroism spectra
were obtained following monitoring at 190-300 nm. Protein samples
were subsequently passed through a PD-10 column equilibrated by and
eluted into 20 mM MOPS pH 7.5 containing 80 mM NacCl.

2.6. Assay of Dyp1B enzymes

Assays were performed at 25 °C in 100 mM acetate buffer pH 5.5
using a Hidex microplate reader. Kinetic parameters (k. and Kyy) were
determined by nonlinear curve fitting to the obtained enzyme activity,
using Graphpad prism 5 software, fitting to the Michaelis-Menten
equation. All assays were performed in triplicate, and standard error
determined from curve fitting.

Oxidation of DCP (2,4-dichlorophenol) was assayed over concen-
tration range 10 uM-6 mM in the presence of 1 mM hydrogen peroxide,
monitoring at 510 nm (¢ 18,000 M7 em™). Oxidation of ABTS (2,20-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) was assayed in the
presence of 1 mM hydrogen peroxide over concentration range 25 uM-6
mM, monitoring at 420 nm (e 36,000 M! cm™). Oxidation of Mn?* was
assayed in 100 mM sodium tartrate buffer (pH 5.5) with 1 mM hydrogen
peroxide using 100 uM-6 mM MnCl,, monitoring at 238 nm (e 6500 M
em'!). Oxidation of alkali Kraft lignin (Sigma-Aldrich) was performed
with 50 pM Kraft lignin and 1 mM hydrogen peroxide in the presence of
2 mM DyplB enzyme (engineered or wild type), monitoring at 465 nm.

2.7. Assay of polymeric lignin oxidation

Powdered Green Value Protobind lignin (25 mg) was dissolved in
DMSO (1 mL), and 30 uL was added to succinate buffer (3 mL, 50 mM,
pH 5.5), followed by addition of DyP1B (wild type or selected mutant)
(100 pL, 1 mg/mL) and hydrogen peroxide (1 mM). The resulting so-
lution was incubated at room temperature for 1-24 hr at 30 °C. For
detection of aldehyde and ketone products, assay was adapted from
reference 27]. Samples (20 pL) were mixed with 0.1 M HCI (30 pL) and 2,
4-dinitrophenylhydrazine (DNP) (50 pL, 1 mM solution in 0.1 M HCI),
then incubated for a further 5 min at room temperature. 0.1 M NaOH
(100 pL) was added, and the absorbance at 450 nm measured using a
HIDEX Sense microtitre platereader. For detection of phenolic products,
assay was adapted from reference 28]. Samples (20 pL) were mixed with
distilled water (100 pL) and Folin-Ciocalteu reagent (Sigma-Aldrich)
(10 L), then 4 % NayCOs (100 uL) was added after 4 min, then incu-
bated in the dark for 30 min at room temperature. Absorbance at 750 nm
measured using a HIDEX Sense microtitre platereader.

For HPLC analysis, the reaction was stopped by adding 1 M HCI (10
uL), and reaction products were extracted into ethyl acetate (6 mL), and
the mixture was centrifuged for 5 min at 10,000 rpm. The organic layer
was removed, evaporated and the residue was dissolved in methanol.
HPLC analysis was conducted using a Phenomenex Luna 5 um C18
reverse phase column (10010\, 50 mm, 4.6 mm) on a Hewlett-Packard
Series 1100 analyzer, at a flow rate of 0.5 mL/min, monitoring at 310
nm. The gradient was as follows: 10-30 % MeOH/H>0 over 10 min,
30-40 % MeOH/H>0 from 10 to 20 min, 40-70 % MeOH/H50 from 20
to 30 min and 70-100 % MeOH/H-0 from 30 to 40 min

3. Results
3.1. Expression of Dyp1B in periplasm of Pseudomonas putida KT2440

Unlike R. jostii RHA1 DypB, which contains a C-terminal signal
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sequence for targeting to a bacterial nanocompartment known as
encapsulin [15], P. fluorescens Dyp1B contains no C-terminal targeting
sequence, and appears to have no signal sequence for protein export [4].
In order to export to the periplasm of P. putida KT2440, the TAT protein
secretion system was used, a strategy that has been used previously to
target organophosphate hydrolase to the periplasm [29]. A TAT signal
sequence was fused to the 3’ end of the dyp1B gene, and the construct
was expressed on the pIZ1016 expression vector [26], under the control
of a Ptac promoter (see Supporting information Fig. S1 for plasmid
map). pIZ1016_TAT-Dyp1B was then transformed into P. putida KT2440.
Expression with 1 mM IPTG led to the appearance of two new protein
bands in the periplasmic fraction, corresponding to unprocessed DyplB
and processed DyplB (see Fig. 1A). DyplB was also expressed intra-
cellularly, via a pIZ1016_Dyp1B construct.

In order to display on the cell surface of P. putida KT2440, the dyp1B
gene was fused to the oprF gene encoding outer membrane protein OprF
from Pseudomonas aeruginosa, which has been used to display epitope
tags [30] and SIK W1 lipase [31] extracellularly. The dypIB gene was
fused onto the C-terminus of a truncated OprF, as reported previously
[31]. pIZ1016_OprF-DyplB was then transformed into P. putida KT2440.
Expression with 1 mM IPTG led to the appearance of a new protein band
at 51 kDa in the membrane fraction, corresponding to the OprF-Dyp1B
fusion (see Supporting information Fig. S2).

These constructs were then assayed for activity against a phenolic
substrate and a lignin substrate. Whole cells induced with 0.5 mM IPTG
were incubated with peroxidase substrate 2,4-dichlorophenol (DCP),
and absorbance change at 510 nm measured. As shown in Fig. 1B, wild-
type P. putida KT2440 or KT2440 containing intracellular DyplB
showed no detectable activity, however, the TAT-DyplB construct
showed DCP oxidation activity, whereas the OprF-DyplB construct
showed no activity. These data implied that the TAT-Dyp1B construct
had successfully exported DyplB in active form, but the OprF-DyplB
fusion was either misfolded or inactive.

In order to assess lignin oxidation activity, we have used a colori-
metric assay for low molecular weight phenolic products (see Fig. 1C),
which we have previously applied to lignin-oxidising enzymes [28]. The
P. putida constructs containing TAT-Dyp1B and OprF-Dyp1B were grown
on minimal M9 media containing 1 % milled miscanthus lignocellulose
for 24 hr at 30 °C after induction with 0.5 mM IPTG, in the presence and
absence of 0.5 mM MnCl,. Aliquots were removed, and small molecule
phenolic products were detected using the Folin-Ciocalteu assay [28], as
shown in Fig. 1. Wild-type P. putida KT2440 showed a low level of ac-
tivity, which was not dependent on Mn?*, whereas the TAT-Dyp1B
construct showed approximately 10-fold higher activity (see Fig. 1D)
in the presence of Mn>*. There was no detectable activity with the
OprF-Dyp1B construct. In order to confirm delignification, we further
analysed the lignin content of the treated lignocellulose using the Klason
assay. Untreated lignocellulose contained 37.0 + 0.5 % lignin; treat-
ment with wild-type P. putida KT2440 gave 36.6 + 0.5 % lignin; and
treatment with KT2440/pIZ1016_TAT-Dyp1B gave 35.0 + 0.5 % lignin,
corresponding to 5.4 % delignification.

3.2. Site-directed mutagenesis at the manganese ion binding site of Pfl
DyplB

Since the activity of Dyp1B towards polymeric lignin and lignocel-
lulose is enhanced by Mn?*, we investigated amino acid replacements at
the predicted manganese ion binding site, in order to enhance lignin
oxidation activity. The manganese ion binding site of R. jostii RHA1
DypB determined by X-ray crystallography involves Glu-156, Glu-215,
Glu-239 and a heme propionate as ligands [22]. Amino acid sequence
alignment of these residues with other B-type DyP peroxidases indicates
that Glu-156 (found as Glu-137 in Pfl DyP1B) and Glu-215 (found as
Glu-195 in Pfl Dyp1B) are conserved residues, whereas Glu-239 is found
as Gly or Ser in 3 out of 8 sequences (see Fig. 2). A homology model
constructed previously for P. fluorescens DyP1B (see Supporting
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Fig. 1. Expression and activity of TAT-Dyp1B in periplasm of Pseudomonas putida KT2440. (A) Heterologous expression of recombinant TAT-Dyp1B in periplasm of
P. putida KT2440. (B) Activity of whole cell P. putida TAT-Dyp1B and OprF-Dyp1B constructs for oxidation of phenolic substrate DCP. (C) Assays for small molecule
phenolic products from polymeric lignin or lignocellulose. (D) Activity of whole cell P. putida KT2440 expressing TAT-Dyp1B for low molecular weight phenol
production from miscanthus lignocellulose, using Folin-Ciocalteu assay. Concentration of phenolic products was estimated using a calibration curve of 5-100 pg/

mL catechol.

information Fig. S4) indicated that His-127 and Ser-223 might be posi-
tioned closer to Mn?" in this enzyme [24]. His-127 is conserved in 2 DyP
sequences, and is replaced by Arg in 6 other sequences. Ser-223 is
conserved in 5 DyP sequences, and replaced by Asn in 2 sequences, and
Ala in one sequence. In R. jostii RHA1 DyPB, this amino acid is Asn-246,
whose replacement by Ala leads to increased activity [22]. We have
previously prepared H127R and S223N mutant DyP1B enzymes, which
show 3-fold increased key for Mn?*t oxidation [24], and in addition we
have made further E137A, E195A, S223A mutants and a H127R/S223N
double mutant.

H127R, E137A, E195A, S223A, S223N, and S223N/H127R mutant
DyP1B enzymes were expressed as Hisg fusion proteins, and purified by
Ni-NTA affinity chromatography (SDS-PAGE gels shown in Supporting
information Figure S5-S11). Yields of purified protein were in the range
3-6.5 mg per litre cell culture. The purified enzymes were analysed by
circular dichroism spectroscopy, verifying that no significant changes in
secondary structure had occurred as a result of amino acid replacements

(see Figure S12 and Table S2 in Supporting information).

The mutant enzymes, together with the S223N and H127R mutant
enzymes reported previously, were assayed against ABTS, DCP and Mn
(II) substrates, and kinetic constants Ky; and k¢, were determined (see
Table 1).

Mutations H127R, S223A and S223N confer increased Kk¢,; towards
DCP and Mn?" substrates, with S223A showing 8-fold increased kc,¢/Km
for Mn?*oxidation. Mutations E137A and E195A show 5-8 fold reduced
Kear/Kyt for Mn?* oxidation, with E137A showing a 3-fold higher Ky for
Mn?*, consistent with the involvement of Glu-137 and Glu-195 at the
manganese ion binding site.

In order to test whether the effects on Mn?* oxidation also led to
enhanced lignin oxidation activity, two different assay methods were
used to study oxidation of polymeric lignin. We have found previously
that treatment of alkali Kraft lignin (Sigma-Aldrich) with either R. jostii
RHA1 DypB [4] or P. fluorescens DyplB [5] leads to an increase in
absorbance at 465 nm, which exhibits Michaelis-Menten Kkinetic
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P. fluorescens DyP1B His*” GIu™ Glu'™® Glu**® ser’®
P. putida KT2440 DyP His Glu Glu Glu Ser
R. jostii RHA1 DyPB Arg'*® GIu™® GIu™® GIu®® Asn®®

S.viridochromogenes DyP  Arg  Glu  Glu Glu Ala

K. pneumoniae DyP Arg Glu Glu Gly Ser
E. lignolyticus SCF1 DyP Arg Glu Glu Gly Ser
S. oneidensis MR-1 DyP Arg  Glu Glu Ser Ser

M. phosphovorus DyP Arg  Glu Glu Glu Asn

Fig. 2. Amino acid sequence alignment of amino acid residues implicated at
the manganese ion binding site of B-type DyP peroxidases, either by X-ray
crystallography in R. jostii RHA1 DyPB [22] (marked in bold), or by homology
model in P. fluorescens DyP1B [24] (in italics). Full amino acid sequence
alignment is given in Supporting information Fig. S3, homology model illus-
trated in Fig. S4.

behaviour. Each of the mutant Pfl Dyp1B site-directed mutant enzymes
were assayed against alkali Kraft lignin in this way, and the results are
shown in Fig. 3. Activity was dependent upon addition of 3 mM MnSO4
to the assay, and increased activity was observed for H127R, S223N and
S$223A mutants, with highest activity by mutant S223A. Mutants E137A
and E195A showed no significant increase in activity in the presence of
MnSOy,, consistent with weak Mn?* oxidation.

Each mutant enzyme was also assayed against Green Value Proto-
bind lignin, a commercially available soda lignin manufactured from a
wheat/sarkanda grass, using 2,4-dinitrophenylhydrazine to detect the
production of low molecular weight aldehyde & ketone products. This
assay has been previously validated using a set of lignin-oxidising en-
zymes and polymeric lignins, showing time-dependent and protein-
dependent increases in absorbance [27,28]. Mutants S223N and
S223A showed higher activity than wild-type DyplB, with S223A
showing highest activity, approximately 2-fold higher than wild-type
DyplB. Analysis of the extracted products by HPLC revealed enhanced
production of several product peaks by S223N and S223A enzymes,
including vanillin at retention time 19.6 min (see Supporting informa-
tion Figure S13), consistent with the data in Fig. 4.

Each of the mutants was expressed as the TAT-DyplB fusion in
P. putida KT2440. Whole cells expressing each TAT-Dyp1B fusion were
used to treat Green Value Protobind lignin, and the formation of low
molecular weight products was quantitated using two colorimetric as-
says reported previously: the Folin-Ciocalteu assay for low molecular
weight phenols (see Fig. 5A), and 2,4-dinitrophenylhydrazine to detect
aldehyde & ketone products (see Fig. 5B). As shown in Fig. 5, the
presence of a periplasmic DyP1B enzyme was found to increase the
formation of phenolic and aldehyde/ketone products by approximately
2-fold, compared with an empty vector control, and was higher than the
wild-type P. putida KT2440 strain. However, there was no significant
difference observed between the different mutant enzymes (see

Table 1
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Discussion). Growth curves were also measured for each construct on
minimal media containing 0.3 % Green Value Protobind lignin and 0.4%
glucose, assessed by monitoring colony forming units vs time, which are
shown in Supporting information (see Figure S14), which show slightly
increased growth for all constructs expressing DyplB, compared to an

Alkaline Kraft Lignin
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0.20- I I Without MnSO,
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Fig. 3. Change in absorbance at 465 nm of alkali Kraft lignin treated with Pfl
DyplB mutant enzymes. Assays contained 2 mg enzyme, and change in
absorbance was measured over 5 min, as described in Materials and Methods.

Alkaline Lignin (Green Value) 2,4-DNP Assay
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Fig. 4. Release of low molecular weight aldehyde/ketone products from Green
Value Protobind lignin by treatment with DyplB mutant enzymes, assayed
using 2,4-dinitrophenylhydrazine, in the presence of 3 mM MnSO,, as described
in Materials & Methods.

Steady state kinetic data for P. fluorescens DyplB mutant enzymes. Assays carried out in triplicate, as described in Materials and Methods. Note a: for mutant S223A,
saturation kinetics were not observed with ABTS as substrate, but an apparent k.,./Ky value was calculated from the rate vs substrate concentration plot.

Substrate ABTS 2,4-dichlorophenol (DCP) MnSO,4
Enzyme Keat Km Keat/Knm Keat Km Keat/Km Keat Km Keat/Km
Gh (mM) ™'s™ (Cp) (mM) ™' (Cp) (mM) ™'

WT DyP1B 49 +1 1.65 £+ 0.07 29,000 44 +0.2 1.32 £ 0.1 3300 19.8 £ 0.1 52+0.2 3800
H127R 233+1 0.43 £ 0.03 540,000 5.6 +0.8 0.74 £ 0.09 7600 44.3 £ 0.2 23+0.1 19,000
E137A 97 +1 1.03 £ 0.03 93,000 3.8+0.2 3.26 £ 0.07 1200 8.8+0.8 17.6 £0.1 490
E195A 168 + 3 1.09 £ 0.1 150,000 4.6 £0.2 1.42 + 0.07 3300 3.8+0.3 55+0.2 690
S223A 2 2 17,000 8.2+0.3 41+0.2 2000 86.6 +£ 0.3 28+0.1 31,000
S223N 94+1 0.28 £ 0.03 340,000 6.3+0.9 0.49 £ 0.12 13,000 60.8 £ 0.2 3.8+0.1 16,000
H127R/S223N 48 +1 1.18 +£ 0.08 41,000 3.8+0.9 1.17+£0.2 3200 6.1 £0.4 1.2+0.1 5100
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Folin Ciocalteu Phenol Assay
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Fig. 5. Activity of Pseudomonas putida KT2440 expressing wild-type and mutant Tat-Dyp1B mutants against polymeric lignin, using (A) Folin-Ciocalteu assay for

phenol release (B) DNP assay for aldehyde/ketone release.

empty vector control, but only minor differences between different
variants.

4. Discussion

The targeting of peroxidase DyplB to the periplasm of P. putida
KT2440, using the TAT protein export pathway, leads to significantly
higher activity of whole cells for small molecule DCP oxidation, and
generation of low molecular weight phenolic products from lignocellu-
lose, as shown in Fig. 1. P. putida KT2440 is known to possess activity for
lignin oxidation [32], and this microbe has been the subject of several
metabolic engineering studies for generation of bioproducts from lignin
degradation [33-36], hence this may be a useful approach for future
engineering of P. putida KT2440 for breakdown of polymeric lignin. The
OprF-DyplB fusion was found not to be active with DCP or polymeric
lignin substrates, which could be due to incorrect folding of the fusion
protein, proteolysis, or inaccessibility or lack of heme reconstitution of
the DyP active site.

We have also investigated further amino acid replacements at the
manganese ion binding site of DyplB, in order to improve activity for
Mn?" oxidation and lignin oxidation. We have found here that the
S223A mutant DyP1B shows 8-fold higher kcat/Ky for Mn?" oxidation,
compared with wild-type Dyp1B, and both S223N and S223A mutants
showed higher activity for release of small molecule products from
Green Value soda lignin, and higher activity towards alkali Kraft lignin.
Although it is unusual that a mutation to Ala should cause enhanced
activity, it is known that mutation of Asn-246 to Ala at the same position
in R. jostii RHA1 also caused increased activity for Mn®" oxidation [22].
Although Ser-223 is not likely to be a Mn?" ligand, a homology model
constructed previously for P. fluorescens DyP1B (see Supporting infor-
mation Figure S4) indicated that His-127 and Ser-223 might be

positioned closer to Mn?* in this enzyme [24]. Possible reasons for this
effect could be a re-organisation of Mn* ligands, leading to a change in
the redox potential for Mn?" oxidation, as observed in model complexes
[37], or perhaps a change in redox potential of the heme centre [38].
Hosseinzadeh et al. have reported in 2016 that second sphere residues in
a designed Mn?" binding site in cytochrome c peroxidase have effects on
Mn?" binding and oxidation, which may relate to the effects of the
S223A replacement in DyP1B [39].

The H127R mutant also showed 5-fold increased Keat/Ky for Mn®*
oxidation. His-127 is conserved in 2 DyP sequences, and is replaced by
Arg in 6 other sequences (see Fig. 2). The lower Ky for Mn?* by the
H127R mutant suggests some role in Mn?" binding by this residue,
perhaps as a second sphere residue (see Supporting information
Figure S4). Replacement of Glu-137 and Glu-195 by Ala led to > 10 fold
decreases in key/Ky for Mn?" oxidation, consistent with their role as
Mn?* ligands.

With a set of mutant enzymes, we can also examine whether there is
a correlation between Mn?* oxidation activity and polymeric lignin
oxidation. As shown in Fig. 6, there is a correlation in this set of mutants
between Kkea/Ky for Mn?t oxidation and activity for low molecular
weight phenol release from Green Value Protobind lignin, and also with
the observed activity towards alkali Kraft lignin. These data provide
biochemical evidence that polymeric lignin oxidation by DyP-type per-
oxidases is primarily via the formation of Mn®*, which acts as a diffus-
ible oxidant to attack polymeric lignin, and supports observations that
DyP peroxidases showing activity for polymeric lignin oxidation are
usually enzymes that can oxidise Mn3* [4,5].

Expression of the wild-type and mutant DyplB enzymes in the
periplasm of P. putida KT2440 gave increased conversion of polymeric
lignin to low molecular weight products (see data in Fig. 5), compared
with the same strain with no plasmid or with empty plasmid, confirming
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Fig. 6. Correlation between k.,,/Ky for Mn*>" oxidation and activities for polymeric lignin oxidation. Red, release of low molecular weight phenols from Green Value
Protobind lignin, data from Fig. 4; blue, rate of reaction with alkali Kraft lignin, data from Fig. 3.

the lignin degradation capability of periplasmic Dyp1B. In these data
there was no significant variation in product formation between the
mutant and wild-type Dyp1B enzymes, even though higher activity had
been observed in vitro using recombinant enzyme. It is likely that, at the
cellular level, there are several enzymes and transport phenomena
involved in the production of low molecular weight products from
polymeric lignin. Therefore, our interpretation of this observation is that
some other cellular process has become rate-limiting for lignin break-
down, which might be another enzyme, or the transport of oxidised
lignin fragments, in which case the increased catalytic activity of the
DyplB mutant does not lead to further increases in metabolite forma-
tion. We note that slightly higher growth rate on minimal media con-
taining Green Value protobind lignin was observed for P. putida
expressing TAT-Dyp1B-S223A (see Supporting information Figure S14),
which would be consistent with a slightly higher rate of lignin oxidation.
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