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During the infection, plant cells secrete different OG-oxidase (OGOX) paralogs, defense flavoproteins that oxidize
the oligogalacturonides (OGs), homogalacturonan fragments released from the plant cell wall that act as Damage
Associated Molecular Patterns. OGOX-mediated oxidation inactivates their elicitor nature, but on the other hand
makes OGs less hydrolysable by microbial endo-polygalacturonases (PGs). Among the different plant defense
responses, apoplastic alkalinization can further reduce the degrading potential of PGs by boosting the oxidizing
activity of OGOXs. Accordingly, the different OGOXs so far characterized showed an optimal activity at pH
values greater than 8. Here, an approach of molecular dynamics (MD)-guided mutagenesis succeeded in iden-
tifying the amino acids responsible for the pH dependent activity of OGOX1 from Arabidopsis thaliana. MD
simulations indicated that in alkaline conditions (pH 8.5), the residues Asp325 and Asp344 are engaged in the
formation of two salt bridges with Arg327 and Lys415, respectively, at the rim of enzyme active site. According
to MD analysis, the presence of such ionic bonds modulates the size and flexibility of the cavity used to
accommodate the OGs, in turn affecting the activity of OGOX1. Based on functional properties of the site-directed
mutants OGOX1.D325A and OGOX.D344A, we demonstrated that Asp325 and Asp344 are major determinants of
the alkaline-dependent activity of OGOX1.

thereby acting as Damage Associated Molecular Patterns (DAMPs) (Hou
et al., 2019). The best-known DAMPs are cell wall fragments released
from the enzymatic hydrolysis of homogalacturonan and amorphous
region of cellulose, namely oligogalacturonides (OGs) and cellodextrins

1. Introduction

The plant cell wall is a strong, although extensible, polysaccharide-
based structure that surrounds the plasma membrane, conferring
shape, structural support and protection towards both abiotic and biotic
stresses. As the first cellular compartment which encounters environ-
mental signals, the cell wall is actively involved in perception, trans-
duction, and response to external stimuli. During infection,
phytopathogens secrete a wide array of degrading enzymes that
hydrolyse the different polysaccharides of the plant cell wall, opening a
breach in such barrier and allowing the colonization of the tissue
(Benedetti et al., 2019). Cell wall fragments released from the enzymatic
hydrolysis of pectin, cellulose and certain types of hemicellulose possess
elicitor activity and alert plant of the presence of invading microbes,

(CDs) (Pontiggia et al., 2020). Recently, the identification of several
berberine-bridge like enzymes (BBE-ls) from Arabidopsis thaliana as
specific FAD-dependent oxidases of OGs and CDs opened the way to
novel insights in plant immunity (Benedetti et al., 2018; Locci et al.,
2019). OG-oxidases (OGOXs) oxidize the D-galacturonic acid unit at the
reducing end of each OG oligomer into galactaric acid by concomitantly
releasing HyOo (Pontiggia et al., 2020) (Fig. S1). The oxidized OGs
(0xOGs) lose their capability of inducing plant defences in favor of an
increased recalcitrance to the enzymatic hydrolysis against fungal
endo-polygalacturonases (Benedetti et al., 2018), pointing to OGOX
enzymes as defence proteins hindering the degrading action of microbial
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Abbreviation

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

BBE Berberine Bridge Enzyme [(S)-reticuline:oxygen
oxidoreductase, EC number: 1.21.3.3]

BBE-l:  Berberine Bridge Enzyme Like

CD cellodextrin

CELLOX Cellodextrin oxidase (cellodextrin:oxygen
oxidoreductase, EC number: 1.21.3.3)

DAMPs Damage Associated Molecular Patterns
DP degree of polymerization
HIC Hydrophobic Interaction Chromatography

HRP Horseradish Peroxidase type VI-A (phenolic donor:
hydrogen-peroxide oxidoreductase, EC number:

1.11.1.7)

MD Molecular Dynamics

oG oligogalacturonide

OGOX  Oligogalacturonide oxidase (oligogalacturonide:oxygen
oxidoreductase, EC number: 1.21.3.3)

OxOG  oxidized oligalacturonide

PG Endo-polygalacturonase (poly-a-1,4-galacturonide
glycanohydrolase, EC number: 3.2.1.15)

pectinases (Fig. 1). It is worth noting that the enzymatic degradation of
OGs in the presence of OGOX1 generates oxidized-trimers and -dimers
which cannot be further hydrolysed by the endo-polygalacturonases into
the conventional end products di- and mono-galacturonic acid, thus
impeding their efficient assimilation by the fungus, and that transgenic
Arabidopsis plants overexpressing OGOX1 are more resistant to Botrytis
cinerea (Benedetti et al., 2018). On the other hand, the role of Hy0-
released upon OG oxidation in pathogen defence and signalling is still
under investigation. In Arabidopsis thaliana, BBE-1 proteins constitute a
family of 28 members (i.e., BBE1-28) characterized by different sub-
strate specificities but only four of them displayed a proven
OG-oxidizing activity, i.e., OGOX1 (AT4G20830/BBE19-20), OGOX2
(AT4G20840/BBE21), OGOX3 (AT1G11770/BBE2) and OGOX4
(AT1G01980/BBE1) (Benedetti et al., 2018). OGOX1 is encoded by the
gene AT4G20830 and exists in two different isoforms as obtained by
alternative splicing of the same transcript; the longer isoform
(AT4G20830.1/BBE19) is localized in the lipid rafts by a C-terminal
GPI-anchor like motif (Borner et al., 2005; Elortza et al., 2006) whereas
the shorter isoform (AT4G20830.2/BBE20) is extracellular and performs
its function in the apoplast (Benedetti et al., 2018) (Fig. 1). Although
OGOX1 is a specific oxidase of homogalacturonan fragments with a
degree of polymerization higher than two (i.e., dimer/digalacturonic
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acid), the enzyme showed the highest oxidizing activity from the hep-
tamer onwards. All OGOX enzymes are characterized by a peculiar
pH-dependent activity with a pH-optimum ranging from 8 (OGOX3-4) to
10 (OGOX1-2) (Benedetti et al., 2019). The evolutionary advantage of
such an alkaline pH range for optimal enzyme activity could be related
to the alkalinization process that occurs in the apoplast during patho-
genesis (Moroz et al., 2017) (Fig. 1). Extracellular alkalinization is
considered as one of the earliest defence responses to biotic stress (Felle,
2001); the apoplastic pH may vary among tissues but it is always acidic
under rest condition, with values between pH 5 and 6; however, it can
increase up to 2 units upon pathogen exposure (Klarzynski et al., 2000;
Moroz et al., 2017). The plasma membrane (PM) H + -ATPases are
responsible for creating and maintaining a negative membrane potential
and transmembrane pH gradient, and dynamic phosphorylation of
specific amino acid residues rapidly regulates proton pump activity in
response to external and internal stimuli. In Arabidopsis thaliana, OGs
induce phosphorylation of the 2 p.m. H + -ATPases AHA1 and AHA2 at
the conserved residue Ser899 (Mattei et al., 2016; Nuhse et al., 2007), a
modification that has been reported to inhibit proton transport (Haruta
et al.,, 2014), and is thought to lead to extracellular alkalinization
induced by elicitors.

Structural data already available for other BBE-l1 members from
A. thaliana such as BBE13 and BBE15, i.e., here referred to as Monolignol
Oxidase 1 and 2, respectively (Daniel et al., 2015, 2016), could be
exploited to identify motifs and amino acids crucial for oxidase activity
and to pinpoint putative residues of OGOX1 responsible for specificity
towards OGs. However, most of these structural considerations on
OGOX1 are based on prediction models since structural as well as
structure-function analyses are still missing for OGOX enzymes.

In the present study, a novel approach of MD simulations was
employed to identify the amino acids responsible for the increased ac-
tivity of OGOX1 at alkaline pH. The role of the amino acids pinpointed
by MD analysis was validated by alanine scanning mutagenesis using a
recombinant OGOX1 from Pichia pastoris. Here, all the analysis on
OGOX1 will be referred to the shorter isoform, i.e., BBE20, whereas the
amino acid numbering will start from the first amino acid of the mature
protein.

2. Materials and methods

2.1. Construction of the synthetic gene encoding OGOX1 by bioinformatic
tools

The sequence encoding the splice variant 2 of OGOX1 from Arabi-
dopsis thaliana (AT4G20830.2, aa: 31-540) was codon-optimized ac-
cording to the codon usage of Pichia pastoris using the software
OPTIMZER (http://genomes.urv.es/OPTIMIZER/) (Puigbo et al., 2007).
The putative plant signal peptide of OGOX1 was identified by using the

Fig. 1. Role of OGOX in plant defense.
H,0+0, Degradation of homogalacturonan by mi-
@OX crobial exo- (ePG) and endo-
H,0, polygalacturonases (EPG) alone in the early
phase of infection (left), and in the presence

of OGOX upon activation of plant defense

response (right). Galacturonic acid units

released from the non-reducing and

reducing ends of each fragment are colored

in pink and turquoise, respectively. Re-

actants (H,0, O5) and products (H205) of the

reaction catalyzed by OGOX are also re-

ported. Extracellular alkalinization may

favor the reaction catalyzed by OGOX en-

zymes due to their high pH activity opti-

mum. The oxidized end (OE) is represented

by a red rectangle. This figure is partially readapted from Benedetti et al., (2019). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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SignalP-5.0 server (http://www.cbs.dtu.dk/services/SignalP/) (Alma-
gro Armenteros et al., 2019) and excluded from such manipulation. The
codon-optimized sequences encoding the 6x histidine tag (HHHHHH)
and TEV protease cleavage site (ENLYFQG) interconnected by the
dipeptide GS were added in frame to the 5' end of the gene sequence
encoding the mature OGOX1 splice variant 2. The sequences encoding
the restriction sites Pstl and Xbal were added at the 5" and 3' ends of such
sequence and used to clone the synthetic gene in pPICZaB (Invitrogen,
San Diego, CA) in frame with the sequence encoding the yeast a factor
for secretion in the culture medium. The entire sequence was synthe-
sized by Genescript (https://www.genscript.com/). The tagged version
of OGOX1 here described will be referred to as H-OGOX1 throughout the
manuscript.

2.2. Heterologous expression of H-OGOX1 in Pichia pastoris

The construct pPICZaB/H-OGOX1 was transformed in Escherichia coli
DH5a, here used as a host for plasmid propagation. After amplification,
the construct was linearized by Sacl and transformed in P. pastoris by
electroporation according to (Wu and Letchworth, 2004). Primary
transformants were selected on solid YPDS medium [1% (w/v) yeast
extract, 2% (w/v) peptone, 2% (w/v) dextrose, 1 M Sorbitol] using
zeocin as selection marker (100 pg mL™1). Integration of the gene into
the P. pastoris genome was confirmed by colony PCR using 5’AOX1-F
(5'-GACTGGTCCAATTGACAAGC-3') and 3'AOX1-R (5-CGAAATGGC
ATTCTGACATGG-3') primers according to Easy Select™ Pichia
Expression Kit instructions (Invitrogen, Carlsbad, CA, USA). Multicopy
transformants were positively selected by growing primary trans-
formants on solid YPD medium [1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) dextrose] at increasing zeocin concentration (from
300 up to 1000 pg mL™1). For protein expression at small scale, twenty
colonies of multicopy P. pastoris transformants were inoculated in 5 mL
of YPD medium supplemented with 200 pg mL™! zeocin and incubated
at 28 °C in a rotary shaker at 180 rpm for 72h. After reaching the sta-
tionary growth phase, the culture was centrifuged and the pellet resus-
pended in 1.5 mL of Buffered Minimal Medium [BMM; 0.1 M
K-phosphate (pH 6.0), 1.34% (w/v) YNB, 4 x 10 5% (w/v) biotin and
0.5% (v/v) methanol] to induce the expression of H-OGOX1 and the
growth prolonged for additional 48 h. The filtrates from 48 h-grown
cultures were centrifuged and the filtrates evaluated by SDS-PAGE and
immunodecoration analysis by using a monoclonal anti-HIS antibody
(AbHis, Bio-rad) to detect the expression of H-OGOX1. Activity of
H-OGOX1 in raw extracts was spectrophotometrically determined using
the orange-xylenol assay using OGs as substrate in accordance with
(Benedetti et al., 2018).

2.3. Purification of H-OGOX1

At large scale, the purification of H-OGOX1 was achieved from 1 L of
48h-grown BMM culture. After cell removal by centrifugation (2500xg,
5 min), the culture filtrate was filtered with a sterile Polyether Sulfone
(PES) filter (cut-off 0.2 pm) and concentrated by using a modular
tangential flow system (Vivaflow® 200, cut-off: 30 kDa). Purification
was performed by using two consecutive hydrophobic interaction
chromatographies (HIC) carried out at two different pH values (pH 5.5
and 7.5) using HiTrap Phenyl FF-High Sub columns (GE Healthcare).
Before HIC, (NH,4)2SO4 was added to the filtrate at a final concentration
of 2 M; the sample was then loaded on a 5 mL of HiTrap Phenyl FF
column pre-equilibrated with 50 mM NaAc (pH 5.5) and 2M (NH4)3SO4.
Elution was performed by a linear gradient using a buffer consituted of
50 mM NaAc (pH 5.5) and the eluted fractions were visual analyzed by
SDS-PAGE analysis. Fractions containing the highest amount of H-
0OGOX1 were pooled and loaded on a 1 mL of HiTrap Phenyl FF (High
Sub) pre-equilibrated with 50 mM Tris-HCI (pH 7.5) and 2 M (NH4)2SO4.
Elution was performed by a linear gradient using a buffer constituted of
50 mM Tris-HCl (pH 7.5). Eluted fractions were visual-analyzed by SDS-

173

Plant Physiology and Biochemistry 169 (2021) 171-182

PAGE/Coomassie blue staining in order to assess the purity of the pro-
tein. Eluted fractions from 13 to 15 were pooled and used for enzymatic
assays and steady-state kinetic analysis. Quantification of the amount of
OGOX1 in eluted fractions was performed in Coomassie-stained gel by
comparing the intensity of specific bands with a standard curve of BSA
(Quantity-One software, Biorad).

2.4. 3D-structural model of OGOX1

The 3D-structural model of the short OGOX1 isoform was obtained
through the SWISS—- MODEL software (https://swissmodel.expasy.org)
using the amino acid sequence of the mature protein (i.e., without the
predicted signal peptide; the first amino acid corresponds to Q31 of the
entire protein) and the crystal structure of the Monolignol Oxidase 2
(PDBe:4ud8), here used as template for homology-based molecular
modelling (Biasini et al., 2014). The structural figures were prepared
using CCP4mg (http://www.ccp4.ac.uk/MG/references.html) (McNi-
cholas et al., 2011) and PyMOL (https://pymol.org/2/).

2.5. Molecular dynamics analysis of 0GOX1

Molecular dynamics analysis was performed by using the 3D-struc-
tural model of OGOX1 as template (see Paragraph 2.4 for further de-
tails). Using propKa web server (Li et al., 2005) several residues with a
calculated pKa between 5 and 8.5 have been identified. Therefore, the
protonation state of the residues Asp93, His145, Glul81, His249,
Asp325, Asp354, Glu366, Lys404, Lys407, Asp453, His461 have been
properly adapted to the different pH conditions as described in Table 1.
The models include ~30.000 TIP3P (Jorgensen et al., 1983) water
molecules in an octahedron box with a buffer of 1.6 nm from the protein
to box. 338 water molecules were present as structural water in the
Monolignol Oxidase 2 crystallographic structure and kept in the same
positions. In order to achieve the electric neutrality and an extracellular
concentration of 50 mM, 32 Na™ cations and 57 Cl” anions have been
added in the solvation water molecules. The protein has been modeled
using Amber ff14SB (Maier et al., 2015)and the cofactor has been
described by Generalized Amber Force Field (GAFF) (Wang et al., 2004).
OGOX family is constituted of FAD dependent enzymes in which the
cofactor is covalently bound to the protein. The FAD atomic charges for
classical MD simulations have been calculated with Restrained Elec-
trostatic Potential Method (RESP) (Bayly et al., 1993). Optimization and
electrostatic potential have been performed with Gaussianl6 (Frisch
etal., 2016) using HF level and 6-31G* basis set. In the RESP calculation
the entire FAD molecule and the residues His90 and Cys152 from the
protein have been included. The two amino acids have been capped with
ACE on C terminal and NME on the N-terminal on each residue, as
standard procedure for RESP calculation. The charge of the backbone
atoms of His90, Cys152 and all the charges of ACE and NME have been
constrained to the GAFF values. Particle Mesh Ewald (PME) (Essmann
et al., 1998) method has been used for the calculation of long-range
electrostatic interactions with a grid spacing for the Fast Fourier
Transform of 0.12 nm and a short-range cutoff of 1.0 nm. A reciprocal

Table 1

pKa and protonation states of residues differing in the two simulated models.
Residue (pKa) pH5 pH 8.5
Asp93 (5.1) -COOH -COO-
His145 (6.1) His+ His
Glul81 (5.1) -COOH -COO-
Asp325 (8.4) -COOH -COO-
Asp354 (6.2) -COOH -COO-
Glu366 (5.0) -COOH -COO-
Lys404 (7.2) -NH3+ -NH2
Lys407 (5.5) -NH3+ -NH2
Asp453 (5.1) -COOH -COO-
His461 (6.5) His+ His
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grid of 128 x 128 x 128 cells was used with 4th order B-spline inter-
polation. Neighbor searching has been performed every 10 steps. Bond
lengths involving hydrogen atoms have been constrained to a constant
value using the LINCS algorithm (Hess et al., 1997). Periodic boundary
conditions on XYZ axis have been set. The two models have been opti-
mized using steepest descent algorithm. The MD simulations have been
carried on using a timestep of 2 fs at the temperature of 310K. The
temperature has been kept constant using v-rescale thermostat (Bussi
et al., 2007) and the Berendsen pressure bath (Berendsen et al., 1984)
was used to keep the pressure constant at a value of 1 bar. Each simu-
lation has been equilibrated for 20 in NVT ensemble with a constraint of
1000 kJmol ! nm~2 on the position of the protein’s heavy atoms. Af-
terwards the models have been simulated with a decreasing constraint
force on the heavy-atoms from 1000 to 100 and from 100 to 10 kJmol
nm 2 in NPT ensemble in order to obtain a smooth relaxation of the
starting homology structure. Each position restrained simulation had the
duration of 20 ns. After the equilibration, the production run has a
length of 1000 ns for both pH 5 and pH 8.5 simulations. MD simulations
have been carried out using GROMACS package (Abraham et al., 2015;
Pall et al., 2015). Further details on the reaction pocket volume analysis
are reported in the section “Data Analysis” (see Paragraph 2.9).

2.6. Site-directed mutagenesis of H-OGOX1

The construct pPICZaB/H-OGOX1 was used as template for site-
directed mutagenesis. The four mutants H-OGOX1.C12A, H-OGOX1.
C75A, H-OGOX1.D325A and H-OGOX1.D344A were constructed by PCR
using GENEART® Site-Directed Mutagenesis System (Invitrogen) in
accordance with the supplier’s protocol. Primers were mutagenized in
accordance with the mutations to introduce within the gene sequence.
The primer sequences carrying the mutations are listed in Table 2. The
PCR products were transformed into E. coli XL10-Gold® Ultracompetent
Cells (Agilent Technologies) that, in turn, were used for plasmid prop-
agation. Before introduction in P. pastoris, the four different constructs
were sequenced in order to verify the presence of desired mutations.
Heterologous expression, purification and enzymatic characterization
were performed according to the same procedures employed for H-
OGOX1.

2.7. Steady-state kinetics of H-OGOX1 and site-directed variants by
ABTS-HRP coupled assay

Steady-state kinetics of H-OGOX1 and site directed variants H-
0OGOX1.D325A and H-OGOX1.D344A were evaluated by using different
concentrations of a standard OG mixture (5-400 pM) and 30 ng of each
purified enzyme in a reaction volume of 0.1 mL. The OG mixture used in
this work was prepared according to (Benedetti et al., 2017) and char-
acterized by a degree of polymerization (DP) ranging from 12 to 16 with
an average DP of 14 (2482 g mol ). Steady-state kinetics of H-OGOX1
was investigated using an ABTS-HRP coupled assay [0.1 mM ABTS 2,
2’'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) and 0.05 g.L’1 of
horseradish peroxidase type VI-A (HRP)]. ABTS and HRP were both
purchased from Sigma-Aldritch (Saint Louis, USA). The OG-oxidizing

Table 2
Primers used to generate the four H-OGOX1 mutants. Mutated nucleotides are
underlined.

H-OGOX1 VARIANT SEQUENCE
H-OGOX1.C12A Fw caactcttttttgaaggctttttctgataagacta
Rv tagtcttatc gecttc agttg
H-OGOX1.C75A Fw ttetgetgetgttactgettetaagactttgaac
Rv gttcaaagtcttagaagcagtaacagcagcagaa
H-OGOX1.D325A Fw atctgctttgtggtgggctaacagattgaacgeta
Rv tagcgttcaatctgttageccaccacaaageagat
H-OGOX1.D344A Fw tttggatagaaacttggctacttcttettttggta
Rv taccaaaagaagtagccaagtttctatccaaa
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activity of H-OGOX1 and site-directed variants was evaluated at pH
5.0 (50 mM NaCl and 50 mM NaAc) and pH 8.5 (50 mM NaCl and 50 mM
Tris-HC) in the presence of HRP and ABTS, and expressed as pmol of
H,0, released per mg of enzyme (ie., pmol HyOy.mg ). The
HRP-mediated oxidation of ABTS into the cationic radical ABTS e by
the H05 released upon OG-oxidation was measured in continuum mode
for 10 min (one time-point each 0.2 min) at 415 nm (¢415nm = 6.29 X
10* M em™) using an Infinite® M Nano200 spectrophotometer
(Tecan AG, Mannedorf, Switzerland). For the construction of the cali-
bration curve, the oxidation of ABTS was measured under the same pH
conditions by using different concentrations of HyO» in the presence of
HRP and ABTS (Cai et al., 2018). The pH-optimum of activity of pure
H-OGOX1 and site-directed variants was determined by the
orange-xylenol assay using 40 pM OGs and 30 ng of each purified
enzyme in a reaction volume of 0.1 mL. All the enzymatic assays were
performed at 25 °C, unless otherwise specified. Further details on the
analysis of kinetic parameters and pH-optimum of activity are reported
in the section “Data Analysis” (see Paragraph 2.9).

2.8. Multiple protein alignment and homology tree by bioinformatic tools

Signal peptide prediction on BBE-l enzymes was carried out using the
SignalP-5.0 server (http://www.cbs.dtu.dk/services/SignalP/) in order
to exclude the sequence encoding the signal peptide of each protein from
the alignment. Amino acid identity analysis between the short 0GOX1
isoform and the other plant BBE-1 members (with experimentally vali-
dated substrates) was carried out on the mature proteins using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Multiple amino
acid alignment was generated using the Clustal Omega output for the
software Multiple Align Show (http://www.bioinformatics.org/sms
/multi_align.html) whereas the homology tree was generated using the
amino acid sequences of mature BBE-Is as input for the software DNA-
MAN (Lynnon Biosoft).

2.9. Data Analysis

For the reaction pocket volume analysis, the Epock plugin (Laurent
et al., 2015) on VMD (Humphrey et al., 1996) was used. Epock plugin
requires a predefined volume defined by inclusion spheres around the
mass center of a residue or around an atom, and from this volume the
occupation of the protein is subtracted. In order to include all the cavity
volume and as less volume as possible from the protein surface, six
residues from the edge of the cavity have been identified and also the
atom N5 from the FAD has been selected. The six residues are: Arg235,
Arg265, GIn269, Asn326, Asp344, Lys415. The inclusion sphere radius
around the residues mass center is 8 A and the radius around the N5
atom of FAD is 6 A. Other structural analysis including, root mean
square deviations, root mean square fluctuations and distances between
residues have been carried out using the respective tools of the GRO-
MACS package (Abraham et al., 2015; Pall et al., 2015).

For the evaluation of the kinetic parameters, the absorbance at 415
nm (i.e., the wavelength at which the absorption of the cationic radical
ABTS"e is maximal; Cai et al., 2018) from the enzymatic reactions was
measured in continuum mode, subtracted to that of the control reactions
(i.e., reactions with the boiled enzyme) and converted into pmol H305.
mg ! by interpolation with the HyO,-calibration curve. Each enzymatic
reaction was performed in triplicate. The tangent line along the linear
phase of the reaction allowed to extrapolate the initial velocity Vo value
(i.e., pmol Hzoz.mg’l.min’l). Subsequently, the averaged V values as
obtained from the enzymatic reactions with different OG concentrations
(5-400 pM) were used as input for the tool “Very Simple Ky Vipax Tool
Kit” (http://ic50.0rg/kmvmax.html) to determine the Ky (i.e., pM) and
Vmax parameters (i.e., pmol H202.mg’1.min’1). Each V.x value was
then divided by 0.017 (1 mg of H-OGOX1 corresponds to 0.017 pmol) in
order to obtain the corresponding k., value (i.e., min~Y).

For the evaluation of the pH-dependent activity, the pmoles of HoO,
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generated by each H-OGOX isoform in the pH range 5.0-10.6 were
evaluated at four different time-points from the linear phase of the re-
action. The relative activity (%) was calculated at each pH value as
[(umol Hzoz.mg’1 at pH X)/(pmol H202.mg’1 at pH-optimum) *100%]
by obtaining a pH-dependent activity curve for each time-point tested;
then, the percentage values from the four curves were averaged and the
resulting means used to construct the pH-dependent activity curves
shown in Fig. 7.

3. Results
3.1. Heterologous expression of H-OGOX1 in P. pastoris

Heterologous expression of OGOX1 in P. pastoris had been carried out
previously (Benedetti et al., 2018). However, the low yield of recom-
binant protein (<2 mg.L*I) and its poor stability in low salt conditions
limited the possibility to perform accurate enzyme kinetics. Here, we
attempted to ameliorate the yield of recombinant OGOX1 by intro-
ducing two main modifications: (i) the sequence encoding the mature
OGOX1 was codon-optimized according to the codon usage of P. pastoris
and (ii) fused downstream of the sequences encoding the 6xhis tag and
TEV proteolytic site (Fig. 2A). The fusion gene was cloned in the
methanol-inducible vector pPICZaB in frame with the sequence encod-
ing the a-factor signal peptide, allowing the secretion of the recombinant
protein in the chemically defined medium BMM (Invitrogen, Carlsbad,
CA, USA). Compared to the previous expression strategy (Benedetti
et al., 2018), the use of a codon-optimized sequence allowed to reach a
higher protein yield, since several multicopy transformants showed a
higher plateau of expression ranging from 5 to 7 mg protein.L !
(Fig. 2B). Despite H-OGOX1 was fused to the 6xhis-tag, His-affinity
chromatography failed to capture the enzyme and therefore such step
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was excluded by the purification procedure (data not shown). The lack
of the possibility of using an affinity chromatography to purify the
enzyme together with the necessity of maintaining the enzyme in proper
conditions of ionic strength moved us to design an alternative purifi-
cation strategy consisting of two consecutive hydrophobic interaction
chromatographies (HIC) performed at different pH values, i.e., 5.5 and
7.5. Thus, the ammonium sulfate employed in HIC steps maintained the
stability of the enzyme, allowing to achieve a good enzyme purity
(>85%) at the end of purification procedure (Fig. 2C). Preliminary as-
says using xylenol-orange assay revealed that H-OGOX1 was active with
a specific activity towards OGs at pH 8.5 [2.4 4 0.2 pmol HyO.mg ™.
min~!] comparable to that displayed by the 0GOX1 isoform from Ben-
edetti et al., (2018) (Fig. 2D). H-OGOX1 was stabilized by adding salts
such as CaCly and NaCl in the reaction medium; in particular, the
presence of 50 mM NaCl was highly beneficial to preserve the activity of
the enzyme over time (Fig. S2).

3.2. Molecular dynamics analysis of 0GOX1

The 3D-structural model of the short OGOX1 isoform was obtained
by means of homology-based molecular modelling using the crystallo-
graphic structure of Monolignol Oxidase 2 from A. thaliana (PDB ID:
4UD8, Daniel et al., 2015) as template, with the latter showing an amino
acid identity of 39.61% with the short OGOX1 isoform (Fig. S3). As
expected, the structure shows the presence of an enzyme cavity required
for the substrate entry. Additionally, typical features shared by most
Arabidopsis BBE-l enzymes and other plant species are present in the
structure (Benedetti et al., 2018; Daniel et al., 2016, 2017). In particular,
two Tyr and one Lys residues (i.e., Tyr166, Tyr451 and Lys407), sug-
gested to form a key moiety for the catalytic mechanism of Monolignol
Oxidase 2 (Daniel et al., 2015), are found here in the same conformation

(B) 20pL
MM #1 #2 #3 #4

X33

100—
75—

50—

37—

o -
20—

(D

-

pmol H,0, mg-! H-OGOX1

0 10 20 30

Time (minutes)

Fig. 2. Heterologous expression of H-OGOX1 in P. pastoris. (A) Schematic representation of his-tagged OGOX1, i.e., H-OGOX1. The amino acid sequence of 0GOX1
was fused at the N-terminus to 6xhis-tag and TEV proteolytic site. (B) SDS-PAGE/Coomassie blue staining analysis of the culture filtrates from four different (#1-4)
methanol-induced cultures of P. pastoris. Four independent multicopy transformants (#1-4) were analyzed together with the culture filtrate from P. pastoris X33, here
used as negative control. Black arrow points to H-OGOX1. (C) SDS-PAGE/Coomassie blue staining analysis of fractions (fx) eluted from the hydrophobic interaction
chromatography (HIC). Black arrow points to H-OGOX1. Molecular weight marker (MM) is also reported. (D) OG-oxidizing activity of H-OGOX1 at pH 8.5 using 0.4

mM OGs as substrate by spectrophotometric method (i.e., orange-xylenol assay).
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adopted in Monolignol Oxidase 2 in the proximity of FAD. Moreover, the
residue Vall55, identified as gatekeeper residue of the oxygen binding
pocket (Zafred et al., 2015), is also present in OGOX1. Notably, all plant
BBE-] proteins acting as carbohydrate oxidases share these features
(Benedetti et al., 2018). Finally, the residues covalently bound to FAD (i.
e., His90 and Cys152) are also conserved in OGOX enzymes (Daniel
et al., 2015, 2016) (Fig. S4).

The 3D-structural model of OGOX1 also revealed the presence of a
solvent-exposed sulfur bridge between the residues Cys12 and Cys75,
which is conserved among BBE-1 enzymes (Fig. S4). In order to under-
stand the effect of pH on the tuning of the catalytic features of OGOX1 at
molecular level, two classical MD simulations of the OGOX1 protein
have been performed considering two different pH values. From
experimental measurements the highest activity of OGOX1 is around pH
10. Such a value is unlikely to occur in natural systems, therefore the
selected value for the simulation in high pH conditions was set to 8.5,
compatible with a stress condition in plants. As low pH, a value of 5 has
been selected, being such value compatible with an apoplast pH value at
physiological condition. Even though pH 8.5 does not correspond to the
highest activity, a change of the catalytic properties of many folds with
respect to pH 5 is expected (Benedetti et al., 2018). The two simulated
models differ for the protonation state of the residues: Asp93, His145,
Glul81, His249, Asp325, Asp354, Glu366, Lys404, Lys407, Asp453,
His461 (Table 1). These residues have been identified by an empirical
pK, prediction server (see Paragraph 2.5). At pH 5, Asp93, Glul8l1,
Asp325, Asp354, Glu366 and Asp453 have been set in their neutral
form, whereas His145, His249, Lys404, Lys407 and His461 as cations.
At pH 8.5 His145, His249, Lys404, Lys407 and His461 have been set in
their neutral form whereas Asp93, Glu181, Asp325, Asp354, Glu366 and
Asp453 as anions. The overall structural stability of the OGOX1 protein
for the two simulated systems was monitored following the time evo-
lution of different properties. The root mean square deviation (RMSD) of
the backbone atoms of the protein calculated with respect to the starting
positions was found to remain below 0.3 nm in both simulations (Data
S1). The radius of gyration of the protein backbone was also calculated
along the simulation time, finding no significant drifts in both systems
(Data S2). The number of H-bond present in the two simulated models as
function of time was also calculated and appears to be stable along the
simulation time for both systems (Data S3). Notably, the model at pH 8.5
shows an average value of hydrogen bonds slightly larger when
compared with the low pH system, thus indicating a possible higher
structural stability of the protein at high pH. Overall, these analyses
indicate a global stability for both models on the microsecond timescale.
In order to identify possible different mobilities of the protein regions in
the two simulated systems, we calculated the root mean square fluctu-
ation (RMSF) per residue (Fig. S5). Intriguingly, two regions corre-
sponding to the residues from 350 to 375 and from 430 to 455 were
found to be more flexible in the low pH simulation with respect to the
high pH simulation. Tyr451, belonging to one of the two above
mentioned regions, corresponds to Tyr479 of Monolignol Oxidase 2.
This residue was suggested to form with Tyr193 a key moiety for the
catalytic mechanism of Monolignol Oxidase 2 (Daniel et al., 2015).
Therefore, such residue should remain close to FAD in order to enable
the catalytic activity of the enzyme. In this context, we monitored the
distance between the oxygen atom of the side chain of Tyr451 and the
nitrogen atom N5 of FAD (Fig. S6) sampled along the two simulations.
Our results clearly show that at high pH the conformations of Tyr451
sampled along the MD simulations remain close to the starting one in
proximity of FAD. Conversely, at low pH, the side chain of Tyr451
changes its orientation, thus losing its original conformation required
for the catalytic activity of the enzyme. This observation suggests that
the pH-dependent activity of OGOX1 could be related to a pH-dependent
destabilization of the active site. Apart from the possible conformational
changes occurring in the active site at different pH values, we focused
our attention also on the interactions between key residues showing
different behaviors in the two simulated systems and possibly involved
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in modulating the catalytic activity of OGOX1. In particular, looking at
the salt bridges involving residues Asp325, Asp344, and Arg327
(Fig. 3A-C), we found some major differences between the two simu-
lated systems. Distances between Arg327 and the two aspartic acids
Asp325 and Asp344 have been calculated along the two simulated tra-
jectories and their distribution reported in Fig. 3D. At pH 8.5, the dis-
tance between the carboxylate group of Asp325 and the guanidine group
of Arg327 remains at values smaller than 5 A, thus indicating the
presence of a stable salt bridge between these two residues. The stability
of such interaction results in the absence of stable interaction between
Arg327 and Asp344 as evident from the respective distribution of dis-
tances lastingly larger than 6 A. This is not the case for the simulation at
low pH. Indeed, at pH 5, the distances between Asp325 and Arg327
show a broad distribution of values, most of them larger than 6 A
(Fig. 3D). On the other side, the distribution of distances between
Arg327 and Asp 344 shows a pick at about 3.8 A, thus indicating the
presence of a salt bridge between these two residues, albeit not present
for the whole simulation time. Indeed, as evident from the broad dis-
tribution of the Arg327-Asp344 distances at values larger than 6 A, the
interaction between these two residues is less stable along the low pH
simulation with respect to the case of the Arg327-Asp325 interaction at
high pH (Fig. 3D). The reason of the two distinct behaviors shown by our
simulations at different pH values, resides in the different protonation
state of Asp325 in the two simulated models (Table 1). The residue
Asp325 has a neutral sidechain in the low pH simulation and therefore it
is unable to form a salt bridge. Conversely, at high pH, the negative
Asp325 residue forms a very stable salt bridge with the neighbor positive
residue Arg327. From the other side, due to the lack of a stable salt
bridge partner for Arg327 at pH 5, the residue that shows the most
frequent interaction with Arg327 is Asp344. Due to their position in
OGOX1, in the proximity of the entrance of the cavity leading to the
reaction center, the different behavior shown by these residues at
different pH may have implications on the catalytic activity of the
enzyme. Using the cavity analysis tool Epock the volume of the cavity
along the two dynamics has been tracked as described in Paragraph 2.4.
As shown in Fig. 3E, a different distribution of the cavity volume was
observed in the two simulations. In the low pH simulation, the cavity is
characterized by a narrow fluctuation around an average value of
~3600 A3. On the contrary, at high pH, the distribution of the volumes is
wider, with a maximum value corresponding to ~3900 A3, It is worth to
mention that also the lowest volume values are observed in the high pH
simulation, so based on our results we cannot univocally associate the
low pH to the presence of a narrower cavity and the high pH to the
presence of a larger cavity. Nonetheless, our simulations show a pref-
erence of the system at pH 8.5 to sample conformations characterized by
a larger cavity volume with respect to the low pH simulation. In this
regard, additional MD simulations starting from different initial condi-
tions should be carried out to lead support to our observations. Overall,
from this analysis, two opposite conformations have been identified
from the cavity dynamics, i.e., a totally closed and an open conformation
respectively shown in Fig. 3B and C. As expected, the shape of the cavity
partially correlates with the conformations sampled by residues Asp325,
Asp344, Arg325 and Lys415. In particular, in the high pH simulation,
the presence of a salt bridge between Asp344 and Lys415 is often
associated with an increased volume of the cavity, while the absence of
such ionic interaction usually corresponds to a narrower cavity
entrance. Based on the above reported results, our simulations suggest a
possible role of residues Asp325 and Asp344 in tuning the pH-dependent
catalytic activity of OGOX1. In order to give credit to such hypothesis,
alanine mutagenesis experiments have been carried out as described in
the next sections.

3.3. Heterologous expression of site directed OGOX1 variants

MD simulations identified two potential ionic bonds, i.e., Asp325-
Arg327 and Asp344-Lys415, as responsible for modulating the size
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Fig. 3. Molecular dynamics analysis on OGOX1. (A) Cartoon representation of OGOX1 with Asp325, Arg327, Asp344, and Lys415 shown as sticks. (B) Representative
structure of a closed conformation of the cavity. Asp325 and Asp344 (in red) and Arg327 and Lys415 (in blue) are shown as spheres. (C) Representative structure of
an open conformation of the cavity. Asp325 and Asp344 (in red) and Arg327 and Lys415 (in blue) are shown as spheres. (D) The distribution of distances between
Arg327 and the two aspartic acids Asp325 and Asp344 are reported for both the simulations. (E) The distribution of the cavity volume sampled along the two MD
simulations is reported. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and flexibility of the enzyme cavity used to accommodate the OGs at pH
8.5. A multiple amino acid alignment between OGOX1 and other mature
plant BBE-l enzymes indicated that the putative ionic bond formed by
Asp325 and Arg327 is a specific feature of OGOX1 and OGOX2 (Fig. 4).
It is worth noting that OGOX1 and OGOX2 were characterized by the
highest pH-optimum of activity across the different BBE-1 enzymes so far
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characterized (Benedetti et al., 2018; Locci et al., 2019; Toplak et al.,
2018). This evidence strongly supported the involvement of the salt
bridge Asp325-Arg327 in the increased activity of OGOX1 at alkaline
condition. On the other hand, the putative salt bridge formed by Asp344
and Lys415 was shared by different BBE-1 members including 0GOX1, 3,
4 and CELLOX (Fig. 4).
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An MD-guided alanine mutagenesis approach was employed to
confirm the involvement of the two ionic bonds in the pH dependent
activity of OGOX1. Alanine scanning mutagenesis has been widely used
in the past, allowing to identify the contribution of non-Ala amino acids
(i) in the catalytic features of enzymes (Mitsuzawa et al., 2017), (ii) in
the recognition specificities of enzyme-inhibitor interactions (Casasoli
et al., 2009) as well as (iii) in protein function, stability and shape
(Morrison and Weiss, 2001) since each Ala substitution examines the
contribution of an individual amino acid sidechain to the functionality
of the protein. In order to abolish the putative ionic bonds of pairs
Asp325-Arg327 and Asp344-Lys415, we opted to mutagenize the
negatively charged counterpart of each salt bridge (i.e., aspartic acid)
into alanine because the latter residue naturally occurs at the corre-
sponding position of other BBE-l enzymes (Fig. 4). Moreover, we also
extended the alanine scanning mutagenesis to the cysteine residues C12
and C75 in order to investigate their potential role as regulative (as
S-sulfidrilated residues) or structural determinants (as disulfide bridge)
of H-OGOX1 (Fig. S4). Unfortunately, P. pastoris failed to express both
H-OGOX1.C12A and H-OGOX1.C75A mutants indicating either that the
alanine scanning mutagenesis was not the most appropriate method to
get insights into their function or that these cysteines play a crucial role
in the structural stability of the protein rather than in the regulation of

enzymatic activity (Fig. 5A). The expression of H-OGOX1.D325A and
H-OGOX1.D344A was successfully achieved in P. pastoris despite one of
the mutants, i.e., H-OGOX1.D344A, was expressed at low level (Fig. 5A).
After selecting the highest expressing transformants, both H-OGOX1.
D325A and H-OGOX1.D344A were purified to homogeneity using the
same procedure employed for H-OGOX1 (Fig. 5B). The expression yield
of H-OGOX1.D325A and H-OGOX1.D344A was around 4 and 1 mg.L ™,
respectively.

3.4. Biochemical characterization of H-OGOX1 and site-directed variants
H-OGOX1.D325A and H-OGOX1.D344A

The ABTS-HRP coupled assay was employed to characterize the ac-
tivity of H-OGOX1 and of site-directed variants H-OGOX1.D325A and H-
OGOX1.D344A at pH 5.0 and 8.5 by using OGs at concentrations ranging
from 5 to 400 uM. The oxidase activity assay was conducted by coupling
H30, production from OG oxidation to HRP mediated oxidation of ABTS
into the cationic radical ABTS"e (Baron et al., 1994) (Fig. 6A). The use of
ABTS-HRP assay had two major advantages respect to the orange xyle-
nol assay: (i) the ABTS-HRP assay results in a more accurate analysis
since it can be measured in continuous whereas the orange xylenol
method is an end-point assay, and (ii) the ABTS-HRP coupled assay may
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Asp325A, Asp344A, Cys12A and Cys75A as
detected in the culture filtrates from two
independent P. pastoris transformants
(#1-2) after 48h of methanol induction. 5
and 10 ng of pure H-OGOX1 and culture
filtrate of wild-type P. pastoris (X33) were
used as positive and negative control of
enzyme expression, respectively. (B) SDS-
PAGE/Coomassie blue staining analysis of
H-OGOX1.D344A and H-OGOX1.D325A as
detected in the fractions (Fx) eluted from the
hydrophobic interaction chromatography
(HIC). Molecular weight marker (MM) is
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Fig. 6. Kinetic analysis of H-OGOX1 and site-directed mutants by the ABTS-HRP coupled assay. (A) Schematic representation of the two-step H-OGOX1/HRP-ABTS
coupled assay used for kinetic measurements at pH 5.0 and 8.5. In step 1, H-OGOX1 oxidizes OGs by producing 0xOGs and H,0,. In step 2, H,0, is employed by HRP
to oxidize ABTS (colourless) into the cation radical ABTSe" (green colored). (B-D) OG-oxidizing activity of H-OGOX1 (circle), H-OGOX1.D325A (square) and H-
0OGOX1.D344A (triangle) as determined at pH 5.0 (white symbol) and 8.5 (black symbol) using 5 pM (B), 10 pM (C) and 40 pM (D) OGs as substrate. Values are mean
+ SD (N = 3). For a clearer visualization, only some SD-error bars are reported. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

preserve H-OGOX1 from the self-deleterious effects of HoOy-mediated
oxidation since HRP exploits HyO, released by OGOX1 to oxidize ABTS,
thus lowering the amount of free HoO; in the reaction mixture. More-
over, the keot values of HRP towards HyO2 and ABTS are higher than
those of OGOX1 towards OGs (Humer and Spadiut, 2019), suggesting
that OG- and ABTS-oxidation can proceed at the same rate at both the pH
values (i.e., 5.0 and 8.5). It is worth noting that an HRP-based assay was
recently employed also to determine the activity of fungal oligosac-
charide oxidases (Haddad Momeni et al., 2021).

At acidic pH (5.0), H-OGOX1 was characterized by a Ky value of 4.6
+ 0.5 pM and a k¢ot value of 93.5 + 1.7 min~ L. At increasing pH (8.5),
the Ky value was comparable to that observed at acidic pH whereas the
keat value increased up to 213.5 + 7.2 min~?, indicating that the H-
OGOX1 activity was boosted by alkaline pH up to 2.3-fold (Table 3). The
mutation in H-OGOX1.D344A resulted in a slight increase in Ky at both
pH values with respect to H-OGOX1, and in a k¢, value of 276.3 + 9.5

Table 3

Kinetic parameters of H-OGOX1 and site-directed mutants by the ABTS-HRP
coupled assay. Values of Ky (pM), Viax (umol Hzoz.mg’l.min’l) and Keae
(min ') as determined at pH 5.0 and 8.5 using OGs at a concentration ranging
from 5 to 400 pM.

Parameter H-OGOX1 H-OGOX1.D325A H-OGOX1.D344A
pH 5.0 8.5 5.0 8.5 5.0 8.5
Km 4.6 + 4.5+ 16.0 + 42.2 + 10.6 + 9.2 £
0.5 0.8 1.3 2.6 0.6 1.2
Vinax 1.60 + 3.6 £ 29+ 4.6 + 1.6 + 4.7 £
0.03 0.1 0.1 0.1 0.03 1.2
Keat 93.5 + 2135 + 168.7 + 271.6 + 93.3 + 276.3 +
1.7 7.2 0.1 4.9 2.0 9.5
Keat/Knm 20.3 47.4 10.5 6.4 9.4 30.0
Keat 2.3 1.6 3.2
pH 8.5/5.0
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min~! at pH 8.5, indicating that the H-OGOX1.D344A activity was
boosted by alkaline pH up to 3.2-fold (Table 3). On the other hand, the
mutation Asp325Ala gave the major effect on the kinetic constants of H-
0GOX1; Ky value of H-OGOX1.D325A increased at both acidic and
alkaline pH values by 3.5- and 9.3-fold, respectively, indicating a
reduced affinity for the substrate whereas k., was slightly increased;
this behavior is likely induced to the acquired capacity of the mutant
enzyme to detach from the substrate more easily, as indicated by its
higher Ky, thus increasing turn-over (Table 3). H-OGOX1.D325A
showed the lowest increase of activity from acidic to alkaline pH since its
activity showed only a 1.6-fold enhancement (Table 3).

All these results taken together indicated subtle differences between
the kinetic constants of the three OGOX1 isoforms at the steady state
conditions, indicating that both mutations did not completely disrupt
enzyme function. However, the OGs concentration used for the steady-
state analysis especially at high concentrations is not reliable under
physiological conditions; as a matter of fact, the concentration of OGs
used to trigger the defense responses in plants usually ranged from 4 to
40 pM (Galletti et al., 2008; Gravino et al., 2015), suggesting that the
biologically active concentration of OGs within the plant tissue is pre-
sumably lower. By measuring the pmoles of HoO, generated per mg of
H-OGOX1 over time, it was evident that at lower (and physiologically
active) OG concentration, Asp325 and Asp344 acted in antagonistic
manner in modulating the activity of OGOX1 at pH 8.5 but not at pH 5.0
(Fig. 6B-D). Compared to the wild-type enzyme, Asp344Ala mutation
increased OGOX1 activity whereas the Asp325Ala mutation reduced it,
suggesting that pH dependent activity of OGOX1 may be dependent on
the antagonistic action of both amino acids at alkaline pH (Fig. 6B-D).
The kinetic analysis also revealed that at low OG concentration (i.e., 5
pM) the activity of H-OGOX1.D325A was lower at pH 8.5 than at pH 5.0
(Fig. 6B), due to a marked reduction in the affinity towards OGs in
alkaline condition (Table 3). Accordingly, the initial velocity V values
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of the enzymatic reactions shown in Fig. 6B-D confirmed this trend of
activity as a peculiar characteristic of H-OGOX1.D325A (Table 4).

The pH-dependent activity of H-OGOX1 and site-directed variants
was then investigated by the orange-xylenol assay (Fig. 7). Here, the
orange-xylenol assay was used in replacement of the ABTS-HRP coupled
assay since HRP is unstable at pH values higher than 9.0 (https://www.
sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/docum
ents/254/641/p8375dat.pdf). However, it is worth considering that the
activity of OGOXs in the orange-xylenol assay, differently from the
ABTS-HRP coupled assay (Fig. 6A), is affected by the same Hy0
generated upon OG-oxidation (Fig. S1). In accordance with the previous
analysis (Fig. 6D, Table 3), the ratio between the relative activities at pH
(9.0/5.0) was lower for H-OGOX1.D325A (i.e., 3.8; calculated as 55.2%:
14.6%) than for H-OGOX1 (i.e., 5.7; calculated as 92.9%: 16.3%),
whereas H-OGOX1.D344A showed the highest ratio between the two
relative activities (i.e., 7.8; calculated as 82.2%: 10.5%) (Fig. 7); thus,
the tendency of H-OGOX1.D325A was dependent on its Ky that,
differently from that of H-OGOX1 and H-OGOX1.D344A, strongly
reduced the enzyme affinity for OGs at alkaline pH condition (Table 3).
On the other hand, the activity of H-OGOX1.D344A mutant was char-
acterized by the highest increase passing from acid to alkaline pH
(Figs. 6D and 7). In conclusion, under physiologically active OG con-
centration, the mutations Asp325Ala and Asp344Ala made the pH-
dependent activity of OGOX1 less and more sensitive to alkaline pH
changes, respectively, without any significant change in its pH-optimum
(Fig. 7).

4. Discussion

In this work, MD was successfully employed to identify two amino
acid pairs, i.e., Asp325-Arg327 and Asp344-Lys415, involved in the pH
dependent activity of OGOX1. In particular, the residues Asp325 and
Asp344 were demonstrated to be involved in the pH dependent activity
of OGOX1, likely due to the formation of two distinct salt bridges on the
edge of enzyme cavity at alkaline conditions (pH 8.5). As verified by
functional studies, the mutation of Asp325 and Asp344 significantly
affects the catalytic properties of OGOX1. The simulations suggest that
the perturbation of the salt bridges affects the catalytic activity in the
same way as the pH does. Asp325Ala mutation, as well as low pH con-
dition, would prevent the formation of any salt bridge, thus leading to a
less active form of the enzyme. Conversely, Asp344Ala mutation does
not have an analogue in pH tuning, nevertheless, our simulations show
that Asp344 salt bridge may have a correlation with the volume of the
cavity leading to the active site. However, as observed in the low pH
dynamics, the catalytic properties of OGOX1 are not only defined by the
size of the cavity, but also by its flexibility. The higher flexibility of the
protein region between residue 430 and residue 455, as found in the low
pH simulation, corresponds to a reorientation of Tyr451 with respect to
the starting structure. It was suggested that Tyr479 in Monolignol Oxi-
dase 2 (corresponding to Tyr451 in OGOX1) stabilizes the deprotonated
state of Tyr193 (Tyr166 in OGOX1) by hydrogen bonding, thus enabling
the deprotonation of the substrate (Daniel et al., 2015). The

Table 4

Values of initial velocity (Vo) of H-OGOX1 and site-directed mutants by the
ABTS-HRP coupled assay. Values of Vo (umol HyOy.mg~'.min"') as obtained
from the reactions shown in Fig. 6B-D. Values are mean + SD (N = 3).

oG H-0GOX1 H-OGOX1.D325A H-OGOX1.D344A

(uM)

5 0.8 + 1.9+ 0.8 + 0.6 + 0.4 + 1.9+
0.1 0.1 0.1 0.1 0.1 0.1

10 1.1+ 2.6 + 1.2+ 1.6 + 0.7 + 2.5+
0.1 0.3 0.1 0.3 0.1 0.1

40 1.4+ 35+ 21+ 29+ 1.3+ 3.9+
0.2 0.3 0.2 0.5 0.1 0.3

pH 5.0 8.5 5.0 8.5 5.0 8.5
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Fig. 7. pH-dependent activity of H-OGOX1 and site-directed mutants by the
orange-xylenol assay. Effect of pH on the activity of H-OGOX1, H-OGOX1.
D325A and H-OGOX1.D344A expressed as relative activity (%) using 40 pM
OGs as substrate. Values are mean + SD (N = 4).

conformation of Tyr193 found in the X-ray structure of Monolignol
Oxidase 2 was kept in our high pH simulation, while it was lost along the
low pH simulation, possibly contributing to the reduced catalytic ac-
tivity of OGOX1 found at low pH. The amino acid alignment between
OGOX1 and other plant BBE-l enzymes (Fig. 4) indicated that the salt
bridge formed by Asp325 and Arg327 is a specific determinant of
OGOX1 and OGOX2, i.e., the OGOX enzymes showing the highest ac-
tivity at alkaline pH. According to our results, the introduction of a salt
bridge formed by Asp325 and Arg327 in the corresponding amino acid
sites of OGOX3 and OGOX4 isoforms may on one side modulate the
activity of these enzymes at increasing pH (Fig. 7), and on the other
increase their affinity towards OGs (Table 3). From an evolutionary
perspective, the advantage of evolving several OGOX members with
different OG affinities and the role of amino acid Asp325 in such
sub-functionalization remains unclear. Interestingly, several mutations
in Monolignol Oxidase 2 produced a small increase in the pH-optimum
of activity of the enzyme (Messenlehner et al., 2021); in this regard, it
would be interesting to evaluate whether such mutations, once intro-
duced in our OGOX1 mutants, may result in a synergistic effect
(Table 5).

The use of an ABTS-HRP coupled assay allowed to achieve more

Table 5

Mutations increasing the pH-optimum of
activity of Monolignol Oxidase 2 (MLO2)
towards more alkaline values and the cor-
responding amino acid residues in OGOX1.

MLO2 0GOX1
R292M R265
Q438V Q409
Y479F Y451
Y117F Y92
N411V N383
K436L K407
Y193F Y166
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precise and reliable analysis over time, compared to the previous
characterization of OGOX1 as obtained by the “orange-xylenol” end-
point method (Benedetti et al., 2018). H-OGOX1 was characterized by
a higher k¢, value, i.e., 213.5 min~! vs 131.6 min~! (the latter value
calculated as Keapr11 * R.A.pug.5), and a lower Ky, i.e., 4.6 uM vs 8 uM,
highlighting the contribution of the expression strategy, purification
procedure and enzyme assay in the enzyme characterization of recom-
binant enzymes.

Interestingly, the high amino acid identity between the four OGOX
members from A. thaliana and Uronic Acid Oxidase from Citrus sinensis
(CsUAO) (Fig. S7) suggested that CSUAO may be another BBE-1 enzyme
with OG-oxidizing activity (Wei et al., 2020). Accordingly, the Ky of
UAO towards D-galacturonic acid, i.e., 3.9 mM, is about 848-fold higher
than those displayed by OGOX1 towards OGs, i.e., 4.6 pM (Table 3),
indicating that D-galacturonic acid could not be the preferred substrate
for CsUAO. Interestingly, CsSUAO is characterized by Ala and Phe resi-
dues at the corresponding positions 325-327 of OGOX1 (Fig. 4) that in
turn could be mutagenized in Asp-Arg residues in order to create a salt
bridge and increase its affinity towards OGs (Wei et al., 2020).

OxOGs lose their nature of DAMPs and acquire an increased resis-
tance to enzymatic hydrolysis by fungal polygalacturonases (PGs), pre-
venting a direct release of D-galacturonic acid from oxOGs (Fig. 1)
(Benedetti et al., 2018). Thus, the kinetic parameters of the specific
couple PG-OGOX under investigation as well as their relative concen-
tration will determine the fate of D-galacturonic acid residue at the
reducing end of each OG (hydrolysis vs oxidation). Intriguingly, the
apoplastic alkalinization during pathogenesis may favor the production
of 0xOG (i.e., oxidation) rather than the hydrolysis of D-galacturonic
acid since k¢, of OGOX1 increases at alkaline pH, i.e., from 93.5 to 213.5
min~! (Table 3) whereas keyr of microbial PGs decreases since PGs are
generally characterized by a lower range of pH-optimum of activity
(3-6). Under this perspective, the amino acid residues that contribute to
the pH dependent activity of OGOX enzymes play a primary role in plant
protection. Intriguingly, Asp and Arg residues could be introduced by
site-directed mutagenesis in the corresponding position 325-327 of
other plant BBE-l enzymes (Fig. 4) as well as fungal oligosaccharide
oxidases, in order to improve their pH-dependent activity at alkaline pH
values comprised between 8 and 10. In turn, should these substitutions
successfully affect the pH dependent activity of other oligosaccharide
oxidases, these mutated enzymes could be used in industrial applica-
tions as Lytic Polysaccharide Monooxygenase (LPMO)-boosting enzymes
(Haddad Momeni et al., 2021), allowing to perform lytic-oxidative re-
actions on lignocellulose at more alkaline pH ranges.
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