UC Berkeley
UC Berkeley Previously Published Works

Title

Characterization of a unique polysaccharide monooxygenase from the plant pathogen

Magnaporthe oryzae

Permalink

|https://escholarship.orgc/item/7b46007d

Journal

Proceedings of the National Academy of Sciences of the United States of America, 120(8)

ISSN
0027-8424

Authors

Martinez-D’Alto, Alejandra
Yan, Xia
Detomasi, Tyler C

Publication Date
2023-02-21

DOI
10.1073/pnas.2215426120

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/7b46007q
https://escholarship.org/uc/item/7b46007q#author
https://escholarship.org
http://www.cdlib.org/

RESEARCH ARTICLE BIOCHEMISTRY

PNAS

L)

Check for
updates

Characterization of a unique polysaccharide monooxygenase
from the plant pathogen Magnaporthe oryzae

Alejandra Martinez-D'Alto®
and Michael A. Marletta®<%?

. Xia Yan®, Tyler C. Detomasi®’ (2, Richard I. Sayler®

. William C. Thomas®

, Nicholas J. Talbot” (2,

Contributed by Michael A. Marletta; received September 8, 2022; accepted January 12, 2023; reviewed by J. Martin Bollinger, James W. Kronstad,

and Brian G. Miller

Blast disease in cereal plants is caused by the fungus Magnaporthe oryzae and accounts
for a significant loss in food crops. At the outset of infection, expression of a putative
polysaccharide monooxygenase (MoPMOYA) is increased. MoPMOYA contains a cat-
alytic domain predicted to act on cellulose and a carbohydrate-binding domain that
binds chitin. A sequence similarity network of the MoPMO9A family AA9 showed
that 220 of the 223 sequences in the MoPMO9A-containing cluster of sequences have
a conserved unannotated region with no assigned function. Expression and purifica-
tion of the full length and two MoPMOYA truncations, one containing the catalytic
domain and the domain of unknown function (DUF) and one with only the catalytic
domain, were carried out. In contrast to other AA9 polysaccharide monooxygenases
(PMOs), MoPMOD9A is not active on cellulose but showed activity on cereal-derived
mixed (1-3, 1-4)-p-D-glucans (MBG). Moreover, the DUF is required for activity.
MoPMOYA exhibits activity consistent with C4 oxidation of the polysaccharide and
can utilize either oxygen or hydrogen peroxide as a cosubstrate. It contains a predicted
3-dimensional fold characteristic of other PMOs. The DUF is predicted to form a
coiled-coil with six absolutely conserved cysteines acting as a zipper between the two
a-helices. MoPMOYA substrate specificity and domain architecture are different from
previously characterized AA9 PMOs. The results, including a gene ontology analysis,
support a role for MoPMOYA in MBG degradation during plant infection. Consistent
with this analysis, deletion of MoPMOYA results in reduced pathogenicity.

polysaccharide monooxygenase | Magnaporthe oryzae | blast disease

Polysaccharide monooxygenases (PMOs), also known as lytic PMOs, are Cu-dependent
secreted enzymes that facilitate polysaccharide degradation. These enzymes hydroxylate
the glycosidic linkage of polymeric carbohydrate substrates such as cellulose (1) and chitin
(2). Since their discovery, over 16,000 putative PMOs have been identified across nearly
all kingdoms of life (3—5). PMOs play a major role in nutrient acquisition, and expression
increases in the presence of substrates (6, 7). PMOs are widespread in the genomes of
both bacteria and filamentous fungi, with some organisms encoding over twenty PMOs (8).
‘This multiplicity within an individual organism, combined with their widespread presence
across phyla, suggests that PMOs are likely to play roles beyond that of biomass degrada-
tion (9, 10). Indeed, roles in development (11, 12), endosymbiosis (9, 13—15), and patho-
genesis (16-19) have been reported.

The ascomycete Magnaporthe oryzae is the plant pathogen that causes blast disease in
cereal crops (20). Rice blast disease is by far the most devastating rice disease, causing a
loss of 10 to 35% of the world’s annual harvest, and is found wherever rice is grown (21,
22). During the initial stage of infection, M. oryzae generates a specialized structure called
an appressorium that attaches to the leaf and builds up osmotic pressure to penetrate the
outer layers, the highly hydrophobic cuticle, and a polysaccharide-rich cell wall (23, 24).
During appressorium formation, M. oryzae up-regulates a gene (MGG_06069) that
encodes a putative PMO (MoPMOO9A or alternatively named MoAA9IA or MoAAI1)
(25-28). Of the sixteen putative PMOs present in M. oryzae, MoPMOIA is the only one
expressed at higher levels at this stage of infection, peaking at 4 to 8 h after appressorium
induction. This increase in MoPMOYA expression is observed with infection in rice and
barley and during appressorium formation on an artificial inductive surface (25-28).

Most PMOs have an architecture composed of a single catalytic domain or a catalytic
domain followed by an additional C-terminal carbohydrate-binding module (CBM) (5).
CBMs have been shown to increase substrate affinity and have also been used to predict PMO
substrates (29). The MoPMOYA catalytic domain is predicted to be cellulose active; however,
it is fused to a chitin-binding CBM. This mismatch is conserved in several fungal plant
pathogen PMOs and suggests an important functional role. Indeed, MoPMO9A-knockout
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Significance

Blast disease is a worldwide
concern affecting crops like rice
and wheat. During plant
penetration, the causative fungus
Magnaporthe oryzae secretes a
polysaccharide monooxygenase
(MoPMO9A). Here, we show that
MoPMOQOO9A is active on (1-3,
1-4)--glucans present in the cell
wall of cereal-type plants,
hydroxylating the C4 position of
the glycosidic bond and using
either oxygen or hydrogen
peroxide as a cosubstrate. This
PMO has a second domain of
unknown function that is highly
conserved within a subset of
PMOs and is essential for PMO
activity. Moreover, MoPMO9A
deletion results in reduced
pathogenicity in rice. Taken
together, this work provides
insight into the biochemistry of
MoPMO9A and the domain
architecture of PMOs, supporting
its role in polysaccharide
degradation during plant infection.
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fungi penetrate less and generate smaller lesions in rice leaves than
the wild type (26). It was also shown that the AMoPMO9A CBM
binds to chitin (26). Nevertheless, nothing is known about the role
of the catalytic domain or the biological significance of this mis-
matched architecture.

We hypothesized that after MoPMO9A secretion, the CBM
binds to fungal cell wall chitin, while the oxidative activity from
the catalytic domain weakens the plant cell wall to facilitate path-
ogen invasion. Herein, we report biochemical insight into
MoPMOYA structure and catalytic activity that supports this
hypothesis and contributes to our understanding of the signifi-
cance of this mismatched multidomain architecture. Furthermore,
we provide evidence that this group of PMOs contains a unique
domain of unknown function (DUF) that is required for protein
stability and/or catalysis and that is absent in other PMOs of the
same family. Finally, we show that MoPMO9A is highly expressed
during the early stages of plant infection, and its deletion results
in reduced pathogenicity in a rice leaf drop assay. A gene ontology
(GO) analysis highlights the role of MoPMO9A in chitin binding
and carbohydrate metabolism consistent with the proposed func-
tion in pathogenesis.
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Results

MoPMO9A Domain Architecture. The Carbohydrate-Active
Enzymes (CAZy) database classifies PMOs into seven auxiliary
activity (AA) families based on protein sequence (5, 30). MoPMO9A
belongs to the AA9 family, which is the family that comprises
Pfam03443 and is predicted to act on cellulose. Using Pfam03443
as the input, a sequence similarity network (SSN) was generated
with an alignment score of 60 (approximately 40% sequence ID)
(Fig. 14 and Dataset S1). SSNs group proteins into clusters based on
sequence similarity. AMoPMO9A belongs to the sixth largest cluster
(232 sequences), and the closely grouped node structure denotes
a high level of conservation. A detailed analysis of the different
architectures found in the MoPMO9A-containing cluster revealed
that 30% of the sequences, including AMoPMO9A, have mismatched
domains with a catalytic domain predicted to be active on cellulose
and a chitin-binding type 1 domain at the C terminus (Fig. 1B).
In 220 of the 223 sequences of the MoPMO9A-containing cluster,
there is a highly conserved region (~80 amino acids) located ~20
amino acids after the catalytic domain (Fig. 1B). This DUF was
neither identified using the online SMART tool (31) nor annotated
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Fig. 1. MoPMOO9A sequence and domain analysis. (A) A SSN of 5,593 PMOs in the AA9 family was generated using the EFI-EST website with an alignment score
of 60. The clusters of sequences are displayed in different colors. The MoPMO9A-containing cluster is magenta colored, and the MoPMO9A node is highlighted
in green. (B) Domain architectures in the MoPMO9A-containing cluster. Sequences were aligned using Clustal Omega and visualized with Jalview for sequence
length determination. InterPro was used to identify domains 1 and 3. Domain 2 is unannotated and of unknown function. (C) The alignment from B was used
to make a sequence logo of domain 2 using the WebLogo website. Residues are colored by their side chain characteristics. The MoPMO9A sequence is also
displayed. *represents absolutely conserved cysteines, and 'represents highly conserved aromatic residues.
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Fig. 2. Representation of pPSUMO-MoPMO9A constructs (T1, T2, and FL). The
N-terminal tag is removed by Ulp1 to generate MoPMO9A with an N-terminal
histidine. The amino acid length of each construct is indicated. Purification
details are in S/ Appendix, Fig. S1. MoOPMO9A predicted domains are shown
in gray. 1: PMO catalytic domain (AAs 1 to 210); 2: DUF (AAs 243 to 322); 3:
chitin-binding domain (AAs 484 to 537).

as a known DUF within the Pfam database (32). Further analysis of
this region shows that it contains six absolutely conserved cysteines
(C272, C279, C286, C298, C305, and C312) and two more that
are present in most of the sequences (Fig. 1C). In addition, there
are several conserved aromatic residues: W258, Y266, Y273, D280
(which corresponds to W, Y, or F in other sequences), Y287, and
W301. As will be discussed later, these residues could have a role in
protein binding to polysaccharides.

MoPMO9A Activity on (1-3, 1-4)-p-Glucans from the Poaceae
Family. Two truncations (T'1 and T2) and the full-length protein
(FL) were cloned and heterologously expressed in Escherichia coli
(Fig. 2 and SI Appendix, Fig. S1A4). T1 contains only the PMO
catalytic domain, and T2 contains both the catalytic domain
and the DUE In all cases, the protein of interest was expressed
in-frame with a hexahistidine tag and a SUMO protein, which
were removed leaving no scar with the protease Ulpl (33). This
is essential for PMOs because the N-terminal histidine serves
as a bidentate ligand for the active site Cu (34). Consistent
with previous PMOs (34), each of the three constructs bound

approximately one equivalent of Cu. Other contaminating metals
were not detectable (87 Appendix, Fig. S1 B and C).

AA9 PMOs are predicted to act on cellulose. However, no activ-
ity was observed on Avicel (high-purity cellulose) or a more
water-soluble derivative, phosphoric acid-swollen cellulose
(PASC), even in the presence of high concentrations of enzyme
(Fig. 34 and SI Appendix, Fig. S2A). By contrast, cellulose-derived
soluble oligosaccharides were detected in a positive control for
cellulose degradation using the previously characterized PMO
MPMOOE (35). In a search for substrates, assays were carried out
with an extended panel of polysaccharides (S/ Appendix, Table S1).
We found that MoPMOOA is active on the water-soluble polysac-
charide mixed (1—3, 1—-4)-p-D-glucan (MBG) as shown by the
change in the HPAEC-PAD elution profile in the presence of
enzyme (Fig. 3B and SI Appendix, Fig. S2B). The appearance
of new peaks coupled with the broadening and shifting of the parent
peak, indicative of a more polydisperse polymer, indicates the pres-
ence of smaller MBG fragments (Fig. 3C). All of the other polysac-
charides tested for activity were inactive. There could, of course, be
other substrates among the very broad class of polysaccharides.

MBGs are present in the cell wall of certain lichen and plant
species from the graminoid clade of the Poales (grasses and
cereals), each species having a specific proportion of B-(1—3)
and p-(1—4) bonds (36). In cereals, MBGs are composed pre-
dominantly of cellotriosyl (degree of polymerization of three
glucose units, DP3) and cellotetraosyl (DP4) blocks separated
by a single B-(1—3) bond, although cellodextrin segments of
up to ten to twelve glucose units are present at lower frequen-
cies (37). In contrast, lichenin from Icelandic moss has pre-
dominantly p-(1—3) linked cellotriosyl units and almost no
DP4 segments (38). MoPMO9A was active on MBGs from
oats and barley (which are part of the Poaceae family of grasses
and cereals), but it was not active on lichenin (SI Appendix,

Fig. S3).
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Fig. 3. MoPMOYA activity on p-glucans. (A and B) Representative HPAEC-PAD traces of FL (10 to 20 pM) activity assays on different polysaccharides (10 to 20
mg/mL in 50 mM MOPS, pH 7, and 50 mM NacCl at 40 °C for 2 h). The y-axis is amperometric signal intensity. Ascorbic acid (AA, T mM) was used as a reductant
and MtPMOOYE (5 uM) as a positive control. PMO action on MBG causes the polydisperse polymer peak to shift to the left and peaks indicative of oxidation to
increase. (C) MBG molecular weight standards (10 mg/mL) in 50 mM MOPS, pH 7, and 50 mM NaCl were incubated at 40 °C for 2 h and analyzed by HPAEC-PAD.

The arrows indicate the direction of change.
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We next compared the activity of the different constructs (T,
T2, and FL). In the absence of a substrate, PMOs reduce O, to
hydrogen peroxide (H,0,), representing another assay to evaluate
PMO functionality (39). The T1 construct produced less H,O,
and degraded during the incubation (Fig. 44 and SI Appendix,
Fig. S4). It was also less active on barley MBG compared to the
T2 and the FL. This suggests that the DUF is important for the
activity and/or the stability of MoPMOO9A. There were no signif-
icant differences between the T2 and FL (Fig. 4).

Regioselectivity of MoPMO9A. PMOs can be grouped into three
classes based on the regiospecificity of hydroxylation. Those grouped
into the PMO-1 and PMO-2 categories hydroxylate at the C1 or
C4 position, respectively. Those in the PMO-3 grouping are less
regiospecific and hydroxylate at either position. Hydroxylation at
Cl1 or C4 leads to cleavage of the polysaccharide chain, but only
the reaction at C4 produces a new reducing end (Fig. 5A4). Taking
advantage of this difference, the MoPMO9A reaction products were
analyzed using a 3,5-dinitrosalicylic acid (DNS) colorimetric assay
to quantify reducing sugars (40). MoPMO9A-derived products
from MBGs produced an increase in absorbance in the DNS
assay, consistent with a C4-oxidizing PMO (Fig. 5B). Additionally,
the retention times of MoPMO9A-generated products are in the
region where C4 hydroxylated products elute based on data with
MBGs treated with a known C4-oxidizing PMO, M{PMO9E
(35) (SI Appendix, Fig. S5). Several studies showed a relationship
between PMO sequence and regioselectivity, where C4-oxidizing
PMOs have a shorter L2 loop, a longer L3 loop, and an SHK motif
near the second histidine in the active site (41-43). The presence
of an aspartate (D80) next to the Cu in the active site has also
been observed in other C4-oxidizing PMOs (44, 45). Comparison
of MoPMOVYA 12 and L3 loops with other characterized PMOs
further supports MoPMO9A as a C4-oxidizing PMO (Fig. 5Cand
SI Appendix, Table S2).

The mechanism of PMO action is not completely understood
but involves the active site mononuclear Cu center, reducing
equivalents, and the use of O, or H,0O, as a cosubstrate to generate
an oxidant capable of O-atom insertion into a nonactivated C-H
bond (34, 35) (SI Appendix, Fig. S6A). MoPMO9A can use either
O, or H,0, as a cosubstrate (S Appendix, Fig. S6B). Both cosub-
strates could be physiological in the context of plant infection as
will be discussed later.

MBGs and other polysaccharides are susceptible to oxidation and
cleavage by free Cu in the presence of reducing agents, likely by

A

B == MBGAAFL
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Fenton-like chemistry which produces *OH (46-49). It has been
shown that brown rot fungi utilize a similar mechanism to cleave
glycosidic bonds and process biomass (50). To better understand if
the observed MBG cleavage in the presence of PMO was due to
*OH, uric acid (UA) was added as a scavenger (51, 52). In contrast
to what was seen for free Cu, the addition of UA to the PMO reac-
tion had no effect on the activity (87 Appendix, Fig. S6 A and C).

MoPMO9A Structural Analysis. The active site of PMOs bind a
mononuclear Cu ion through a unique histidine brace motif that
requires an N-terminal histidine (34). The EPR spectrum of T2 is
diagnostic of a type 2 Cu site (g, = 2.27, g, = 2.08, and g; = 2.03)
(53). This site is overall more rhombic than other type 2 Cu sites
as observed by the splitting of g, and g;, consistent with EPR data
for other AA9 enzymes (Fig. 64 and S/ Appendix, Table S3). This
result supports the presence of Cu bound to a histidine brace motif
in MoPMO9A. Indeed, experiments carried out using T2 variants
in the active site (H1A, H83A, or H1A/H83A) (S Appendix, Fig.
S7) show that both H1 and H83 are required for O, reduction and
PMO activity on barley MBG (Fig. 6 Cand D). The loss of activity
cannot be attributed to loss of the active site Cu as both H1A and
HB83A variants still bound Cu in an equimolar ratio (Fig. 6B).

To better understand the role of the DUF, a 3D structure pre-
diction of MoPMO9A using AlphaFold2 was carried out (54).
Positions of the residues in the PMO catalytic domain and the
DUF are predicted with high confidence, but these domains are
linked by a loop predicted with low confidence that may be dis-
ordered (Fig. 74) (55). The PMO catalytic domain has a globular
B-sandwich fold, a histidine brace motif (H1 and H83), and sec-
ondary sphere amino acids (Y167, Q165, and H157) that are
important for catalysis in other PMOs (34, 56) (Fig. 7B). The
DUEF has a predicted coiled-coil motif made up of two a-helices
zippered together by six highly conserved cysteines that form three
disulfides (Fig. 7C). The putative disulfides (C286 to C298, C279
to C305, and C272 to C312) are spaced exactly 7 amino acids
apart, which corresponds to two a-helix turns. MoPMO9A-T2
contains 14 cysteine residues. Mass determination of T2 by intact
protein mass spectrometry resulted in a main peak of 37,299 Da,
which corresponds to a protein with either 12 cysteines partici-
pating as disulfides or, alternatively, all 14 cysteines in disulfides
and two deamidations (S7 Appendix, Fig. S8). T2 has two aspar-
agine residues which are followed by a glycine. These asparagine
residues are susceptible to deamidation, which is a common mod-
ification found in mass spectrometry analysis (57). This result
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Fig.4. Characterization of MoPMOYA catalytic activity. (A) Hydrogen peroxide formation by MoPMO9A constructs was evaluated (no polysaccharide cosubstrate).
PMO (1 pM), HRP (1.3 pM), Amplex Red (100 pM), and ascorbic acid (AA, 1 mM) were mixed in 50 mM MOPS, pH 7, and 50 mM NaCl for 30 min, and the conversion
of Amplex Red to resorufin was monitored at 560 nm. Bars represent the mean + SEM of independent experiments (filled circles). Asterisks denote statistical
difference with FL, ****P < 0.0001, one-way ANOVA followed by Tukey’s test. (B) FL and T2 (20 uM) were incubated at 40 °C for 2 h with barley MBG (10 mg/mL)
and ascorbic acid (AA, 1 mM) in 50 mM MOPS, pH 7, and 50 mM Nacl, and the reaction products were analyzed by HPAEC-PAD. The y-axis is the amperometric
signal intensity.
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Fig. 5. Regioselectivity of MoOPMO9A. (A) C1 or C4 hydroxylation (indicated by a red circle) and subsequent spontaneous hydrolysis (blue) results in different
products. The new anomeric carbon is highlighted in yellow. (B) T2 (150 uM), barley MBG (10 mg/mL), and/or ascorbic acid (AA, 2 mM) were incubated in 50 mM
MOPS, pH 7, and 50 mM NaCl for 2 h at 40 °C. Reducing ends were quantified by DNS reduction. Bars represent the mean + SEM of independent samples (filled
circles). Asterisks denote statistical difference between means, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey's test. (C) A MSA of MoPMO9A with
47 characterized C1, C4, or C1/C4-oxidizing PMOs from the AA9 family (only 9 sequences shown). A predicted structure of the MoPMO9A catalytic domain using
AlphaFold2 is shown. Residues and loops known to be important for regioselectivity in other PMOs are shown in green (loop 2) and pink (loop 3). Other loops

are highlighted in blue, orange, and yellow. H1 and H83 align with the histidine brace and are highlighted in blue in the MSA.

supports the AlphaFold2 prediction of all cysteines participating
in disulfides. Also of interest, three aromatic/polar residues (Y287,
D280, and Y273) spaced ~10 A apart are positioned on one side
of the coiled coil facing the solvent forming a flat surface.

To better characterize the overall structure of the T2 construct,
size exclusion chromatography-coupled small-angle X-ray scatter-
ing (SEC-SAXS) was carried out, which provides information
about size, shape, and oligomeric state of a protein in solution. The
T2 construct eluted as a small population of larger oligomers fol-
lowed by a main peak. The principal component had a radius of
gyration (R) 0f29.3+0.1A, likely reflecting a monomeric protein
(Fig. 7D). A pair-distance distribution function was calculated for
the primary scattering component, and the maximum interelectron
distance (D,,,) was estimated to be 101 A (Fig. 7E). The
AlphaFold2 predicted structure was calculated to have an R of only
22.2Aand D, =73 A, significantly smaller than the experlmen—
tally determined scattering. When displayed as Kratky profiles to
emphasize mid-g features, the experlmental and simulated scatter-
ing do not closely overlay (y* = 87). Together, the experimental
scattering and pair-distance distribution profile suggest a more
expanded protein conformation than predicted by AlphaFold2.

PNAS 2023 Vol.120 No.8 e2215426120

MoPMOYA in Plant Infection. MoPMOO9A is differentially
expressed during the early stages of plant infection and localizes
to germinating conidia and appressoria (Fig. 8 A and B). In
a previous transcriptional profiling study, M. oryzae gene
expression was classified into 10 modules of temporally
coexpressed genes (58). MoPMOIA is in coexpression module
2 together with many other pathogenicity-related genes,
including ALBI and BUFI, which are important for melanin
biosynthesis (59, 60), and SEP5, which is required for septin
ring formation upon plant infection (61). Chitin binding is
significantly enriched in GO molecular function analysis and
carbohydrate metabolic process significantly enriched in GO
biological process analysis among differentially expressed genes
coexpressed with MoPMO9A at 8 hpi (Fig. 8C). The deletion of
MoPMOIA results in significantly reduced pathogenicity of the
rice blast fungus M. oryzae, and the pathogenicity was rescued by
reintroducing MoPMOYA into the Apmo9a mutant (Fig. 8D).
Finally, the histidine brace motif variant (H1A/H83A) did
not fully complement the pathogenicity of Apmo92 mutant,
supporting a role for the PMO catalytic activity in the plant
infection process (Fig. 8D).
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Fig. 6. EPR and mutational analysis of MoPMOO9A. (A) X-band EPR spectrum
of T2 (390 pM) in 50 mM MOPS, pH 7, and 50 mM NaCl (blue). A simulation is
also shown (yellow). Spectra were recorded at 40 K, 9.4 GHz, 0.2 mW power,
and 0.5 mT modulation amplitude. Simulation parameters for T2: g = [2.27
2.08 2.03], A(®*/%5Cu) = [507 5 5] MHz, and g strain = [0.004 0.06 0.003]. (8) PMO
(10 to 100 pM), BCS (5 mM), and ascorbic acid (AA, 1 mM) in 50 mM MOPS,
pH 7, and 50 mM NaCl were incubated at room temperature for 1 h. The
copper content was determined by measuring the absorbance of [Cu(BCS),1>
at 483 nm. (C) Hydrogen peroxide formation by the MoPMO9A variants was
evaluated in the absence of substrate. PMO (1 pM), HRP (1.3 pM), Amplex
Red (100 pM), and AA (T mM) were mixed in 50 MM MOPS, pH 7, and 50 mM
NaCl, and the conversion of Amplex Red to resorufin was monitored at 560
nm for 30 min. (B and () Bars represent the mean + SEM of independent
experiments (filled circles). Asterisks denote statistical difference with the T2
wild type, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Tukey's
test. (D) Different variants of T2 (10 uM) were incubated with barley MBG
(10 mg/mL) and AA (1 mM) in MOPS 50 mM, pH 7, and NaCl 50 mM at 40 °C
for 2 h. Representative HPAEC-PAD traces are shown. The y-axis represents
the amperometric signal intensity.

Discussion

Since the discovery of PMOs in 2010 (62), several families with
different substrate specificities and taxonomic origins have been
annotated in the CAZy database (4). In contrast to previously
characterized AA9 PMOs, MoPMQOYA is not active on cellulose
but acts on a subset of MBGs (Fig. 3). Whether this catalytic
profile is unique for MoPMOYA or common for other closely
related sequences has not been determined but will be important
for proper family classification of this subset of AA9 PMOs.

In the Poaceae family, MBGs appear transiently in growing tis-
sues and accumulate in the endosperm of grain cell walls (63-66).
M. oryzae is well known to cause rice blast disease. However, this
plant pathogen is also known to infect more than 50 different grass
species including batley, oats, finger millet, and wheat (67). In fac,
there is increasing concern about recent wheat blast outbreaks
(68, 69), which are characterized by bleached spikes and loss of
grains (70). M. oryzae can infect and survive in wheat seeds
(71,72). Given that infectivity studies with a AMopmo9A-
knockout strain were only carried out on rice plant leaves, and the
increasing worldwide threat of wheat blast, it would be important
to see whether this phenotype is also observed in a wheat patho-
genic strain of the fungus on wheat growing tissues, spikes, and/or
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seeds, where MBGs are most abundant. Moreover, since the MBG
content varies across different plant species, disease phenotypes
using the PMO-knockout strain may vary as well.

The activity profile of MoPMO9A on MBGs suggests that the
enzyme requires the presence of DP4 blocks or higher. The min-
imum length of B-(1—4) sections in the polymer necessary for
catalysis has not been determined. The introduction of p-(1—3)
bonds into a B-(1—-4) polymer increases its water solubility and
in turn likely increases enzyme access to the substrate (37). It is
possible that MoPMOYA acts on p-(1—4) sections of the MBG,
requiring the presence of -(1—3) bonds either because of binding
specificity or increased access to the B-(1—4) linkage. This may
prove to be more general for other AA9 PMOs, like MPMO9E
(SI Appendix, Fig. S5); however, without chemical standards to
quantify the amount of products formed, a direct comparison of
activity between different substrates and enzymes is not
possible.

Of the 232 sequences that clustered together with MoPMO9A
in the SSN, 99% also had a highly conserved region that is not
present in other clusters (Fig. 1). As of 2021, the Pfam database
contains 4244 DUFs, which represent 23% of all Pfam families
(32). This conserved region has not been annotated as a DUF, but
we named it as such undil a function is identified, and it can be
renamed accordingly (73). A structure prediction of MoPMO9A
using AlphaFold2 suggests that the DUF is composed of two
a-helices folded as a coiled-coil with three disulfides stabilizing
the motif (Fig. 7). It contains three residues (Y287, D280, and
Y273) that are spaced ~10 A from each other and are facing one
side of the predicted coiled-coil. Polar and aromatic residues have
been shown to participate in carbohydrate binding for PMOs and
CBMs (74-76), and this distance corresponds to the length of
two P-(1—4) linked glucose units based on a crystalline cellulose
structure, suggesting that the DUF has a role in carbohydrate
recognition and binding (77, 78). Further studies, for example,
polysaccharide-binding assays and structure—function analysis
with specific variants, are necessary to further characterize the
function of the DUE Regarding the orientation of the DUF and
the PMO domain, while the AlphaFold2 structure displays an
interaction between them, the connecting loop is predicted at low
confidence. This region may be a flexible linker between the
domains. It is possible that this interdomain tether would allow
for independent rigid body-like motion of the domains and that
this flexibility accounts for most of the ~30 A discrepancy in D,
between our experimental SAXS data and the predicted scattering
of the AlphaFold2 structure. It is likely that, in solution, the pro-
tein takes on a more extended conformation and/or mixture of
conformations than that predicted by AlphaFold2 (Fig. 7).

MoPMOYIA can utilize H,0, as a cosubstrate similar to other
PMOs (81 Appendix, Fig. S6) (35, 79, 80). Plants produce H,0,
as a response to fungal infections (81). Even though M. oryzae
secretes effectors to evade this response (20), the presence of nano-
molar amounts of H,O, may still be relevant. Enzyme activity
with H,O, as a cosubstrate is significantly faster compared to that
with O, when studied with other PMOs (80). Although the H,0,
concentration may be significantly below the K, of 2.8 uM deter-
mined for the PMO CBP21, the faster rate may compensate (80).
However, MoPMO9A can utilize H,0O, only if there is sufficient
reducing agent present (S/ Appendix, Fig. S9).

The results on biological function reproduce and extend pre-
vious observations. The higher resolution imaging reported here
clearly shows localization of MoPMOYA in the wall of the appres-
sorium at 8 hpi. The presence of the PMO at this early stage of
infection is consistent with a proposed role in gaining entry into
the plant. PMO catalytic activity generally, and MoPMO9A
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Fig. 7. MoPMO9A-T2 structural analysis. (A) T2 structure prediction using AlphaFold2. Colors represent the per-residue estimate of the prediction confidence
(pLDDT). Both domains have a high score and are expected to be modeled with high accuracy. The loop connecting these domains is disordered. (B) T1 AlphaFold2
structure prediction colored by the sequence conservation in MoPMO9A-containing cluster using the AL2CO program in ChimeraX. The conservation values
range from —1.41 to 2.68. Residues with conservation values higher than half the range in the binding site are highlighted. (C) Three perspectives of the second
domain in MoPMO9A colored and visualized as in B. The two a-helices are connected by six highly conserved cysteines. (D) SEC-SAXS was performed on the T2
construct (14.3 mg/mL), and the scattering of the main elution peak was determined using evolving factor analysis. The calculated scattering of the AlphaFold2
predicted structure (simulation, dashed lines) is also shown. (E) Pair-distance distribution function (P(r)) and D,,,, were calculated for the experimental (101 A)

and calculated (73.4 A) SAXS profiles shown in panel D.

specifically, requires an active site copper ion. The copper ion is
coordinated through the histidine brace motif (H1 and H83 in
MoPMOYA), and as shown here, the H1/H83 double mutant is
catalytically inactive both toward O, reduction to H,O, and
MBG hydroxylation. Complementation with this double His
variant in the MoPMO9A deletion strain does not rescue full
virulence as does complementation with the wild-type enzyme,
and thus, catalytic activity is required for the full virulence of the
rice blast fungus. The most straightforward interpretation of the
data overall is that MoPMOYA is secreted, attaches to the chitin
fungal cell wall, and then, via the activity of the catalytic domain,

PNAS 2023 Vol.120 No.8 e2215426120

cuts into the MBG of the rice leaf, thus gaining entry into the
plant host.

It is also possible that adherence of the chitin-binding CBM to
the cell wall of the fungus interferes with recognition by plant
immune receptors during degradation of the MBG in the rice leaf
cell wall. The GO analysis adds further confidence to the proposed
role of MoPMOYA in infection, given the coexpression with
enzymes associated with chitin and carbohydrate metabolism, and
fits well with the biochemical results reported here. The appressoria
of the H1/H83 variant form normally. No other phenotypes were
observed apart from the reduced pathogenicity. While it is possible
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Fig. 8. MoPMOO9A expression and effect on full virulence of M. oryzae. (A) Micrographs showing MoPMO9A-GFP localization during appressorium formation.
Conidia from strain expressing MoPMO9A-GFP were incubated on glass coverslips; images were captured at 2, 4, 8, and 24 h after incubation. (Scale bar, 10 pm.)
(B) MoPMO9A expression level during plant infection from the RNA-seq of leaf drop infections. Line graph showing the mean TPM value from 3 biological
replicates of samples during plant infection (8, 16, 24, 48, 72, 96, and 144 hpi) and two biological replicates from conidia sample. Error bars represent SD. TPM,
transcripts per million; hpi, hours postinoculation. (C) GO enrichment analysis of differentially expressed M. oryzae genes in the same coexpression module
with MoPMOO9A. Chitin binding is significantly enriched in GO molecular function analysis, while carbohydrate metabolic processes are significantly enriched
in GO biological process analysis. (D) Pathogenicity assay of the wild-type strain Guy11, the PMO9A gene deletion strain Apmo9a, the PMO9A gene complement
strain Apmo9a::PMO9A, and the strain Apmo9a::PMO9AT & expressing MoPMO9AH 834 in Apmo9a background. Left panel: Representative leaves inoculated
with Guy11, Apmo9a, Apmo9a::PMO9A, and Apmo9a::PMOIA" A using leaf drop infection. Right panel: Quantification of the diseased lesion area of Guy11
(62 inoculated leaf drops), Apmo9a (75 inoculated leaf drops), Apmo9a::PMO9A (75 inoculated leaf drops), and Apmo9a::PMO9A" 834 (62 inoculated leaf drops).
The midline is the mean disease lesion area observed from all replications of the experiment. Bars represent the mean + SD of independent samples (filled
circles). Statistical differences between means of Guy11 and Apmo9a, Guy11 and 4Apmo9a::PMO9A, and Guy11 and Apmo9a::PMOIA™ "3 are indicated as asterisks
(P <0.0001) or ns (P> 0.01) using the t test with Welch's correction.
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that MoPMOOA acts on a fungal glucan substrate that contributes
to appressorium function, as noted, the double His variant appres-
soria appear normal.

In conclusion, we have found, in contrast to other AA9 PMOs,
that MoPMO9A is not active on cellulose but is catalytically active
on MBGs from the Poaceae family. MoPMO9A hydroxylates the
polymer at the C4 position with either O, or H,O, as a cosub-
strate. The histidine brace motif is required for O, reduction,
PMO activity on cereal-derived MBGs, and full virulence of the
rice blast fungus M. oryzae. Bioinformatic analysis led to the iden-
tification of a highly conserved DUF that is essential for activity
in MoPMO9A and may have a role in substrate binding and/or
protein stability. Taken together, this work provides fundamental
insight into the biochemistry, domain architecture, in vivo expres-
sion, and physiological function of MePMO9A, supporting its
role in MBG degradation during plant infection.

Materials and Methods

Bioinformatic Analysis of MoPMO9A Protein Sequence. Pfam 03443 was the
inputin the EFI-EST(82) website to generate an SSN comprising 5593 sequences
(Dataset S1). An alignment score of 60 was used to approximate 40% sequence
ID. The clusters of sequences were visualized in Cytoscape (83). Sequences in
MoPMO9A-containing cluster (232 sequences) were aligned using Clustal
Omega (84) and visualized with Jalview (85). Nine sequences without a pre-
dicted signal peptide not included. InterPro (86) was used to identify domains
1 (a putative PMO catalytic domain) and 3 (a chitin-binding type 1 domain).
Domain 2 is not annotated. Sequences were grouped manually based on their
architecture using Jalview. The MSA was then used as an input to make a sequence
logo using WebLogo (87). A second MSA was performed using MoPMO9A with
47 previously characterized C1-, C4-, or C1/C4-oxidizing PMOs from the AA9
family using Clustal Omega and visualized with Jalview (S/ Appendix, Table S2).

Cloning, Expression, and Purification of MoPMO9A Variants. The full-length
gene of MoPMO9A(MGG_06069, UniProtkB GAN560) and two truncations contain-
ing domain 1(T1) ordomains 1and 2 (T2) were cloned into the pSUMO vector (a gift
from the Marqusee group) in-frame to the N-terminal hexahistidine tag and the
SUMO protein-coding sequence (Fig. 2) (33). See S/ Appendix for cloning details by
PCRand the Gibson assembly (88) (S Appendix, Tables S4 and S5). The signal peptide
(amino acids 1to 19 in the original sequence) was omitted. Site-directed mutagen-
esis (H1A, H83A, and H1A/H83A) was performed using pSUMO-MoPMO9A-T2
plasmid and the Q5 site-directed mutagenesis kit (NEB) using primers detailed in
SIAppendix, Table S4. All sequences were verified (UC Berkeley Sequencing Facility).
In all cases, plasmids were transformed into Escherichia coli Rosetta 2 (DE3) plysS
competent cells (UC Berkeley MacroLab). Cell cultures were grown in Terrific Broth (TB,
RPI)and induced with 0.1 mM isopropyl 8-D-1-thiogalactopyranoside (IPTG, Fisher
Scientific)for~18 h at 18 °C, and the protein was purified from the cell lysate using a
5-mL nickel affinity column (HiTrap Chelating, GE). Further details are provided in S/
Appendix. Fractions with Aygy higher than 0.1 were dialyzed overnightinto 50 mMTris
pH 8,100 mM NaCl, snap-frozen in liquid nitrogen (with the addition of glycerol to
afinal concentration of 5%), and stored at —80 °C until further use. Cleavage of tags
by Ulp1 protease was performed overnight at RT by adding 0.5 mM dithiothreitol
(DTT, Bachem)and Ulp1ina 1:1,000 ratio. Protein concentrations were determined
by the Ayg, and using molar extinction coefficients obtained with Benchling (89)
(SI Appendiix, Table S6). His-tagged Ulp1 was expressed and purified as MoPMO9A
from Escherichia coli Rosetta 2 (DE3) plysS cells transformed with pFGET19_Ulp1
(Addgene plasmid #64697). Fractions containing protein were dialyzed overnight
into 50 mMTris pH 8,200 mM NaCl,and 5 mM DTTand stored at ~35 uM in the same
buffer plus 50% glycerol at —80 °C. Cleaved proteins with a free N-terminal histidine
(oralanine in some mutants) were obtained from the flow through of a second Nickel
affinity chromatography step. Copper reconstitution was performed by dialysis for4 h
into 50 mM NaOAc pH 5.5 and 10 uM CuSO, (Fisher Scientific), and excess copper
was removed by dialysis overnightinto 20 mM MOPS pH 7 and 20 mM NaCl. Proteins
with purities greater than 95% were obtained after a final step of size exclusion chro-
matography (HiLoad 26/600 Superdex 200 pg or HiLoad 16/600 Superdex 75 pg
column, Cytiva) and stored at 4 °C (up to 2 wk) or —20 °C (months). All purification
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steps were checked by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using precast stain-free gels (Bio-Rad). Expected molecular weights were
predicted using Benchling (89).

Metal Content Measurements. Reconstitution of each variant was determined
using the Cu(l)-specific chelator bathocuproinedisulfonicacid (BCS, Sigma) (90).
PMO (10 to 100 uM), 5 mM BCS, and 1 mM ascorbic acid (AA, RPI) were incu-
bated in 50 mM MOPS and 50 mM NaCl, pH 7, at room temperature for 1 h.
For the T2 truncation, Cu, Fe, Ni, and Zn contents were determined as well by
the Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). 10 uM T2 was
diluted 1:1 with 4% HNO; containing 40 pg/L Ga (Inorganic Ventures) overnight
at room temperature in 1.7-mL tubes (Sarstedt). The protein solution was then
centrifuged at 20,000 x g for 10 min, and the supernatant was transferred to new
tubes (Sarstedt). Samples were analyzed on a Thermo Fisher iCAP Qc ICP mass
spectrometer in kinetic energy discrimination mode against a standard curve of
known metal concentrations (CMS-5, Inorganic Ventures), with 20 pg/LGa asan
internal standard. Each experiment was carried out in triplicate.

Aerobic Polysaccharide Oxidation Assays. Activity assays contained 10 to
150 pM PMO, 1t0 2 mM AA, and 10 to 20 mg/mL polysaccharide in 50 mM MOPS,
pH 7, and 50 mM NaCl. Assays were performed at 25 to 40 °C for 2 h. In nega-
tive controls, the PMO, the reducing agent, or the polysaccharide was omitted.
MtPMOYE (5 uM) (35) was used as a positive control for cellulose degradation.
Besides PASC, the polysaccharides used in this work were commercially obtained
(S Appendix, Table S1). PASC was prepared from Avicel PH-101 (Fluka Analytical)
as described previously (91). For the ®OH scavenging experiments, 100 pM UA
(Sigma) was added to the mixture. The reactions were quenched by the addition
of 0.2 M NaOH, and all the insoluble material was removed by centrifugation
at 20,000 g for 20 min. The products of the reaction (10 pL) were analyzed by
HPAEC-PAD as detailed in S/ Appendix.The effect of the incubation on the differ-
ent variants was analyzed by SDS-PAGE using precast stain-free gels (Bio-Rad).

Anaerobic Polysaccharide Oxidation Assays. Anaerobic activity assays were
performed as above but using H,0, as a cosubstrate instead of 0, at room tem-
perature and inside an anaerobic glove box ([0,] <0.1 ppm, MBRAUN). Solutions
used were made anaerobic by aliquoting and equilibrating them in small vol-
umes (<1 mL) for 24 h with the atmosphere in the glove box. A 1/50 dilution
was prepared fresh from an ~9.79 M H,0, (Fisher Scientific), and its concentra-
tion quantified by the absorbance at 240 nm (¢ = 43.6 M™" cm™") (92). This
stock was brought into the glove box and diluted to 5 mM using 0,-free water.
H,0, was added to selected samples in 100 uM increments every 15 min until
a final concentration of 500 pM, and then, incubation continued for a total of
2 h. Samples were not exposed to O, until after quenching and centrifuging as
above. The products of the reaction (10 uL) were analyzed by HPAEC-PAD as
detailed in S/ Appendix.

H,0, Formation by the PMO in the Absence of Polysaccharide Substrate.
PMO (1 uM), 1.3 puM horseradish peroxidase (HRP), 100 pM Amplex Red, and
1 mM AA were added to 50 mM MOPS, pH 7, and 50 mM NaCl in a 96-well
plate. The conversion of Amplex Red to resorufin was monitored at 560 nm at
30-sintervals for 30 min using a SpectraMax340 spectrophotometer (Molecular
Devices) (93). Negative controls were carried out without PMO. The slopes from
the linear regions were used to compare the rates between samples.

DNS Reduction Assay. The amount of reducing sugars in the samples was
quantified by measuring the 3,5-DNS reduction to 3-amino-5-nitrosalicylic acid
spectrophotometrically (40). T2 (150 uM), 10 mg/mLbarley MBG, and 2 mM AA
were incubated in 50 mM MOPS and 50 mM NaCl, pH 7, for 2 h at 40 °C. Controls
were without PMO and without polysaccharide. The products of the assays were
diluted 1/10 with DNS reagent, heated at 100 °C for 10 min, cooled to room
temperature, and the Ass; measured with a SpectraMax340 spectrophotometer
(Molecular Devices). A calibration curve with glucose (1 to 10 mM) was used to
quantify the amount of reduced DNS. The DNS reagent was prepared by mixing
1gDNS(Sigma), 1.6 g NaOH, and 30 g sodium potassium tartrate in 100 mLwater.

Electron Paramagnetic Resonance Spectroscopy. X-hand continuous-wave
EPR spectra were collected from a T2 sample (390 pM in 50 mM MOPS, pH 7,
and 50 mM NaCl) with a Bruker (Billerica, MA) EleXsys E500 spectrometer
equipped with a cylindrical TE110-mode resonator (ER4122SHQE), an ESR-900
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liquid helium cryostat, and an ITC-5 temperature controller (Oxford Instruments
[TC503). The spectra were recorded at 40 K at 9.4 GHz using 5.0 G modulation
amplitude. Spectral simulations were performed using EasySpin 5.2.35 within
MATLAB 2015a software suite (94).

MoPMO9A Structure Prediction Using AlphaFold2. The sequence of
MoPMO9A without its signal peptide [amino acids 1 to 19 by SignalP 6.0 (95)
prediction] was used as an input into the Google Colab notebook: https://
github.com/sokrypton/ColabFold (accessed 7/22/2021) using the code in the
AlphaFold2_mmseqs2 notebook. The computation was run using a Google Colab
GPU. Each computation was run three times to generate a model. The models were
notsignificantly different, so the first model was used for analysis. The molecular
graphics and analyses were performed using UCSF ChimeraX 1.3 (96). Coloring
by different levels of confidence was done using the per-residue confidence
metric (pLDDT) produced by AlphaFold2 on a scale from 0 to 100 (97). Coloring
by conservation was done using the same MSA of MoPMQO9A-containing cluster
sequences, obtained as detailed above, as an input. The conservation values were
calculated using the entropy-based measure method from the AL2CO program
(98) included in ChimeraX and automatically assigned to the residues in the
structure (range from —1.41 to 2.68).

SEC-SAXS. SEC-SAXS of T2 was collected at the SIBYLS beamline (bl12.3.1)
at the Advanced Light Source at the Lawrence Berkeley National Laboratory,
Berkeley, California (99, 100). 72 (100 pL of 386 uM) was injected using an
Agilent 1290 series HPLC system and eluted to an in-line custom-made SAXS
flow cell via a Shodex KW-803 column equilibrated with 20 mM MOPS, pH 7,
and 20 mM NaCl buffer at a flow rate of 0.65 mL/min. Scattering was collected
and processed as previously described (101, 102). Further data processing and
analysis were performed in BioXTAS RAW using established protocols (103).
Further details of SAXS data collection, processing, and analysis are provided
in SI Appendix.

Intact Protein Mass Spectrometry. See S/ Appendix.

Fungal and Plant Growth Conditions and Transformation of M. oryzae.
Fungal strains and rice CO39 plants were maintained as described previously
(104). MoPMO9A-GFP-expressing strain, PMO9A gene deletion strain, gene
complementation strain, and MoPMO9A"™"8* variant strain were gener-
ated as detailed in S/ Appendix. Ten-day-old plate cultures of corresponding
M. oryzae strains were used to harvest conidia for appressorium development
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