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Abstract

BACKGROUND: Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the causal agent of witches’

broom disease (WBD) of cocoa (Theobroma cacao L.) and a threat to the chocolate industry. The membrane-

Acce

bound enzyme alternative oxidase (AOX) is critical for M. perniciosa virulence and resistance to fungicides,
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which has also been observed in other phytopathogens. Notably AOX is an escape mechanism from strobilurins

and other respiration inhibitors, making AOX a promising target for controlling WBD and other fungal diseases.

RESULTS: We present the first study aimed at developing novel fungal AOX inhibitors. N-Phenylbenzamide
(NPD) derivatives were screened in the model yeast Pichia pastoris through oxygen consumption and growth
measurements. The most promising AOX inhibitor (NPD 7j-41) was further characterized and displayed better
activity than the classical AOX inhibitor SHAM in vitro against filamentous fugal phytopathogens, such as M.
perniciosa, Sclerotinia sclerotiorum and Venturia pirina. We demonstrate that 7j-41 inhibits M. perniciosa spore

germination and prevents WBD symptom appearance in infected plants. Finally, an structural model of P.

—
Q
A
e
H: pastoris AOX was created and used in ligand structure activity-relationships analyses.
CONCLUSION: We present novel fungal AOX inhibitors with antifungal activity against relevant
@phytopathogens. We envisage the development of novel antifungal agents to secure food production.
® Keywords: Witches’ broom disease; Moniliophthora perniciosa; Alternative oxidase; fungicide; crop

H protection; structure activity relationship (SAR).

G)l. Introduction

O Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the causal agent of the witches’ broom
disease (WBD) of cocoa (Theobroma cacao L.) and a major threat to the multi-billion dollar industry of
chocolate production and commercialization. Present in the Americas, this basidiomycete fungus is responsible
for a Brazilian crisis after an outbreak in the largest cocoa-producing state (Bahia) in 1989. M. perniciosa also
risks reaching Africa, where cocoa varieties highly susceptible to WBD are widely used. Thus far, there is no
method to eradicate M. perniciosa from affected areas and farmers rely upon resistant cacao clones and crop

management techniques to reduce WBD’s impact™?.
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M. perniciosa is a hemibiotrophic pathogen, and WBD is divided in biotrophic and necrotrophic phases.
The biotrophic phase starts when basidiospores infect meristems (shoots, flower buds and young fruits) and
develop into sparsely growing hyphae inside of the plant organs. This is when crucial host-pathogen interactions
occur and lasts 2-3 months, which is unusually long for a phytopathogen. Afterwards, the infected cocoa tissues
whiter, which hallmarks the start of the necrotrophic phase, and a dense M. perniciosa mycelium grows on dead
cocoa tissues. The transition between the biotrophic and necrotrophic WBD phases correlate with extensive
morphophysiological changes in M. perniciosa. Notably, we have identified that the mitochondrial enzyme
alternative oxidase (AOX) is exclusively expressed during the biotrophic phase and plays a critical role for M.

perniciosa virulence as well as survival to fungicides®*.

AOX is widely distributed among organisms, being found in bacteria, yeasts, fungi, protists, plants and
animals®®. It is a membrane protein located in the matrix side of the inner mitochondrial membrane and creates a
branching point in the electron transport chain (ETC) at the ubiquinone level. AOX reduces oxygen to water
without the engagement of complexes 111 and 1V, thus providing metabolic plasticity to the cell to, among other
things, cope with biotic and abiotic stress’”*°. Here, we highlight AOX as a resistance factor to ETC inhibitors

and fungicides, notably strobilurins and Qo inhibitors***2.This has been shown in a number of phytopathogens
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that attack several important crops worldwide, such as Magnaporthe grisea™, Moniliophthora perniciosa’®,

P

cosphaerella graminicola*°, Sclerotinia sclerotiorum®® and Venturia inaequalis'’, among others'® 2.

Derivatives of gallic acid and hydroxamic acid are long known AOX inhibitors, but they have poor
pharmacological properties and are not adequate for commercial use*®??. Ascofuranone and structural analogues
are potent inhibitors of the human parasite T. brucei AOX (TA0)®#, and current efforts are directed towards
improving the pharmacological properties of TAO inhibitors for clinical use”®?. However, comprehensive

studies on fungal AOX inhibition are scarce, and structure-based drug design of compounds targeting other
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organisms is limited by the fact that the sole AOX structure available thus far is from TAO. Moreover,
synthesizing ascofuranone and derivatives is laborious and demands several reactional steps, which reduces yield
and increases cost. In spite of current advances in computational biology, it is imperative to obtain experimental

data to direct drug design initiatives targeting fungal AOXSs.
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Here, we describe a novel class of easily synthesized AOX inhibitors with antifungal activity. Pichia
pastoris is a robust yeast used for industrial applications that grows aerobically and contains an AOX gene. P.
pastoris was thus employed to evaluate 74 rationally designed N-Phenylbenzamide derivatives (NPD) through

measurements of oxygen uptake and growth, providing information on potency, selectivity and antifungal

C

potential of those compounds. The most potent and selective NPD (7j-41) was then tested against filamentous

ﬁfungal phytopathogens M. perniciosa, S. sclerotiorum and Venturia pirina, and the three species displayed

C

sensitivity to 7j-41. We further demonstrate that 7j-41 prevents M. perniciosa basidiospore germination in vitro,
® ﬁas well as the development of WBD symptoms in infected plants. An experimentally-validated structural model
of P. pastoris AOX is presented, which enabled analyses of structure-activity relationship for the tested NPD
library. We envisage that our results will be useful for the study of fungal AOXs, as well as for the development

of novel antifungal agents based on AOX inhibitors.

2. Materials and Methods

2.1. Reagents and respiration inhibitors.

Respiration inhibitors used in this work were potassium cyanide, salicylhydroxamic acid (SHAM) and n-
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propyl gallate (PG) from Sigma, as well as the commercial preparation of azoxystrobin Amistar WG (Zeneca

Agrochemicals; 50% active ingredient). N-Phenylbenzamide derivatives were obtained through the Schotten-

P

Baumann reaction?®°

, with the synthesis of amides from amine derivatives and acyl halides in the presence of
aqueous bases. Concentrated stock solutions were prepared in DMSO, except for potassium cyanide, which was
dissolved in water and had the pH adjusted to 7 with HCI, and stored at -20 °C. For dose response assays, test

compounds were serially diluted in DMSO, such that the final concentration of DMSO was constant across every

condition.
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2.2. Biological material and growth conditions.

Organisms used were P. pastoris X-33 (Invitrogen), E. coli BL21 (DE3) Rosetta 2 (Novagen), M.
perniciosa biotype-S TIR01, M perniciosa biotype-C FA553*, S. sclerotiorum and V. pirina. P. pastoris was
grown at 30 °C in YP culture medium (5 g L™ yeast extract and 10 g L™ peptone) with either 3% (v:v) glycerol

- - - - - _1
(YPT%)S a%c%% g’l ce([gyl CQP%l/%)% as mdwgted throughout the text. E. coli was grown in Luria-Broth (5 g L
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yeast extract, 10 g L™ peptone and 10 g L™ NaCl) and filamentous fungi were cultivated on malt-agar (17 g L™
mat extract, 5 g L™ yeast extract and 2% agar) at 25-28 °C. M. perniciosa spores were germinated in LMCpL+

culture medium?®? at 28 °C in the dark.

2.3. P. pastoris growth assay and data processing

Freshly streaked P. pastoris colonies were inoculated into YPG liquid medium and grown aerobically for
16-24 h at 30 °C. For growth assays in solid YPG, cells were diluted to an optical density of 0.02 (600 nm) or
lower, transferred to YPG supplemented with respiration inhibitors (5 mg L AZO and 5 mM SHAM) or 1%
DMSO and incubated until the appearance of visible colonies. Growth assays in liquid culture medium were
performed in 96-well flat-bottomed microtiter plates under agitation, in which 5 mM SHAM or 500 uM NPD
were added, as well as DMSO or 0.5 mg L™ AZO. Internal controls were included in each plate, consisting of 1%
DMSO and 1% DMSO plus 0.5 mg L™ AZO. Absorbance readings (600 nm) were performed at 15 min intervals
(SpectraMax 384, Molecular Devices) for a total of 72 h, and measured values were converted to real values with
Eqn. 1. OCHT® software was used to fit a sigmoidal curve function of determinate growth® and the maximum
specific growth rate (UMax) was calculated at the inflection point. Growth parameters obtained from each

experiment were normalized as a percentage of the internal controls. For dose-response assays, a four-parameter
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sigmoid function was fitted (Prism Graphpad, Graphpad Software, Inc.).

f(x) = 12.092x" - 31.353%° + 31.371x? - 6.4295x + 0.5974 1)

CP

2.4. Cloning of rMpAOQOX, site-directed mutagenesis and ectopic expression

The DNA-coding sequence for MpAOX (Genebank ID ABN09948.3) had already been sub-cloned and

CC

kindly provided by Paula F. Prado. The region corresponding to the mature protein (e.g., without the 40 amino
acid residue N-terminal mitochondrial signaling peptide), as predicted in silico by the Signal P server®, was
amplified by PCR to generate the rMpAOXA40 construct. Recognition sites for Ndel and EcoRI restriction
enzymes were included to the 5 ends of the PCR primers and used for cloning of the PCR product into the
pPET28a bacterial expression vector (Novagen) with standard molecular biology procedures. Site-directed
mutagenesis of rMpAOXA40 was performed with QuikChange II Site-Directed Mutagenesis Kit (Agilent

Technolegies)anrd.folloywing.dnstrustieus.provided by the manufacturer. Codons coding for threonine 261 and



tyrosine 262 in MpAOX (relative to the full-length protein) were changed to valine and phenylalanine,
respectively, based on known inactivating mutations of corresponding residues in T. brucei AOX*. The ectopic
expression of tMpAOXA40 in E. coli was performed essentially as described elsewhere”. E. coli cells were
transformed with pET28a- rMpAOXA40 or the empty vector backbone by electroporation and plated in selective
LB medium with 25 pg mL™ kanamycin and 50 ug mL™ chloramphenicol. Individual colonies were picked and

inoculated in liquid LB medium with antibiotics and grown at 37 °C and 250 rpm for 16 h. The absorbance at

cle

600 nm was measured (Biochrom WPA CO 8000 Cell Density Meter) and aliquots were transferred to fresh LB
® ﬁ medium with antibiotics and 50 uM FeSO, to a final optical density of 0.01. After 2 h at 30 °C and aeration,
expression of the recombinant protein was induced by 25 pM Isopropyl B-D-1-thiogalactopyranoside (IPTG).
The culture was kept under the same conditions for another 8 h and cells were harvested and used immediately

for oxygen measurement assays.

2.5.  Oxygen consumption measurements
Oxygen consumption measurements were performed with a Clark-type oxygen electrode (Oxygraph
Plus, Hansatech Instruments). P. pastoris was grown on YPG for 16 h and cells were used directly (non-treated),

or subjected 5 mg L™ AZO for 4 h to induce the alternative respiration before measurements. E. coli expressing
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rMpAOX was prepared as described. After growth, P. pastoris or E. coli cells were washed with fresh YPG

D

glycerol as respiration substrate) and transferred to the oxygraph chamber. The cell concentration was adjusted
to give an oxygen consumption rate of ~40 nmol mL™ min™. Measurements of the alternative respiration were
performed in the presence of 2.5 mM KCN. O, uptake was recorded before and after addition of DMSO or the
test compounds, and the residual respiration was determined as the ratio between the final and initial respiration
rates. For dose-response assays, a four-parameter sigmoid function was fitted (Prism Graphpad, Graphpad

Software, Inc.).
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2.6. Antifungal activity assays
M. perniciosa basidiospores were diluted with LMCpL+ medium to 10° mL™ and 100 pL aliquots were
transferred to a 96-well plate. NPD 7j-41 or 7j-78 were added into each well, and basidiospore germination and

hyphal development were monitored for 21 days. For mycelial growth assays, agar plugs containing active
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mycelia from M. perniciosa, S. sclerotiorum and V. pirina were transferred to the center of new culture plates
amended with 7j-41 or 7j-78, with or without further addition of 5 mg L™ AZO. Control plates consisted of 0.5%
DMSO and 0.5% DMSO plus 5 mg L™ AZO. After 15 days, the mycelial diameter was measured in two

orthogonal axes and averaged. For in planta assays, 16 day-old seedlings of tomato (Solanum lycopersicum)

C

cultivar Micro-Tom (MT) were inoculated with 10° basidiospores of M. perniciosa S-biotype isolate TIRO1 as

ﬁdescribed elsewhere®. 7j-41 at 200 pM or DMSO were mixed with the basidiospore suspension during

C

inoculation, and non-inoculated plants were equally treated. Symptoms were evaluated by measuring the stem
® ﬁ diameter® at 5, 15, 25 and 35 days after inoculation. The experiment was completely randomized, with 30 plants

per treatment, and results were analyzed with Student’s t test (R x64 3.4.3).

2.7. PpAOD Molecular modeling and docking

The PpAOD structure was modeled with YASARA®*, using TAO structures with bound ligands as
templates (PDB ID 3VVA and 3W54)%. Each chain from those structures was individually used as templates.
After comparative modeling, the position of the hydroxide ion was optimized in solution through a steep descent
and simulated annealing minimization using AMBER14 force field (ff14)*". Each PpAOD model was used as

input to a molecular docking routine in AutoDock (v. 4.2.5.1)* and the best pose of each ligand was obtained
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after 5 runs. Model performance was evaluated through the BEDROC metric®®, by comparing their biological

8

activity and docking scores. For this purpose, the 30 PpAOD-selective NPD were ranked and the first quartile (8
compounds) was defined as active, whereas the rest was considered inactive. The BEDROC function was
implemented in MatLab R2011a (Mathworks) with alpha values of 6 and 20. The cavity volume was generated

with KVFinder®.

3. Results

Acce

3.1. Pichia pastoris as a fungal model for AOX inhibitor characterization

It has been previously shown that P. pastoris possesses a functional AOX (PpAOD), although not
constitutively expressed*’. Here, we demonstrate that PpPAOD is induced by the fungicide and ETC inhibitor
azoxystrobin (AZO), which shifts the O, uptake from a cyanide-sensitive (main respiration) to a cyanide-

inseqlsitiv_e Qalternatg\{)e r%§B£L§tqun3gIBathwa%: Accordingly, classic AOX inhibitors SHAM and n-propyl gallate
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blocked the alternative respiration and demonstrate that AOX allows oxygen consumption to continue in the
presence of AZO (Fig 1A). PpAOD also contributes to P. pastoris growth on AZO, albeit at a lower speed, and

only the combination of AZO and SHAM abolished the formation of visible colonies (Fig 1B).

P. pastoris grows to high cell densities in liquid culture, which interferes with automated absorbance
readings. To avoid this problem, the glycerol concentration in YP medium was reduced to 1% to limit cell
growth. Furthermore, a standard curve with known P. pastoris cell densities was generated and used to determine
the correct absorbance of unknown samples. The maximal specific growth rate (uMax) in liquid culture medium
was thus determined and provided an accurate estimate of P. pastoris growth capacity before and after the

inhibition of cellular respiration (S1 Fig).

Next, AZO-treated P. pastoris was employed to functionally characterize 74 N-Phenylbenzamide
derivatives (NPD) synthesized by our group in search of novel fungal AOX inhibitors. DMSO-treated P. pastoris
was used as a control to evaluate the selectivity of those compounds with respect to the alternative respiration
(Fig 2). At 500 pM, the tested NPD exerted little effect upon the main respiration, with an average inhibition of 8
+ 9% in O, uptake and 13 + 21% of growth rate. On the other hand, the alternative respiration was inhibited by

65 £ 21%, and the PpAOD-driven growth by 40 + 29%. There was a marked difference in activity of some NPD
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after comparison of respiration and growth measurements, such as 7j-07, 7j-25, 7j-42 and 7j-91 to name a few.

13

This suggests that 1) toxic/unspecific compounds active only in growth assays may have off-targets other than
ETC components; and 2) the cellular environment greatly influences the biological effect of NPD, possibly due
to the cellular metabolism of xenobiotics. For instance, some AOX-targeting NPD did not reduce cell growth,
which might be explained by cytochrome P450 metabolism or detoxification through efflux pumps, two known

mechanisms of drug resistance in fungi**.

Acce

Overall, 69 of the 74 tested NPD led to statistically significant inhibition of the alternative respiration.
However, 42 of those 74 also interfered either with the O, uptake or with the cellular growth in control
conditions (without AZO). Of the 31 NPD exclusively active after AZO treatment, 12 affected the alternative
respiration and not the cellular growth; one reduced cellular growth and not the alternative respiration; and 16

NPD selectively inhibited both the alternative respiration and cellular growth. Only one NPD, 7j-78, had no
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appreciable effect in any circumstance. This data is fully available in S1 Table and at PubChem bioassay

database (PubChem AID: 1259412).

From the set of selective PpAOD inhibitors active both in O, uptake and cellular growth, 7j-41 was the
most potent P. pastoris growth inhibitor. Therefore, 7j-41 was selected for further characterization and compared
with SHAM. Both compounds displayed similar ICs, values on P. pastoris alternative respiration (208.9 uM and
261.8 puM, respectively) (Fig 3A), but 7j-41 was remarkably a more potent growth inhibitor than SHAM
(respective ICg, of 40.7 uM and 367.6 uM; Fig 3B). In order to evaluate those compounds on a different fungal
AOX, the recombinant M. perniciosa AOX (rMpAOX) was expressed in E. coli and O, consumption was
measured. Indeed, rIMpAOX expression created a cyanide-insensitive respiration in E. coli, which was not seen
either in the negative control (empty vector backbone) or after the expression of mutated rMpAOX versions
containing known inactivating amino acid substitutions® (S2 Fig). The ICs of 7J-41 on rMpAOX was 178.9
UM, comparable to PpAOD. Conversely, rMpAOX was less responsive to SHAM, which inhibited only 20% of
the cyanide-insensitive O, uptake at 2.5 mM. At 10 mM SHAM, 60% inhibition was achieved; however, off-
target effects of the same magnitude were seen on E. coli main respiration (Fig 3C). Thus, we have shown that

7j-41 possess better activity than SHAM on P. pastoris growth and on rMpAOX.

ted Article

3.2. NPD 7j-41 displays antifungal activity against filamentous fungal phytopathogens

B

The next step was to assess the antifungal activity of 7J-41 against filamentous fungi. We selected three
phytopathogens for which AOX is involved in resistance to ETC inhibitors. M. perniciosa and S. sclerotiorum
have been described elsewhere®'®, and we demonstrate here that the same phenomenon occurs in V. pirina. A
BlastP search performed against the V. pirina genome* in JGI Mycocosm Portal and MpAOX as query returned
one AOX-coding sequence. Namely, Protein Model 209839 in Scaffold 14 with 57.4% identity. It was also seen

that V. pirina is able to grow on AZO, but not in the combination of AZO and SHAM (S3 Fig). Hence, we
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investigated the effect of 7j-41 alone or with AZO on the mycelial development of the three selected
phytopathogens. NPD 7j-78 (Fig 4A), which did not display any activity on P. pastoris was evaluated as well. As
shown in Fig 4B, a combination of AZO and 500 uM 7j-41 reduced the in vitro radial growth of M. perniciosa,

S. sclerotiorum and V. pirina, when compared to AZO alone. Remarkably, V. pirina was sensitive to SHAM and

7J-4lialang.dn:theabsense-Ri AdQuF 16 4Band S3 Fig).



During the witches’ broom disease of cocoa, MpAOX is highly expressed in early developmental stages
of M. perniciosa, and the biotrophic-like mycelium is sensitive to SHAM in vitro even in the absence of AZO®.
In agreement, we observed a complete inhibition of M. perniciosa basidiospore germination with 125 uM 7j-41,
while the inert 7j-78 did not exert any effect up to the maximal tested concentration of 250 uM (Fig 4C). For
comparison, SHAM abolished M. perniciosa basidiospore germination only at 5 mM (S4 Fig), which is the same

concentration used previously in in vitro mycelial growth assays®.

Finally, the antifungal activity of 7j-41 was evaluated in planta against M. perniciosa (Fig 5). We
observed that 200 uM 7j-41 completely prevented WBD symptom appearance in infected tomato (Solanum
lycopersicum) plants, which usually consist of stem swelling, axillary shoot growth and leaf distortion®*. Even 35
days after inoculation, no difference was seen in stem diameter between non-inoculated plants and inoculated, 7j-
41-treated plants (Fig. 4D). 7j-41 did not exert appreciable effects on non-inoculated control plants. Here, we
demonstrated that 7j-41 is active against filamentous fungi that are threats to crops worldwide, including M.

perniciosa, for which there is currently no chemical treatment available.

3.3. A PpAOD structural model provides insights on NPD structure-activity relationships
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In order enlighten the NPD structure-activity relationship and gain insights for the development of

antifungal agents based on AOX inhibition, we compared the NPD biological activity on P. pastoris and their

1%

modeled interactions with PpAOD. Initially we generated 21 distinct PpAOD structural models based on TAO
(46.2% sequence identity). We selected as templates TAO structures bound with the ascofuranone derivative
AF27790H (PDB ID: 3VVA) and with colletochlorin B (PDB ID: 3W54)*. The apo TAO structure (PDB ID:

3VV9) was not used because the volume of the binding site is smaller than the NPD. Subsequently, 30 NPD that

CCC

were selective inhibitors of P. pastoris alternative respiration were docked into each PpAOD structural model.
Model performance was evaluated with the BEDROC metric and two distinct o values®® (S5 Fig), and the
PpAOD model that generated the highest correlation with experimental data was selected for investigation (Fig

6). Thus, NPD structure-activity relationships and protein-ligand interactions are discussed below.

PpAOD inhibitors show a clear preference for polarizable and bulkier halogen atoms from higher

periods, such as Cl, Br and I. Their greater volumes allow for more points of contact, which leads to a higher
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affinity to the PpAOD active site. Moreover, NPD with F and CI substitutions were more effective growth
inhibitors, which is explained by the fact that such atoms may prevent drug degradation by the cellular
metabolism*®. In general, the meta position of the aromatic ring bonded to the amide nitrogen atom favors

electronegative substituents for better antifungal activity.

Substituents R; and R, (S1 Table) define which of the two benzene rings will be positioned more
internally with respect to PPAOD active site. F, Cl and | favor the insertion of their benzene ring to which they
are attached, which is due to their interaction with the region corresponding to Phel34, Leul37, Glul138 and
Tyr235. These resides are in the vicinity of the PpAOD diiron center, and the hydroxide radical bridging the two
iron atoms may also interact with meta substituents in some NPD. The NPD carbonil group is usually directed
towards Arg97 and an electrostatic interaction is predicted, although the geometry of this interaction does not
permit the establishment of a hydrogen bond. The nitrogen atom of the NPD amide interacts with PpPAOD a-helix
5 - following TAO’s structure nomenclature® -, and it is possible for a hydrogen bond to occur between that

nitrogen and Glu230 backbone carbonyl group.

Van der Walls forces also play an important role in protein-ligand interaction. A = stacking interaction
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occurs between benzene rings from NPD and Phel100, which are positioned orthogonally with respect to each

other. Additionally, we observed ligand interactions with Met93, Arg97, Trp130, Argl33 and Thr234. R2

P

substituents, when directed towards the outside of the active site, are positioned according to their size. For
instance, F atoms interact with a small hydrophobic cavity formed by Met93, Leu227 and C and C, of Glu230.
Bulkier atoms, such as Cl, Br and I, do no interact with that small hydrophobic cavity and are instead directed
towards the entrance of the active site. NPD with poor biological activity and low docking scores usually exhibit

polar substituents in close proximity to hydrophobic regions, or fewer points of interaction due to small
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substituents, such as hydrogen (S6 Fig).

In their most stable conformation, NPD present a delocalized = electronic system. However, the ligand’s
aromatic rings are reoriented when inside PpAOD active site, in order to favor the protein-ligand interaction.

Substituents that intensify the electronic delocalization, such as NO,, disfavor that rearrangement and, therefore,
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are weak ligands. Furthermore, NO, is a polar group that interacts weakly with hydrophobic residues in the active

site.

4. Discussion

AOX is a desirable target for the development of new antiparasitic and antifungal agents, with clear

potential impacts on human health and food security, since AOX inhibitors might be used to treat human fungal

46-49

pathogens**°, as well as phytopathogens®***". Here, we presented the first comprehensive study on fungal AOX

cle

L ﬁ inhibition by small molecules and provide new tools to aid the development of novel fungicides.

Here, the yeast Pichia pastoris was employed as a fungal model to assess the antifungal potential of
those compounds. Usually, Saccharomyces cerevisiae is used as a host for heterologous expression of fungal
AOXs because it lacks its own AOX>* 2. However, our experience shows that S. cerevisiae was not a robust
model for testing AOX-driven growth (data not shown), and we reason that it is because S. cerevisiae lacks a
functional ETC complex I, the only ETC component that contributes to ATP synthesis when AOX is the sole
terminal oxidase. The AOX-expressing P. pastoris, on the other hand, can readily grow on a non-fermentable

carbon source, such as glycerol, using complex | to generate ATP. This allowed us to functionally characterize
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our NPD library and identify the selective PPAOD inhibitor 7j-41. Overall, 7j-41 was more potent than SHAM as

P

antifungal agent and was effective against three non-model filamentous fungi that are threats to crops
worldwide, M. perniciosa, S. sclerotiorum and V. pirina. Finally, an experimentally validated structural model of
PpAOD was generated, which provided useful information on protein-ligand interactions and NPD structure-

activity relationship.

M. perniciosa was the first phytopathogen for which compelling evidence has been obtained on the

relevance of AOX during host infection. Throughout M. perniciosa life cycle, MpAOX is overexpressed in
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biotrophic phase, when the living cocoa produces large amounts of the potent ETC inhibitor nitric oxide. Indeed,
parallels were drawn between M. perniciosa and the human parasite T. brucei with respect to the dependence on
the alternative respiration for virulence and survival®. Here, we demonstrated that AOX inhibitor 7j-41 alone was

enough to prevent M. perniciosa in vitro spore germination and abolished the appearance of WBD symptoms in
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infected plants. Notably, SHAM has been shown to prevent M. grisea and Botrytis cinerea spore germination in

53,54

vitro®>", suggesting that AOX activity is a common feature needed for spore germination in these fungi.

On the other hand, disease development is not always dependent on AOX, since M. grisea AOX knock-
out strains displayed similar virulence levels in barley leaves as did the wild-type®®. However, the relevance of
fungal AOX in agricultural settings is also related to AOX’s contribution to fungicide resistance. Strobilurins are
quinone outside (complex I11) inhibitors successfully employed as agrochemicals for more than 20 years™, and
the escape mechanism through the alternative respiration has been thoroughly discussed and exemplified***.
Moreover, the non-ETC targeting fungicide procymidone has been shown to induce AOX expression in S.
sclerotiorum®®; and Candida albicans AOX provides resistance against azole fungicides®®. This is in
accordance with studies on yeasts demonstrating that mitochondrial function as a whole plays a great part in
fungal virulence and resistance to antifungal agents®’. Collectively, those results indicate that AOX plays a

broader role in fungal development and expands the scenarios in which AOX-targeting molecules can be

effectively employed to treat fungal diseases (i.e., in combination with other AOX-inducing molecules).

Overall, our data demonstrate that 7j-41 is more potent and selective than SHAM against M. perniciosa,

ted Article

which is evidenced by the difference in concentrations used (10-20 times higher for SHAM than 7j-41) and by

non-specific effects in E. coli membranes with SHAM. We envisage that our results and the uncovered NPD

P

structure-activity relationship will guide AOX-targeting fungicide development against M. perniciosa and other
fungal threats to crops worldwide.
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Fig 1. P. pastoris alternative respiration and growth. (A) Azoxystrobin induces the alternative respiration in
P. pastoris. P. pastoris was treated (AZO-treated) for 4h with 5 mg L-1 AZO or not (non-treated) before
each measurement. Bars depict mean £ SD (n = 3) KCN: 2.5 mM potassium cyanide (main respiration

inhibitor); SHAM and PG: 5 mM salicylhydroxamic acid and 1 mM n-propyl gallate (AOX inhibitors). (B) P.

pastoris growth in solid culture medium. P. pastoris cells from a pre-culture were transferred to YPG medium
amended with 5 mg L-1 AZO, 5 mM SHAM or both. Cell density is indicated on top. The alternative
respiration sustains P. pastoris growth on AZO, albeit at a slower rate, and AZO plus SHAM abolished cellular
growth.
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Fig 4. In vitro antifungal activity of NPD 7j-41. (A) Phytopathogens M. perniciosa, S. sclerotiorum and V.
pirina were grown with the active NPD 7j-41 and the inert NPD 7j-78, with or without further addition of 5
mg L-1 AZO. Bars depict the radial growth of the mycelia (mean + SD; n = 3). Asterisks indicate results
statistically different from DMSO treatment (with or without AZO, as pertinent). *: p < 0.05; **: p < 0.01.
For the three tested fungal species, 500 uM 7j-41 increased their sensitivity to AZO. Notably, V. pirina is
sensitive to 7j-41 even in the absence of AZO. (B) M. perniciosa basidiospores germination assay. After 21
days, fully developed mycelium was observed in every condition with 7j-78, whereas 7j-41 exhibited
inhibitory effects on spore germination from 62.5 yuM. Black arrows: non-germinated spores. White arrows:
partially developed mycelium.
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Fig 5. In planta antifungal activity of NPD 7j-41 against M. perniciosa. MT plants 35 days after inoculation
with spores from S-biotype isolate of M. perniciosa were compared with the controls treatment. (A) At left,
Non-inoculated MT (treated only with DMSQO) and at right, non-inoculated MT treated with 7j-41 displaying
no differences between them (controls). (B) At left, MT inoculated with M. perniciosa displaying stem
swelling and the arrow shows the abnormal axillary outgrowth (broom), and at right, plant inoculated
together with 7j-41 displaying no symptoms. (C) MT leaves inoculated with M. perniciosa displaying petiole
swelling compared with the other treatments which present no symptoms. (D) Mean of stem diameter from
MT inoculated with M. perniciosa biotype-S, non-inoculated, inoculated with M. perniciosa, treated with 7j41
molecule and non-inoculated treated with 7j41 molecule at 5, 15, 25 and 35 days after inoculation. (Average
+ SD; n=30). Asterisks indicate results statistically different from the non-inoculated control. *: p<0.05.
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Fig 6. PpAOD structural model and docking of 7j-41. The best docking pose was selected. The color range
represents from the aperture of the cavity to the solvent (blue) until the region farthest from that aperture
(red). Residues Phel34, Leul37, Glu138 and Tyr235 make up the bromine interaction subsite.
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