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Summary

Dermatophytes are highly specialized pathogenic fungi which grow exclusively
in the stratum corneum, nails or hair and are the most common agents of superficial
mycoses. In a medium containing keratin as the sole nitrogen source they secrete a
set of endo- and exoproteases able to digest keratin into amino acids and short
peptides to be assimilated. Proteases secreted by dermatophytes are similar to those
of Aspergillus spp. Therefore, Aspergillus fumigatus was used as a model to
investigate the different steps of protein degradation in acidic and neutral

environments by fungi such as dermatohytes.

During growth in a protein medium at neutral pH, Aspergillus fumigatus
secretes neutral and alkaline endoproteases, an X-prolyl peptidase (DpplV) and
leucine aminopeptidases (Laps) which are non-specific monoaminopeptidases. Laps
cannot remove any amino acids from a peptide with a N-terminal X-Pro sequence.
However, large peptides generated from protein digestion by endoproteolysis can be
further digested into amino acids and X-pro dipeptides by the synergistic action of
Laps and DpplV. We have shown that A. fumigatus secretes a distinct set of
proteases at acidic pH which includes an aspartic endoprotease of the pepsin family
(Pepl), a novel glutamic protease, AfuGprA, homologous to Aspergillus niger
aspergillopepsin I, tripeptidyl-peptidases of the sedolisin family (SedB and SedD)
and a novel prolylpeptidase, AfuS28.

The importance of AfuGprA in protein digestion was evaluated by deletion of
its encoding gene in A. fumigatus wild type D141 and in a pepA mutant. We have
shown that either A. fumigatus Pep or AfuGprA is necessary for fungal growth in
protein medium at acidic pHIn conclusion, Pep and AfuGprA constitute a pair of
endoproteases active at acidic pH in analogy to A. fumigatus alkaline protease (Alp)
and metalloprotease | (Mep), where at least one of these enzymes is necessary for

fungal growth in protein medium at neutral pH.

We have shown that Seds and AfuS28 synergistically digest large peptides
generated by exoprotease activity into amino acids, di- and tripeptides. Seds degrade
peptides from their N-terminus into tripeptides, however Pro in P1 and P’1 position



acts as a stop sequence. In a complementary manner, X-X-Pro and X-X-X-Pro
sequences can be removed by AfuS28 thus allowing Seds further sequential
proteolysis. In conclusion, both alkaline and acidic sets of proteases contain
exoprotease activity capable of cleaving after proline residues not bypassed by other

exoproteases.

In a third part of this thesis we have tested the ability of two dermatophyte
species, Microsporum canis and Arthroderma benhamiae, to grow in a protein
medium that promotes secretion of proteases. We have shown that at neutral and
acidic pH, dermatophytes secreted different proteases. Our investigation revealed
new dermatophyte secreted proteases homologous to those secreted by A.
fumigatus and suggests common basic mechanisms for extracellular protein

digestion in dermatophytes and in Aspergillus spp. at acidic and neutral pH.
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Résumeé

Les dermatophytes sont des champignons pathogénes qui se développent
dans le stratum corneum de la peau, les ongles et les cheveux et sont la cause du
plus grand nombre des mycoses cutanées. En culture dans un milieu ne contenant
gue de la kératine, ces champignons sécretent de nombreuses protéases pour
digérer cette source de protéine en acides aminés et petits peptides qui sont utilisés
comme nutriments. Les protéases secrétées par les dermatophytes sont similaires a
celles sécrétées par les especes du genre Aspergillus. C’est pourquoi, le
champignon Aspergillus fumigatus a été utilisé dans ce travail pour étudier les
différentes étapes de dégradation des protéines par des champignons tels que les

dermatophytes a pH acide et a pH neutre.

Lors de la premiére étape de ce travail, nous avons montré que deux
différents ensembles de protéases étaient sécrétés par Aspergillus fumigatus a pH
40 et a pH 7.0. A pH 7.0, cet ensemble comprend une subtilisine et une
métalloprotéase qui sont des endoprotéases, des aminopeptidases non spécifiques
(Laps pour leucine aminopeptidases) et une dipeptidylpeptidase IV (DpplV) qui est
une X-prolyl peptidase. Il était connu que des peptides générés par une activité
endoprotéolytique sur des grandes protéines pouvaient étre digérés ensuite
synergiquement par les Laps et la DpplV. Lors de ce processus les Laps Otent les
acides aminés un par un depuis I'extrémité N-terminale d’'un peptide jusqu’a une
séquence X-Pro ou les laps s’arrétent. Toutefois, les séquences X-Pro sont enlevées
par la DpplV qui génere ainsi un nouveau substrat pour les Laps. A pH 4.0,
I'ensemble des protéases sécrétées par Aspergillus fumigatus comprenait une
pepsine, une protéase inconnue de la classe des glutamique-protéases (appelée ici
AfuGprA), des sédolisines (SED) qui avaient été caractérisées comme étant des
tripeptidyl-peptidases non spécifiques, et une nouvelle protéase de la famille S28
(appelée ici AfuS28). Il a été montré dans ce travail que des grands peptides
pouvaient étre digérés a pH acide par les activités synergiques des Seds et AfuS28.
Lors de ce processus les Seds Otent les acides aminés trois par trois depuis
I'extrémité N-terminale d’'un peptide jusgu’a une proline en position 3 ou 4. Toutefois,
les séquences d'arrét X-XX-Pro et X-X-XX-Pro sont enlevées par I'activité d’AfuS28
qui génere ainsi un substrat dégradable par les Seds. En conclusion, chacun des
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deux ensembles des protéases sécrétées par Aspergillus fumigatus comprenait des
aminopeptidases non spécifiques butant sur des résidus Pro, et une prolyl peptidase.
L'activité de cette derniere enzyme génére un nouveau substrat pour les

aminopeptidases non spécifiques.

La deuxieme étape a consisté en I'étude d’AfuGprA et son importance dans
I'activité endoprotéolytique d’Aspergillus fumigatus. Nous avons montré que soit Pep
soit AfuGprA était nécessaire pour la croissance du champignon a pH acide dans un

milieu contenant des protéines non dégradées comme seul nutriment.

Et enfin, la derniére partie de cette these s’est focalisée sur I'identification des
protéases sécrétées par deux especes de dermatophytes, Microsporum canis et
Arthroderma benhamiae dans un milieu ne contenant que des protéines. Comme
chez Aspergillus fumigatus, ces deux dermatophytes sécrétent a pH 4.0 et a pH 7.0
un ensemble particulier de protéases. Nombres de ces protéases ne sont pas
connues chez ces derniéres, mais sont des orthologues probables de protéases
caractérisées chez Aspergillus fumigatus. C'est la premiére fois que des protéases
acides sont identifieces a pH acide chez ces champignons. Ces investigations
suggerent des mécanismes communs de dégradation des protéines chez les

Aspergillus et chez les dermatophytes.
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Abbreviations

7-amido-4-methylcoumarine (AMC)
Acetonitryle (AcN)

Alkaline serine peptidase (Alp)
Carboxypeptidase (Cp)

Collision induced dissociation (CID)
Diethylaminoethyl (DEAE)
Dimethylsulfoxid (DMSO)
Dipeptidylpeptidase (Dpp)

Gene coding for trypsinlike proteolytic activity (PrtT)
High performance liquid chromatography (HPLC)
Internal transcripted spacer (ITS)
Isopropyl thiogalactoside (IPTG)
Leucine aminopeptidase (Lap)
Linear trap quadripole (LTQ)

Liquid chromatography (LC)

Mass spectrometry (MS)

Natrium Deoxycholate (Doc)

Neutral protease or deuterolisin (NP)
Oligopeptide transporter (OPT)
Pepsin (Pep)

p-Nitroanilide (p-NA)

p-nitroanilide (p-Na)

Polymerase chain reaction (PCR)



Proteins containing A Disintegrin and A Metallaprotease domain (ADAMS)
Proton dependant oligopeptide transporter (POT)

Sedolisin (Sed)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Subtilisin (Sub)

Tandem mass spectrometry (MS/MS)

Trichloroacetic acid (TCA)

Yeast nitrogen base (YNB)
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General properties of fungi

The kingdom of Fungi contains many organisms such as yeasts,
dermatophytes, Penicillium spp., morels and gilled mushrooms. It includes more than
100’000 species. Although it's difficult to give a brief and strict definition of fungi, they

are characterized by the following properties.
e Fungi are eukaryotes.

e They are heterotrophic organisms (they use only organic carbon source for their

nutrition and do not possess chlorophyll).

e Fungi spread as colonies of isolated cells (yeasts) or mycelium. A mycelium is a
multicellular filament (or hypha) which branches to form a network. Each fungus

cell contains one or several haploid or diploid nuclei.
e Fungal cells are delimited by a B 1-3 and 3 1-6 glucan wall and chitin.

e Depending on the species and conditions, fungi reproduce both sexually and
asexually often resulting in the production of spores which often are wind-
disseminated. Spores are generated on hyphae or in micro or macroscopic
sporangia which show a limited tissue differentiation. The asexual and sexual
forms in the same species are morphologically very different. The asexual forms of
fungi are called anamorphs and the sexual forms are called teleomorphs. The term
of “holomorph” is used to designate the total organism and a fungal colony where
an ananmorph and the teleomorph coexist. A holomorph can give rise to an
exclusive anamorph species by loss of the teleomorph during evolution. The term
of “synanamorph” is used to designate two different anamorphs of the same

species.

Fungi are considered as a separate kingdom of living organisms at the same level as
the animals (zoobionta), the plants (chlorobionta, which regroups green algae,
mosses and vascular plants), the red algae (rhodobionta), the kingdom including
brown algae, diatoms and oomyceta (heterokontobionta), and protists which include

protozoa (amibia, ciliates, euglena, dinoflagellates and myxomycetes).



Classification of fungi

Classification of the fungi was based on the synthesis of phenotypic,

morphologic, cellular and biochemical data. Analysis of genomic and protein

sequences allowed to reassess and correct the classification of numerous groups.

The fungi were divided in 5 main classes based on their reproduction mode and the

shape of their sporangia.

The Chitridiomycetes producing spores with one or several flagella and including
500 to 600 species.

The Zygomycetes representing 1000 species

The Ascomycetes forming sexual spores internally produced in a bag called an
ascus. The Ascomycetes are the largest taxonomic group and include edible fungi

such as morels and truffles.

The Basidiomycetes reproducing sexually via external spores which are formed on
a special club-shaped cell called basidium. The basidia are generally carried by a
basidiocarp. Most of basidiomycetes are gilled mushrooms and polypores. Many

basidiomycetes interact with roots plant forming mycorrhizae.

The Deuteryomycetes or fungi imperfecti (more than 30’000 species) lacking
sexual spores or reproducing by asexual spores’ formation only, whose

anamorphs form were only known.

The most important changes in actual classification concern the groups of

chytridiomycetes and zygomycetes. These groups were shown to be polyphyletic and

are now abandoned (Hibbett, Binder et al., 2007). The ascomycetes and

basidiomycetes are now considered forming a subkingdom, the Dikarya (Fig 1,
Hibbett, Binder et al., 2007).
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Fig. 1: Phylogeny and classification of Fungi. Basal Fungi and Dikarya. Branch
lengths are not proportional to genetic distances.

The genus Aspergillus

The Aspergillus are fungi characterized by a mycelium made of thin septate
branching hyphae, from which the conidiophore broaden at the apex into an elliptical,
hemispherical, or globose vesicle. This vesicle is surrounded by specialized cells
called phialides which produce conidia (mitospores) by successive buddings (Fig. 2).
The genus Aspergillus belongs to the order of Eurotiales and family of

Trichocomaceae in the Ascomycetes. The genus Aspergillus was originally described

4



and illustrated in the 1860s by Fresenius, who worked with lung material from birds

dying from aspergillosis (Fresenius, 1863).

The monograph of Raper and Fenell (1965) made authority till revisions or
changes were made with the contribution of DNA sequencing data. 150 taxa based
on morphology are described in this monograph. More than 40 new species
descriptions have been published since then and were listed by Geiser et al. 2007.
ITS sequence were used to delineate species, however these sequences were not
enough discriminative. They show little or no variation between otherwise known and
easily distinguished species. To date, solid phylogenetic species recognition
generally requires genomic sequence analysis of more variable loci such as 3-tubulin

and actin (Samson et al., 2007).
Aspergillus fumigatus

The species Aspergillus fumigatus belongs to the Fumigati subgenera. The
members of this taxon are important because they play a significant role as human
pathogens and as food contaminants. A. fumigatus is a widespread saprophyte
typically found in dust, soil and decaying organic matter such as compost heaps,
where it plays an essential role in carbon and nitrogen recycling. Colonies of the
fungus produce from conidiophores grey-green 2-3um conidia that readily become
airborne. A. fumigatus is an opportunistic fungus which is the causative agent of a
number of diseases in humans, including allergic bronchopulmonary aspergillosis,

aspergilloma and invasive aspergillosis (Fig. 2)

Recently, sexual reproduction in A. fumigatus was demonstrated (Szewczyk
and Krappmann, 2010). Sexual mating was found between two strains with distinct
mating-type idiomorphs MAT-1 and MAT-2. Production of cleistothecia containing

unitunicate asci was observed.



Fig. 2: Invasine aspergillosis (lung section observed by fluorescence microscopy
(Monod et al., 1989) and Aspergillus fumigatus conidial head.

|: A. flavus

A oryzae

A. terreus

A niger
|: N. fischen
A. fumigatus

A. clavatus

A nidilans

Fig. 3: Phylogenetic relation of A. fumigatus with other sequenced Aspergillus (from

http://www.broadinstitute.org)

The dermatophytes

Dermatophytes groups highly specialized pathogenic fungi which are the most
common agents of superficial mycoses (Kwon-Chung et al., 1992; Weitzman and
Summerbell, 1995; Monod et al., 2002). These fungi grow in the mammals’ stratum
corneum, nails or hair utilising them as sole nitrogen and carbon source.
Dermatophytoses vary depending on the causative agent and the body site affected.
The disease is described with the word "tinea" followed by a term for the particular

infected body site.

Dermatophytes are ascomycete fungi, but only anamorphs (or asexual forms)
are isolated from infected patient, animals or soil. Dermatophyte anamorphs are



classified in three genera, Trichophyton, Microsporum, and Epidermophyton.
Microsprum species make spindle-shaped thick-walled macroconidia (Fig. 4). In

Epidermophyton only one validated dermatophyte species (Epidermophyton

floccosum) has been described.

Fig. 4. Microsporum canis
observed by microscopy and in
culture on Sabouraud agar.

Dermatophyte species are recognized and classified as antropophilic,
zoophilic, or geophilic, depending on their major reservoir in nature (humans,
animals, and soil, respectively). Zoophilic dermatophytes may result in zoonoses
when humans are exposed to these organisms, and dermatophytosis is considered
to be one of the most common zoonotic diseases. The majority of zoonotic
dermatophytoses are caused by Microsporum canis (generally transmitted by cats
and dogs), Trichophyton verrucosum (generally transmitted by cattle), Arthroderma
vanbreuseghemii (generally transmitted by cats and dogs) and Arthroderma
benhamiae (generally transmitted by guinea-pigs). In humans, the anthropophilic
species (e.g. Trichophyton rubrum, Trichophyton interdigitale, and Trichophyton
tonsurans) tend to be associated with more chronic infections which are less
inflammatory. In contrast, zoophilic dermatophytes generally cause highly inflamed
lesions in humans. Geophilic species (Microsporum gypseum, Trichophyton ajelloi),
like zoophilic species, cause inflamed lesions.

In cases of highly inflammatory tinea corporis, tinea faciei and tinea capitis in
humans, it is important to identify with certainty the precise etiologic agent and to
examine pets as the possible source of infection in order to prevent the reoccurrence

of new infections, especially in children, and to use the best therapeutic approach.

Dermatophyte teleomorphs (or sexual forms) have been classified in the
Arthroderma genus in the Ascomycotina subphylum. Teleomorphs of Microsporum
species were previously classified in the Nannizzia genus but this has now been

7



shown to be congeneric with Arthroderma (Weitzman et al. 1986). The
dermatophytes are heterothallic fungi, that is conjugation for sexual reproduction is
possible only through the interaction of individual isolates of different mating type
(designated as either *+’ or *="). In a number of zoophilic species like in anthropophilic
species sexual reproduction has not been observed. In some species clinical isolates
tend to be of a single mating type as shown in other pathogenic fungi such as
Cryptococcus neoformans (Idnurm et al. 2005). For example a bias for one particular
mating type was observed in M. canis, A. benhamiae and A. vanbreuseghemii.

Dermatophytes classification is complex and was the object of numerous
controversies. Nowadays, classification is principally based on molecular and
especially ITS regions sequences (internal transcripted spacer) data from the
ribosomal DNA (Graser et al., 2008).

Aspergillus and dermatophytes genomes

A. fumigatus, A. oryzae and A. nidulans are the three first species of Aspergilli
which have been sequenced (Nierman et al., 2005.; Machida et al., 2005; Galagan et
al., 2005) followed by several other species. To date, seven dermatophyte genomes
are sequenced. The genomes of T. rubrum, M. canis, M. gypseum, T. tonsurans and
T. equinum were recently sequenced by the BROAD Institute and are now available
in the NCBI data base as well as Aspergilli. The genome of an A. benhamiae strain
isolated from a patient in Lausanne (Burmester et al.,, 2011) and that of T.
verrucosum were sequenced at the Hans Knoell Institute in Jena (Germany). The
dermatophyte genomes (24,000 kb) are accessible on-line on the website
(http://www.broadinstitute.org).



Fungus nutrition

Only small molecules such as amino acid, short peptides or mono and di-
glycoside can be used by fungi as nutrients for growing in vivo. Large and complex
molecules (e.g. polymers such as polysaccharides and proteins) must be broken
down into smaller molecules which can then be absorbed. This degradation takes
place outside the fungal cell or hypha and is achieved by enzymes which are
released through the fungal wall. Since water is essential for the diffusion of
extracellular enzymes and nutrients across the fungal wall and plasma membrane,

actively growing fungi are usually restricted to relative moist (or humid) environment.

Yeasts and filamentous fungi as well as bacteria, specialised cells of plants
and animals express membrane proteins (transporters) for uptake small molecules
such as amino acids and short peptides. In addition to amino acid permeases, A.
fumigatus possesses seven transporters of the proton-dependent oligopeptide
transporter (POT) family and eight transporters of the oligopeptide transporter (OPT)
family (see Transporter data base at www.membranetransport.org/). Well
characterized members of the POT family are the di- and tripeptide transporters Ptr2
from S. cerevisiae and Candida albicans (Perry et al., 1994, Basrai et al., 1995). POT
transporters are found in species from all taxonomic kingdoms. OPT transporters are
limited to fungi and plants allow the uptake of tetra- and pentapeptides, and were
recently the object of intensive investigation in S. cerevisiae, C. albicans and
Arabidopsis thaliana (Hauser et al.,, 2001; Lubkowitz et al., 1997; Reuss and
Morschhéauser, 2006; Koh et al., 2002).

Dermatophytes, as well as Aspergilli, secrete important endo- end
exoprotease activities involved in the virulence and in keratin degradation. The ability
of fungi to degrade proteins (of the skin, nail and hair for dermatophyte) requires the
use of specific combinations of proteases which will be the object of the present

thesis.



Fungal Secreted proteases

Proteases

The term protease is synonymous with peptidase, proteolytic enzyme and
peptide hydrolase. The proteases include all enzymes that catalyse the cleavage of
the peptide bonds (CO-NH) of proteins, digesting these proteins into peptides or free
amino acids. The classification and the nomenclature of proteases can be found
together with information about them in the Handbook of proteolytic enzymes (Barrett
et al., 2" ed, Elsevier, 2004) and in the MEROPS database accessible on the
website (http://merops.sanger.ac.uk). The proteases are initially classified following
their mode of action and their active sites: aspartic, cystein, glutamic, metallo, serine
and threonine proteases as well as proteases with unknown catalytic mechanism are
recognized. Each protease is then assigned to a family that is a set of homologous

enzymes.

The proteases can be further divided into endoproteases (or endopeptidases)
and exoproteases (or exopeptidases). The endoproteases cleave peptide bonds
internally within a polypeptide. The term oligopeptidase is used to refer to
endopeptidases that act only on substrates smaller than proteins. The exopeptidases

cleave peptide bonds only at the N- or C-terminus of the polypeptide chains.
Secreted proteases

Most eukaryotic and prokaryotic secreted proteins are synthesized as
precursors with a hydrophobic N-terminal extension of 15-30 amino acids, known as
the prepeptide or signal peptide (Blobel and Dobberstein, 1975). This signal peptide
IS necessary for entering the secretory pathway by enabling transport of the protein
across the membrane of the endoplasmic reticulum (Pfeffer and Rothman, 1987),
where it is subsequently cleaved by a signal peptidase (Milstein et al., 1972).
Secretion into the environment may not necessarily be an obligate feature of
proteases made with a signal peptide, as several of these proteases are vacuolar,
and remain intracellular. Other proteases with a signal peptide may be attached to

the cell via a transmembrane domain or by a glycophosphatidylinositol (GPI)-anchor.
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Many, but not all, secreted proteases are synthesized as precursors in a
preproprotein form. The propeptide (30 to 250 amino acids in length), which is an
intermediate sequence between the signal sequence and the N-terminus of the
mature enzyme, has been found to be essential and specific in assisting the correct
folding and secretion (Fabre et al., 1991; Eder and Fersht, 1995; Fukuda et al.,
1996). Upon completion of folding, the propeptide is removed by an autoproteolytic or
an exogenous proteolytic reaction to generate the active enzyme (Togni et al., 1996;
Newport and Agabian, 1997; Marie-Claire et al., 1998; Zaugg et al., 2008).

Fungal endoproteases

Fungal secreted endoproteases are aspartic protease of the pepsin family (Al
family), metalloprotease (M35 and M36 family) (Monod et al., 1993), and serine
proteases, most of the subtilisin family (S8) referred as alkalines proteases in
Aspergillus spp. (Reichard et al., 1990, Monod et al., 1991).

Aspartic _proteases have two aspartate residues involved in catalysis of

peptide substrates. In general, they have are optimally active at acidic pH. Nearly all
known aspartyl proteases are inhibited by pepstatin. They have a two-domain
structure where each domain contains a catalytic Asp residue, with an extended
active site cleft localized between the two lobes of the molecule. One lobe has
probably evolved from the other through a gene duplication event in the distant past.
In modern-day enzymes, although the three-dimensional structures are very similar,
the amino acid sequences are more divergent, except for the catalytic site motif,
which is very conserved. The presence and position of two disulfide bridges are other

conserved features of most fungal aspartic proteases (Monod et al., 2010).

Metalloproteases are proteolytic enzymes whose catalytic mechanism involves

an atom of metal. Most fungal metalloproteases are zinc-dependent. Fungal secreted
metallo-endoproteases are prevalently from the M35 and M36 family. These
proteases (several other still hypothetical) belong to the same clan (MA), which
gathers proteases with the specific HEXXH motif. More precisely, the HEXXH motif is
found in a sequence Xaa-Xbb-Xcc-His-Glu-Xbb-Xbb-His-Xbb-Xdd where Xaa is
hydrophobic or Thr, Xbb is uncharged, Xcc is any amino acid except Pro, and Xdd is
hydrophobic (Jongeneel et al., 1989; Barett et al., 2004). The two His residues

together with a third residue towards the C-terminus of the protein are zinc ligands.
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The third residue varies depending on the family. Chelators inactivate MA proteases
by removal the ion Zn**. However, for exemple the A. fumigatus thermolysin Mep
(M36 family) and the deuterolisin (M35 family) of A. oryzae can be reactivated by the
addition of Zn™ or Co*™ (Markaryan et al., 1994; Doi et al., 2003). The Glu residue in
the HEXXH motif has a catalytic function. With the exception of the specific signature
of the MA clan, members of a given MA family have no or low amino acid sequence

similarity to members of another MA family.

Serine proteases or serine endopeptidases are proteases in which one of the

amino acids in the active site of the enzyme is serine. They are found in both single-
cell and complex organisms, in both eukaryotes and prokaryotes. In evolutionary
history, serine proteases were originally digestive enzymes. In mammals, they
evolved by gene duplication to serve functions in blood clotting, the immune system,
and inflammation. The major clans of serine endoproteases found in humans include
the chymotrypsin-like proteases and the subtilisin-like proteases. Fungal secreted
serine endoproteases belong to the S8 family (subtilisins), the S1 family (trypsins)

and S53 family (sedolysins).

Among fungal serine proteases in A. fumigatus, two subtilisins (Alpl and Alp2,
S8 family) and one endoprotease of the sedolisin family (SedA) have been
characterized. The subtilisin Alpl (formerly Alp) was isolated and characterized in the
nineties by several groups (Reichard et al., 1990; Monod et al., 1991; Jaton-Ogay et
al., 1992; Larcher et al., 1992; Frosco et al., 1992, Kolattukudy et al., 1993). This
enzyme has a molecular mass of 33 kDa, and cleaves elastin as well as collagen.
Alp1, like other subtilisins, very efficiently cleaves the synthetic substrate N-Suc-Ala-
Ala-Pro-Phe-p-nitroanilide (pNA) (Larcher et al., 1992) by releasing pNA. A second
subtilisin (Alp2), which is vacuolar, was also found in the cell wall fraction of A.
fumigatus like Pep2 (Reichard et al., 2000). Alp2 is the orthologue of the cerevisin or
S. cerevisiae proteinase B (Moehle et al., 1987), and A. niger PepC (Frederick et al.,
1993). Alpl and Alp2, like other secreted fungal and bacterial subtilisins are

synthesized as preproproteins with a propeptide of approximately 120 amino acids.

The A. fumigatus endoprotease SedA (Reichard et al., 2006) which belongs to
the S53 family (sedolisin) is the orthologue of aorsin from A. oryzae (Lee et al.,

2003). Only a 25 kDa degradation product of SedA, but no full-length translation
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product, has so far been detected in A. fumigatus culture supernatants (Reichard et
al., 2006).

Trypsins and chymotrypsins were identified and characterized in Fusarium Spp.
and Metarhizium anisopliae, but not in Aspergillus spp. and dermatophyte species
(refs).

Fungal exopeptidases

Fungal secreted exopeptidases are aminopeptidases [leucine
aminopeptidases (Lapl and Lap2), tripeptidyl peptidases (Tpps of the sedolisin
family) and dipeptidyl peptidases (DpplV and DppV)], and carboxypeptidases.

e Fungal aminopeptidases

Leucine aminopeptidases were so called because of their preference for

leucine-7-4-methylcoumarin (Leu-AMC) as a substrate. However, these enzymes are
able to remove any amino acid from the N-terminus of a peptide provided that a
proline is not in second position. Lapl and Lap2 are metalloproteases which are
active between pH 6.5 and 10.5 with a broad optimum peak between pH 7.0 and 9.0
(Monod et al., 2005). Lapl structurally belongs to the M28E subfamily as do Vibrio
and Aeromonas leucyl aminopeptidases. Lap2 belongs to the M28A subfamily like
the vacuolar protease Y from Saccaromyces cerevisiae and the Streptomyces
griseus secreted aminopeptidase. Members of the M28A and M28E subfamilies
share low sequence similarity, though the amino acid sequences between the two

zinc binding sites are conserved.

Dipeptidyl peptidases (Dpp) are serine proteases members of the S9 family

(Monod M. Et al., 2005) with a catalytic triad composed of serine, aspartic acid and
histidine. Dpps are glycoproteins of approximately 90 kDa with about 10 kDa N-linked
carbohydrates. Two Dpp have been isolated from A. fumigatus culture supernatants
and characterized at both the biochemical and molecular level (Beauvais et al.,
1997a, Beauvais et al., 1997b). The first released mainly X-Ala but also His-Ser and
Ser-Tyr dipeptides from the N-terminal extremity of peptides (Beauvais et al., 1997a).
This protein was identified as one of the two major antigens used in the
serodiagnosis of aspergillosis (Biguet et al., 1967). It was wrongly named

“chymotrypsic antigen” because of its ability to degrade N-acetyl-phenylalanine
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naphtyl ester (NAPNE), a chromogenic substrate also for chymotrypsin. However,
due to its distinctive biochemical properties, a new class of dipeptidyl-peptidases
(DPPV) was created. The second dipeptidyl-peptidase released X-Pro and to a lesser
extent X-Ala dipeptides from the N-termini of peptides and belongs to class IV of
dipeptidyl-peptidases (DPPIV) (Beauvais et al., 1997b). Similar enzymes in A. oryzae
were subsequently discovered and raised interest due to their importance in protein
degradation during koji fermentation (Doumas et al., 1998). Amino acids and
tripeptides are not removed from substrates by Dpps.

Fungal secreted tripeptidyl peptidases are serine proteases which are
members of the S53 family (Sedolisins) (Reichard et al., 2006). These enzymes were
called sedolisins because the amino acid residues S, E and D in their catalytic triad.
The specificities are broad, but there is an indication of preferences for hydrophobic
residues in the P1 and P2 positions. Tpps of the sedolisin family are non specific
aminopeptidases which are most active at acidic pH. The functions of the S53
peptidases in prokaryotic organisms are uncertain, although they probably contribute
to the extracellular digestion of food proteins. Tripeptidyl-peptidase | in eukaryotes is

a lysosomal enzyme (TPP1 human, Uniprot accession O14773).
e Fungal carboxypeptidases

Fungal secreted neutral carboxypeptidases are metalloproteases of the M14
family. Trichophyton and Metarhizium anisopliae metallocarboxypetidases were
previously characterized and shown to be closely related to intestinal
carboxypeptidase A. Fungal secreted acid carboxypeptidases are serine proteases of
the S10 family. Such enzymes were characterized in Aspergillus spp., Trichophyton

rubrum and Fusarium (Zaugg et al, 2008).

In general, the carboxypeptidases are classified by active site mechanism
and/or by substrate preference. Carboxypeptidases that have a stronger preference
for those amino acids containing aromatic or branched hydrocarbon chains are called
carboxypeptidase A (A for aromatic/aliphatic). Carboxypeptidases that cleave
positively charged amino acids (arginine, lysine) are called carboxypeptidase B (B for
basic). The first studied were those involved in the digestion of food (pancreatic
carboxypeptidases Al, A2, and B). A metallo-carboxypeptidase that cleaves a C-

terminal glutamate from the peptide N-acetyl-L-aspartyl-L-glutamate is called
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"glutamate carboxypeptidase”. The serine carboxypeptidases that cleave the C-
terminal residue from peptides containing the sequence -Pro-Xaa (Xaa is any amino

acid on the C-terminus of a peptide) are called "prolyl carboxypeptidases".
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Thesis project
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Interests and Objectives of this work

Dermatophytes grow exclusively in the stratum corneum, nails or hair utilising
them as sole nitrogen and carbon source. Similar to dermatophytes, Aspergillus spp.

are able to utilize full length protein as a nutrient source using similar proteases.

Endo- and exoproteolytic activities are considered as virulence attributes in
dermatophytes and Aspergilli. They are required to degrade protein substrates into
amino acids or short peptides which can be used as nutrients for growing. The ability
of fungi to degrade proteins (of the skin, nail and hair for dermatophyte) may require
the use of specific combinations of proteases changing from one species to another
and different from those used by the fungus to degrade proteins in vitro in a culture

medium.

All investigated dermatophytes as well as Aspergillus spp. and many other
fungal species secrete proteases in vitro when grown in a medium containing protein
as sole nitrogen source. Fungal secreted proteases have been extensively studied
using Aspergillus oryzae and A. fumigatus. In particular, a total of 111 proteases
homologues are recorded in the MEROPS peptidase database for the A. fumigatus
genome. Roughly, proteases constitute 1% of the total A. fumigatus proteins (about
10,000). A detailed analysis performed with all recorded proteases revealed that 46
possess a signal sequence. The distribution of the 14 families containing A.
fumigatus secreted proteases varies among the organism kingdoms (Monod et al.,
2008). Moreover inspection of A. fumigatus secreted proteases reveals that there
are on one side alkaline or neutral proteases, and on the other side acidic proteases.
Therefore, the existence of 2 different pathways of protein degradation can be

postulated and had to be verified.

Not less than 20 genes encoding secreted endo- and exo-peptidases have
been identified in dermatophytes (Table 1), and 15 encoded proteases were found to
be secreted in vitro during growth of dermatophytes in a protein-containing medium
(Giddey et al., 2007). However, the functions and specificities of dermatophyte
individual proteases which are involved in degradation of compact keratinized
tissues are not known. Genome inspection reveals that dermatophytes contain 235
predicted protease-encoding genes, 87 of the deduced proteins possessing a

secretion signal.
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Table 1: Secreted endo-and exoproteases from dermatophytes

Clan 8 Protease (sub)family 8 Genes Proteases* References

Endoproteases

MA(M) M35 (Deuterolysins) NPlla NplIA Unpublished results
NPIIb

MA(E) M36 (Fungalysins) MEPl1to Mepl; Mep3; [Jousson et al., 2004b;
MEP5 Mep4; Mep5.  Giddey et al., 2007]

SB S8A (Subtilisins) SUB1to Sub2to Sub7 [Jousson et al., 2004a;
SUB7 Giddey et al., 2007]

Exoproteases

SC S9B DPPIV  DpplV [Monod et al., 2005]

S9C DPPV DppV [Monod et al., 2005]

MH M28B LAPZ; Lapl, Lap2 [Monod et al., 2005]
LAP2

S10 S10 SCPA, ScpA; ScpB [Zaug et al., 2008]
SCPB

M M14 MCPA;  McpA; McpB  [Zaug et al., 2008]
MCPB

§ Identification number in the MEROPS data base.
*Detected in Dermatophyte culture supernatants and/or obtained as recombinant proteins

At this state of our knowledge it was of interest to identify the different
dermatophyte pathways in the process of degradation of compact keratinized
tissues. In other words, which are the different essential steps and bottlenecks in the
process of digestion of proteins into amino acids and short peptides. In order to
answer to this question, we decided to use A. fumigatus as a model to determinate
enzymes involved in the protein degradation mechanisms. This work is divided in

three different parts:

The analysis of the enzymatic processes by which A. fumigatus is capable to digest
larges peptides of the skin generated by endoproteolytic activity into assimilable

compounds (amino acids and oligopeptides) using exopeptidases (Part 1).
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e The identification of A. fumigatus secreted proteases which are involved in the first
step of protein degradation (from). The particular functions of a new glutamic
protease, AfuGpA, and an aspartic protease, Pepl, were investigated (Part 2).

e The identification of different pathways of protein degradation in dermatophytes (A.
benhamiae and M. canis) based on the knowledge acquired with A. fumigatus (Part
3).
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Projects preview
Part 1

This first part shows that Aspergillus fumigatus grows well at neutral and acidic
pH in a medium containing protein as the sole nitrogen source by secreting two
different sets of proteases. Neutral pH favours the secretion of neutral and alkaline
endoproteases, leucine aminopeptidase (Lap) which is  non-specific
monoaminopeptidase and an X-prolyl dipeptidase (DpplV). We have found that at
acidic pH environment promotes the secretion of an aspartic endoprotease of pepsin
family (Pepl) and tripeptidyl-peptidases of the sedolisin family (SedB and SedD). A
novel prolyl peptidase, AfuS28, was secreted in both alkaline and acidic conditions.
In previous studies Laps were shown to degrade peptides from their N-terminus until
an X-Pro sequence acts as a stop signal. X-Pro sequences can be then removed by
DpplV, which allows Laps access to the following residues. We have shown that at
acidic pH Seds degrade large peptides from their N-terminus into tripeptides until Pro
in P1 or P’1 position acts as a stop for these exopeptidases. However, X-X-Pro and
X-X-X-Pro sequences can be removed by AfuS28 thus allowing Seds further
sequential proteolysis. In conclusion, both alkaline and acidic sets of proteases
contain exoprotease activity capable of cleaving after proline residues which cannot

be removed during sequential digestion by non specific exopeptidases.
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Part 2

In the second part of this project we investigated the mechanisms by which full
length proteins are digested into large peptides by endoproteases secreted by A.
fumigatus. From part 1, we knew that in an acidic protein medium, the fungus
secretes an aspartic endoprotease (Pep) as well as tripeptidyl-peptidases, a prolyl-
peptidase and carboxypeptidases. A novel glutamic protease, AfuGprA homologous
to Aspergillus niger aspergillopepsin Il was discovered. We have shown that either A.
fumigatus Pep or AfuGpA is necessary for fungal growth in protein medium at acidic
pH. Exoproteolytic activity is therefore not sufficient for complete protein hydrolysis
and fungal growth in a medium containing proteins as the sole nitrogen source. Pep
and AfuGprA constitute a pair of endoproteases active at acidic pH analogous to A.
fumigatus alkaline protease (Alp) and metalloprotease | (Mep), for which it was
shown that at least one of the two enzymes is necessary for fungal growth in protein
medium at neutral pH. Heterologous expression of AfuGprA in Pichia pastoris
showed that the enzyme is synthesized as a preproprotein and that the propeptide is
removed through an autoproteolytic reaction at acidic pH to generate the mature
protease. In contrast to A. niger aspergillopepsin Il, AfuGprA is a single chain protein
and is structurally more similar to G1 proteases characterized in other non-

Aspergillus fungi.
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Part 3

The last project is focused on dermatophytes proteolytic pathways. As
explained in the introduction, dermatophytes infect healthy individuals and are

exclusively found in the skin stratum corneum, nails, or hair.

M. canis and A. benhamiae were found to grow well in a protein medium at
acidic as well as at neutral pH, accompanied by extracellular proteolysis. Shotgun
mass spectrometry analysis of secreted protein revealed fundamentally different
protease profiles during fungal growth in acidic versus neutral pH conditions. Most
notably, novel dermatophyte secreted proteases were identified at acidic pH such as
pepsins, sedolisins and acidic carboxypeptidases. We report for the first time the
secretion of acidic proteases by dermatophytes. Analysis of the battery of secreted
proteases suggests common basic mechanisms for extracellular protein digestion in
dermatophytes and in Aspergillus spp. at acidic and neutral pH. However, in
comparison to A. fumigatus more different proteases were secreted by
dermatophytes at neutral as well as acidic pH. Families of genes encoding
endoproteases of the subtilisin (S8), deuterolisin (M35) and fungalisin (M36) families
have expanded in dermatophytes, and several members were found to be secreted.
Therefore, the protein degradation pathways at acidic pH and that at neutral pH

appear to be less strict than those in A. fumigatus.

Skin is a complex environment where pH varies according to many both
endogenous and exogenous factors. Therefore, the large panel of acidic, neutral and
alkaline proteases secreted by dermatophytes, including the newly recognized acidic
ones, should trigger further investigations in order to define their role during skin

infection.
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Part 1

Aspergillus protein degradation pathways with different
secreted protease sets at neutral and acidic pH.

Sriranganadane, D., Waridel, P., Salamin, K., Reichard, U., Grouzmann, E., Neuhaus, J. M.,
Quadroni, M. & Monod, M. (2010). J Proteome Res 9, 3511-3519.

Key words: Secretome, Aspergillus fumigatus, sedolisin, prolylpeptidase, protein acidic hydrolysis,
enzyme synergy, protein degradation mechanism.

25



INTRODUCTION

Aspergillus fumigatus is an important opportunistic pathogen which is the main
causative agent of invasive aspergillosis in neutropenic patients.! Under natural
conditions in composts, this fungus plays an important role in the decomposition of
organic material and in recycling environmental carbon and nitrogen. Like many other
ascomycete fungi, A. fumigatus can grow in a medium containing protein as the sole
nitrogen and carbon source.?® This ability to grow in a protein medium depends on
the synergistic action of secreted endo- and exoproteases since only amino acids
and short peptides can be assimilated via membrane transporters. In contrast, large
peptides cannot be directly used as nutrients. Accordingly, analysis of the A.
fumigatus genome (www.tigr.org/tdb/e2k1/aful) reveals that this fungus possesses
seven transporters of the proton-dependent oligopeptide transporter (POT) family
and eight transporters of the oligopeptide transporter (OPT) family in addition to
amino acid permeases (see Transporter data-base at www.membranetransport.org/).
Well characterized members of the POT family in fungi are the di- and tripeptide
transporters Ptr2 from Saccharomyces cerevisiae and Candida albicans.*® OPT
transporters, which are limited to fungi and plants, allow the uptake of tetra- and
pentapeptides .%°

At neutral pH, A. fumigatus secretes two major endoproteases, an alkaline
protease of the subtilisin family*® (Alpl) and a metalloprotease of the fungalysin
family*®** (Mep), leucine aminopeptidases® (Lapl and Lap2) and a X-
prolylpeptidase (DpplV).**** A battery of ortholog proteases was found to be
secreted by Aspergillus oryzae.’®® Wwith this set of enzymes, large peptides
generated from proteins by endoproteolysis can be further digested into amino acids
and X-pro dipeptides by the synergistic action of leucine aminopeptidases and
DpplV. Laps degrade peptides from their N-terminus until a X-Pro sequence acts as
a stop signal. However, in a complementary manner, X-Pro sequences can be
removed by DpplV, which allows Laps access to the following residues. Synergistic
action of A. oryzae Lap and DpplV at pH 7.5 was found to digest a peptide consisting
the sequence APGDRIYVHPF into amino acids, AP and HP di-peptides.*®

Laps and DpplV are neutral proteases and are not active at acidic pH.

However, A. fumigatus grows well in a protein medium at acidic pH as well as at
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neutral and basic pH. This is indicative that other enzymes are expressed at lower pH
and are able to digest complex proteins in acidic conditions. A fundamental objective
of our research on fungal secreted proteolytic activity is to acquire a comprehensive
view of the enzymes that allow the digestion of native proteins into free amino acids
and short peptides under different environmental conditions. In the present study, we
show that A. fumigatus secretes different sets of proteases at neutral and acidic pH,
respectively. We have found that the set of proteases used by A. fumigatus at pH 3.5
includes an aspartic protease of the pepsin family (Pepl), tripeptidyl-peptidases of
the S53 family®® (SedB and SedD) and a novel prolylpeptidase of the S28 family
called AfuS28A. We describe the different steps of protein digestion into assimilable

amino acids and short peptides at acidic pH.
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MATERIALS AND METHODS

Strains and plasmids.

Aspergillus fumigatus D141 (NRRL 6585; U.S. Department of Agriculture,
Peoria, IL) was used in this study and all plasmid subcloning experiments were
performed in E. coli XL1 blue using plasmid pKJ113.** Pichia pastoris GS115
(Invitrogen, Carlsbad, CA) was used to produce recombinant A. fumigatus

peptidases.
Aspergillus fumigatus growth media.

Aspergillus fumigatus was routinely grown on malt agar or in order to promote
production of proteolytic activity at neutral pH, in liquid media containing protein as
the sole nitrogen source (0.2% collagen).> The pH was approximately 7.0 and
increased slightly to 7.5 during growth of the fungus. To promote production of
proteolytic activity at acidic pH in collagen medium, 0.2% collagen was dissolved in
68 mM citrate buffer (pH 3.5). One liter flasks containing 200 ml of medium were
inoculated with approximately 10® spores and incubated for 70 h at 37°C on an orbital
shaker at 200 rpm. The pH of the medium was measured at 30 h and at the end of

the incubation and was found to remain constant.
Recombinant protease production.

Recombinant A. fumigatus SedB was previously produced and purified from P.
pastoris used as an expression system.?’ To construct P. pastoris strains producing
AfuS28, amplified cDNA segments encoding N-terminal and C-terminal portions of
the protein were obtained by PCR with a standard protocol®*?® using homologous
sense and antisense primers (P1 and P2, P3 and P4, respectively, supplementary
Table 1) and 200 ng of DNA prepared from 10° clones of a cDNA library as a
template.*® The primers P1 to P4 were derived from A. fumigatus sequence
AFUA 1G01250. P5 was used instead of P4 as the antisense primer to obtain Hise-
tagged AfuS28. The PCR products were digested with Xhol/Sacl and Sacl/Bglll,
respectively, and inserted end to end into pKJ113 digested with Xhol/BamHI to
generate the expression plasmids pAfuS28 and pAfuS28H-6. Pichia pastoris GS115
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transformation with EcoRlI linearized plasmid DNA and transformants were selected

as previously described.?!

For enzyme production, P. pastoris transformants were grown to near
saturation (ODgoo = 10) at 30°C in 10 ml of glycerol-based yeast media (0.1 M
potassium phosphate buffer at pH 6.0, containing 10 g/L yeast extract, 20 g/L
peptone, 13 g/L yeast nitrogen base without amino acids (Becton-Dickinson, Sparks,
MD), 10 ml/L glycerol and 40 mg/L biotin). Cells were harvested and resuspended in
2 ml (200 ml) of the same medium with 5ml/L methanol instead of glycerol and
incubated for 2 days. Then, the -culture supernatant was harvested after
centrifugation (3000 x g, 4°C, 5 min).

Salts and small molecular weight solutes were removed from 2.5 ml of P.
pastoris culture supernatant by passing through a PD10 column (Amersham
Pharmacia, Dubendorf, Switzerland) with 20 mM citrate buffer (pH 6.0) before testing
for proteolytic activity. The supernatant of P. pastoris GS115 grown under the same

conditions was used as a negative control for comparison.
Purification of heterologously produced AfuS28.

The secreted proteins from 250 ml of P. pastoris culture supernatant were
concentrated by ultrafiltration to 6 ml using a Centricon Plus-70 (30 kDa cut-off)
(Millipore, Volketswil, Switzerland). The Hisg-tagged target protein was extracted with
a Ni-NTA resin (Qiagen, Hilden, Germany) column with histidine elution buffer (50mM
histidine in PBS 1X) as previously described.?* Active fractions were pooled and
concentrated by ultrafiltration using Amicon Ultra (Milipore 30000 kDa cut-off).
Protein concentrations were measured by the method of Bradford using a

commercial reagent (Bio-Rad).

In parallel, AfuS28 without Hisg-tag was purified at 4°C as following: secreted
proteins from 250 ml of P. pastoris culture supernatant were concentrated by
ultrafiltration to 6 ml using a Centricon Plus-70 (30 kDa cut-off) (Millipore, Volketswil,
Switzerland.) Thereafter, the concentrate was desalted with PD10 column
(Amersham) and applied to a DEAE-Sepharose column which had previously been
equilibrated with a 100 mM Na acetate buffer (pH 5.8). After washing the column with

the same buffer, the recombinant protein was eluted with a 100 mM sodium acetate
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buffer (pH 3.8). Enzymatic activity was tested with Ala-Ala-Pro-p-nitroanilide (Ala-

Ala-Pro-pNA) as a substrate and active fractions were pooled.

Quality control of purified AfuS28 (on silver stained SDS-PAGE
gels).

To assess the degree of purity of AfuS28, eluted fractions were pooled and 5
ul aliquots were analysed by a SDS-PAGE and stained with silver nitrate according to

Chevallet.”
Antigen preparation for immunization of rabbits.

A 253 amino acid large peptide corresponding to the C-terminal part of AfuS28
was produced using plasmid pET-11aH6, a derivative of pET-11a made for Hise-
tagged large peptide production.*® Sense and antisense primers P6 and P7
(supplementary Table 1) were used to amplify DNA from plasmid pAfuS28 encoding
heterologous AfuS28. The PCR products were digested with Ncol and BamHI and
cloned into the Ncol and BamHI sites of pET-11aH6. The resulting plasmid was
termed pAgAfuS28.

The corresponding heterologous Hiss-tagged peptide was produced in E. coli
BL21 transformed with pAgAfuS28. Cells were grown at 37°C to an ODggo 0of 0.6 and
Hisg- tagged peptide expression was induced by adding IPTG to a 0.1 mM final
concentration after which incubation was continued for an additional 4 h at 37°C.
Cells were collected by centrifugation (4,500 x g, 4°C, 15 min), and the Hisg- tagged
peptides were extracted by lysis with guanidine hydrochloride buffer and Ni-NTA
resin affinity (Qiagen, Hilden, Germany) columns according to the manufacturer. The
column was washed with 0.1 M sodium phosphate buffer (pH 5.9) containing 8 M
urea. Thereafter, antigen was eluted with the same buffer adjusted at pH 4.5. Rabbit
antisera were made by Eurogentec (Liege, Belgium) by using the purified AfuS28

polypeptide chain as an antigen.

Western blot analysis of native and recombinant AfuS28.

AfuS28 samples with or without prior N-glycosidase F digestion,'® were

analyzed by Western blotting of SDS-PAGE gels (12.5%). Western blots were
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immunodeveloped using anti AfuS28 antiserum raised in rabbits, and alkaline

phosphatase-conjugated goat anti-rabbit IgG (Bio-Rad, Hercules, CA).
Proteolytic activities.

Endoproteolytic activities were measured with 50 uyl A. fumigatus and P.
pastoris culture supernatants and 50 ul of 0.2% resorufin-labeled casein at different
pHs in sodium citrate buffer (50 mM final concentration; pH 2.0 to 7.0) in a total
volume of 0.5 ml. After incubation at 37°C, the undigested substrate of the enzyme-
substrate mix was precipitated with trichloroacetic acid (4% final concentration) and
separated from the supernatant by centrifugation. Subsequently, 500 pl of Tris-HCI
buffer (500 mM; pH 9.4) were added to the collected supernatant (neutralization step)
and the As74 of the mixture (1 ml) was measured. A blank was performed with 50 pl
P. pastoris GS115 culture supernatant. For practical purposes, one milliunit of
endoproteolytic activity was arbitrarily defined as producing an increase in
absorbance of 0.001 per min in a proteolytic assay (1 ml) at optimal pH for activity.

The assays were performed in triplicates.

Exoproteolytic activites were tested with synthetic substrates supplied by
Genecust (Dunedange, Luxembourg). Stock solutions were prepared at 100 mM
concentration and stored at —20°C. AP-pNA (Ala-Pro-p-nitroanilide), AA-pNA, FPA-
pNA, AAP-pNA, AAAP-pNA and Suc-AAAP-pNA were dissolved in water/DMSO. The
reaction mixture contained a concentration of 10 mM substrate and the enzyme
preparation (between 0.1 to 1.0 ug per assay) in 50 pl of 100 mM acetate buffer at
different pH values. After incubation at 37°C for 10 min, the reaction was terminated
by adding 5 pl of glacial acetic acid and then 0.9 ml of water. The released pNA was
measured by spectrophotometry at A= 405nm. A control with substrate but without
enzyme was carried out in parallel. The AfuS28 activities were expressed in mU
(umoles of released pNA/min) using Ala-Ala-Ala-Pro-pNA as a substrate.

The ability of AfuS28 to digest proline-rich peptides was investigated on neuropeptide
Y 1-36 (NPY1-36, YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH2),
NPY3-36  (SKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH2)  (Bachem),
bradykinin (RPPGFSPFR) (Sigma, bradykinin acetate B3259-5MG), apelin-13
(QRPRLSHKGPMPF) (Bachem), dynorphin A (GGFLRRIRPKLKWDNQ, 2-17)
(Bachem), and the peptide KDKRSFPFF (GeneCust). NPY1-36 and NPY3-36 were
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dissolved in deionized water at 1.2 nmol/ul concentration. Bradykinin, apelin,
dynorphin A and KDKRSFPFF were dissolved at 94 nmol/ul (100 pg/ul), 4 nmol/ul, 3
nmol/ul and 5.7 nmol/ pl, respectively. To measure by mass spectrometry the
degradation of both NPY1-36 and NPY3-36, a solution containing 5 nmol of substrate
with 0.02 nmol (1.5 mU) of AfuS28 in an acidic buffer (0.015% formic acid, pH4) was
prepared. Degradation of bradykinin, apelin, dynorphin A and KDKRSFPFF by
AfuS28 was performed with 0.3 nmol/ul of substrate as a final concentration. A
control without AfuS28 was carried out in parallel. The enzymatic activity at 37°C
was decreased at different times by adding 0.5% formic acid and stopped by freezing
with liquid nitrogen. The solutions were diluted 5 to 10 fold in H,O: acetonitrile 50:50
with 0.1 % formic acid and analyzed by mass spectrometry. They were infused in a
LTQ-Orbitrap instrument (ThermoFisher, Bremen, Germany) via a TriVersa
Nanomate (Advion Biosciences, Norwich, UK) system. Mass spectra were acquired
in MS survey mode at a resolution of 60’000 (at 400 m/z) and accuracy better than

Sppm.

Precipitation and separation of proteins from A. fumigatus culture
supernatants by 1D- SDS-PAGE.

The mycelium was separated from culture medium by paper filtration
(Miracloth Calbiochem). Thereafter, 50 ml of supernatant were centrifuged for 10
minutes at 5000 x g to remove debris, followed by a concentration step to 1 ml using
a Centricon Plus-70 with a 10’000 Da cut-off. Concentrated media were precipitated
as follows: 0.9 ml of 0.2% (w/v) sodium deoxycholate was mixed with 100 pl of
concentrated medium and incubated for 10 min at room temperature. 100 pl of 6.1 N
TCA was added to this mixture and gently shaken. The sample was incubated for 10
min at 4°C, and then centrifuged at 13000 rpm for 10 min to obtain a pellet. After
removal of the supernatant, the pellet was washed twice with 100% acetone and
dried.

For 1D-SDS-PAGE analysis, the pellet was dissolved in 20 ul of 20 mM Tris-
HCI, pH 7.4 and mixed with SDS sample buffer. Proteins were separated on a 12%
SDS polyacrylamide gel followed by staining with Coomassie brilliant blue R-250
(Bio-Rad). The total optical density in every lane was determined by densitometry
and used to calibrate sample loadings onto a preparative gel. For protein digestion
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(shotgun experiments), equal amounts of protein for every sample were subjected to
limited electrophoretic separation on a 10% minigel, i.e. the migration was stopped
after the front had moved by about 2.5 cm into the separating gel. At this time all
bands up to 250 kDa of a prestained molecular weight marker had moved into the gel
and were distinguishable. Gels were fixed for 10 min, partially stained with
Coomassie Brilliant blue G (15 min) and then destained for 30 min. Every lane was

cut into 4-5 sections beginning with high molecular weights.
Digestion and MS analysis: shotgun MS experiments.

Proteins in 1D gel slices were digested with trypsin according to a described
protocol.?®?" Tryptic peptides were recovered in the supernatant of the digestion,
dried by evaporation, reconstituted in 20 ul of H,O: acetonitrile 97:3 with 0.1 % formic
acid and analysed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Samples were loaded onto a trapping microcolumn ZORBAX 300SB C18 (5
mm x 300 ym ID, 5 ym, Agilent) in H20:ACN 97:3 (v/v) + 0.1 % formic acid at a flow
rate of 10 pl/min. After 5 min they were back-flush eluted and separated on a
reversed-phase nanocolumn ZORBAX 300SB C18 column (75 pym ID x 15 cm, 3.5
um, Agilent Technologies) with an Agilent 1100 nano HPLC system (Agilent
Technologies). Solvents used for the mobile phase were 95:5 H20:AcN (v/v) with 0.1
% formic acid (A) and 5:95 H20O:AcN (v/v) with 0.1 % formic acid (B). The flow rate
was 300 nl/min and the gradient used lasted 90 min (5 min at 0 % of solvent B, from
0to 25 % of B in 35 min, 25 to 50 % B in 15 min, 50 to 90 % in 5 min, 90 % B during
10 min, 90 to 0 % in 5 min and 15 min at 0 %). The chromatographic system was
interfaced to a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) through a
TriVersa Nanomate (Advion Biosciences). In data-dependent acquisition controlled
by Xcalibur 2.0 software (Thermo Fisher), the four most intense precursor ions
detected in the full MS survey performed in the Orbitrap (range 350-1500 m/z,
resolution 60000 at m/z 400) were selected and fragmented. MS/MS was triggered
by a minimum signal threshold of 10,000 counts, carried out at relative collision
energy of 35 % and with isolation width of 4.0 amu. Only precursors with a charge
higher than one were selected for CID fragmentation and fragment ions were

analyzed in the linear trap. Spectra were acquired under automated gain control, with
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maximal ion injection time of 100 ms. The m/z of fragmented precursors was then

dynamically excluded, with a tolerance of 0.01 amu, from any selection during 120s.
Database searching with MS data.

From raw files, MS/MS spectra were de-isotoped and exported as mgf files
(Mascot Generic File, text format) using MascotDistiller 2.1.1 (Matrix Science,
London, UK). MS/MS spectra were searched with Mascot (Matrix Science, London,
UK; version 2.2.0) against the UNIPROT database (www.expasy.org) selected for
Fungi assuming the digestion enzyme trypsin and one missed cleavage. The
database release used was of April, 23th 2008 (5,939,836 sequences, Fungi: 358052
sequences). Mascot was searched with a fragment ion mass tolerance of 0.50 Da
and a parent ion tolerance of 10.0 ppm. lodoacetamide derivative of cysteine was
specified in Mascot as a fixed modification. N-terminal acetylation of protein,
deamidation of asparagine and glutamine, and oxidation of methionine were

specified in Mascot as variable modifications.
Criteria for protein identification.

Scaffold (version Scaffold 2 05 01, Proteome Software Inc., Portland, OR)
was used to validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than 90.0%
probability as specified by the Peptide Prophet algorithm.?® Protein identifications
were accepted if they could be established at greater than 95.0% probability and
contained at least 2 identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm.?® Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles

of parsimony.
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RESULTS.

Comprehensive identification of proteins secreted by A. fumigatus

at different pH values.

Aspergillus fumigatus grew well at 30°C in a medium containing 0.2% collagen
protein as a sole carbon and nitrogen source at both pH 7.0 and pH 3.5. After two
days of growth, clarification of the culture medium was observed. At this time, the
amount of protein was 20-50 pug-ml™ in culture supernatants at both pH values.
Concomitantly, a substantial proteolytic activity was measured using resorufin-
labelled casein as substrate (200-250, and 50-100 mU-mI™* at pH 7.0 and pH 3.5,
respectively). Substantial activities on APF-pNA, AAP-pNA and AAAP-pNA were also
detected in culture supernatant. Activity on AP-pNA was detected in the culture

supernatant at pH 7.0, but not at pH 3.5.

SDS-PAGEs of proteins precipitated from culture supernatants at pH 7.0 and
pH 3.5 showed complex band patterns with major differences (Figure 1). In an
attempt to map a maximum number of proteins secreted by A. fumigatus at different
pH values, a systematic shotgun protein identification experiment was undertaken.
After sample fractionation by limited 1D SDS-PAGE electrophoresis, five identical gel
bands corresponding to different molecular weights were excised from every lane
and proteins were in-gel digested. After peptide gel extraction, every fraction was

analysed by LC-MS/MS on a LTQ-orbitrap mass spectrometer.
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Figure 1. Ten percent SDS-PAGE stained with Coomassie blue
of Aspergillus fumigatus secreted proteins at pH 3.5 and 7.
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Lists of spectra for each lane were merged in order to obtain a dataset that
was used to search a fungal sequence database (SPTrEMBI, 23.04.2008, Taxonomy
Fungi: 358052 sequences, supplementary Tables 2, 3 and 4). Total numbers of
MS/MS spectra assigned to peptides after database search were 3292 and 2352 for
A. fumigatus samples at pH 7.0 and pH 3.5, respectively. Spectral counting coupled
with redundant sampling of a mixture has been established as a reliable method to
quantify protein abundances in shotgun experiments.* Here we have assumed that
the number of matched spectra represents at least semi-quantitative estimates of the
relative protein abundances between samples. The most abundant protein identified
in the A. fumigatus sample at pH 7.0 was the dipeptidyl peptidase DppV
(XP_755237) with 466 spectra corresponding to 38 unique peptide sequences. The
most abundant protein identified in the A. fumigatus sample at pH 3.5 was a
tripeptidyl peptidase called sedolisin B (SedB) with 315 spectra which correspond to
17 unigue peptide sequences (supplementary Table 2). Extensive details on the
results of identifications can be found in supplementary Tables 3 and 4, while all
matched sequences are also reported in the supplementary materials. Overall, 171

different sequences were matched in the shotgun experiment.

As expected, proteases constituted a significant fraction of all identified
proteins, with five endo- and 10 exoproteases (Table 1). Furthermore, proteases
accounted for 30 to 40 % of total matched spectra in the shotgun analysis, a fact that
highlights their quantitative dominance. These proteases fall into two only slightly
overlapping groups corresponding to the acidic and neutral pH secretomes (Tablel).
Alkaline serine protease Alpl (XP_751651), DppV (XP_755237) and leucine
aminopeptidase Lap2 (XP_748386) were three major proteases exclusively secreted
at pH 7.0. Aspartic endoprotease Pepl (XP_753324), SedB (XP_746536) and serine
carboxypeptidase Scpl (XP_753901) were three major proteases specific to acidic
growth medium (pH 3.5). A putative glutamic endoprotease (XP_748619) ortholog of
A. niger aspergillopepsin Il (XP_001388499), and SedD (XP_751432) were also
found in culture supernatant at pH 3.5, but in an amount lower than those of the three
aforementioned major acidic proteases. Only one putative serine protease of the S28
family, namely AfuS28, and homologous to a previously described A. niger prolyl
endopeptidase®! (XP_001392567), was secreted in similar amounts at both pH
values (Table 1). A total of 100 identified proteins were identified as hydrolytic
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enzymes. Other hydrolases detected were glycosidases (mannosidase, glutaminase,
beta-1,3-endoglucanase), lipases and acid phosphatases. For nineteen sequences,
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no function could be assigned based on sequence similarity.

Aspergillus fumigatus Pepl, SedB and SedC secreted at pH 3.5 as well as
37

Alp1, Mep, DpplV, Lapl and Lap2 secreted at pH 7.0 were previously characterized
as recombinant enzymes.'?14%°2432 Tq |earn more about the function of the new

Characterization of recombinant AfuS28



serine protease AfuS28 and its importance in protein digestion, the enzyme was
produced as a recombinant protein using P. pastoris as an expression system. A
yield of 25 pg/ml culture supernatant was obtained. Fractions of the purified enzyme
showed a single band on silver stained SDS-PAGE gel, attesting a high degree of
purity (supplementary Figure 1). AfuS28 is a 65kDa glycoprotein with a carbohydrate
content of about 20% (supplementary Figures 2 and 3). Recombinant AfuS28 had
the same electrophoretic mobility than the native enzyme secreted by A. fumigatus in

collagen medium.

Recombinant AfuS28 showed no detectable proteolytic activity using casein
resorufin-labeled as a substrate but very efficiently released pNA when AAP-pNA,
APP-pNA, AAAP-pNA and Suc-AAAP-pNA were used as substrates. AfuS28 was
active between pH 3.0 and 9.0 with an optimum at pH 6.0. At optimal pH, AfuS28
activity was 1.5, 1.2, 1 and 0.2 mmol min™* mg™ using AAAP-pNA, Suc-AAAP-pNA,
AAP-pNA and APP-pNA respectively. AfuS28 showed no activity on the DpplV
substrates GP-pNA and AP-pNA, and on the sedolisin substrate APF-pNA.

The degradation of large proline-containing peptides by AfuS28 was analyzed
by mass spectrometry. Digestion of bradykinin (RPPGFSPFR) resulted in RPP, FR,
GFSPFR and PGFSPFR fragments. AfuS28 was also found to degrade NPY1-36
and NPY3-36 (YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH2 and
(SKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH2, respectively), cleaving
after proline residues (supplementary Table 5). Measurement of the degradation
kinetics of the amide form of NPY3-36 was accomplished. The reaction was
monitored at different times from 0 to 15 min using 1.5 mU of enzyme at 37°C (Figure
2).
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1-36 NPY AfuS28 + SedB l l l DAPLAEDLMAI% YYS ALR HYI NLI TRQ RY

Fragments detected by MS

Figure 2: NPY3-36 and NPY1-36 degradations by AfuS28 and SedB

a & b) The reactional medium contains 4.8 nmol of NPY3-36 or 1-36, 0.02nmol of AfuS28 and/or

0.015nmol of SedB and 0.05 mmol of histidine in acidic buffer pH 4 (Formic acid ~0.0125 %) and was
incubated at 37°C during 1h. Reaction was stopped by adding 0.5% formic acid. All samples were
diluted 10 times in H,O:MeCN 50:50 (+ 0.1% formic acid) and infused in the LTQ-Orbitrap via the

Nanomate.
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Figures 3a & 3b: Kinetics of 3-36 NPY degradation by AfuS28 during 15 min
measured by MS.

The histidine signal (m/z 156.0766, present from the elution of Hisg-tagged AfuS28)

was used as reference to normalize peptide fragment intensities (Figure 3), thus
allowing us to follow the progression of NPY3-36 degradation. At t = O min, intact
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NPY3-36 was observed at different m/z ratios corresponding to various charge states
(z=3-7). Less than 10 % of full length NPY3-36 was still present after 15 min
incubation. Complete digestion of the substrate was obtained after 45 minutes
(Suppplementary Figure 4a).Fragments NPY6-36, NPY9-36 and NPY14-36 were
detected concomitantly with SKP (residues 3-5), SKPDNP (residues 3-8) and
GEDAP (residues 9-13) after 3 min of digestion by AfuS28. NPY6-36 and DNP
(residues 6-8) were detected only in low amount as SKPDNP appeared to be highly
resistant to AfuS28. At t = 1 min, there was more NPY9-36 than NPY14-36 and
following 6 min, NPY14-36 increased at the expense of NPY9-36. The latter
disappeared after 60 min reaction (supplementary Figure 4). Importantly, a peak
corresponding to fragment SKPDNPGEDAP (NPY3-13) was never detected.
Therefore, cleavage between amino acids P8 and G9 seemed necessary for
cleavage after the proline residue in position 13. These results are in agreement with

AfuS28 having an exoprotease activity.
Large peptide digestion into short assimilable peptides at acidic pH.

Large peptide digestion at acidic pH was investigated with SedB, the major
exoprotease secreted at acidic pH. NPY3-36 was not digested by recombinant SedB
(Figure 2a), but this enzyme removed tripeptides (YPS, KPD and NPG) from the N-
terminus of NPY1-36 until position 10 (Figure 2b). In conclusion, SedB appeared to
be active only when the amino acid in P1 or P’1 position (amino acids in positions 3
and 4 from the N-terminus of any substrate peptide) is not a proline. In contrast, a
proline residue in position P’2 or P2 does not constitute an impediment for SedB

during sequential digestion.

AfuS28 and SedB combined were able to degrade NPY3-36 and NPY1-36 in
Y, di- and tri-peptides (Figure 2). Based on the peptide fragments produced during
incubation with AfuS28 and SedB, two different degradation pathways could be
proposed for NPY3-36 degradation. In the first one, SedB cleaves NPY9-36
generated by AfuS28 into tri-peptides by “jumping” over proline residue in position 5
(position 13 in NPY1-36) to generate the APA tripeptide. In the second pathway,
AfuS28 first acts on P13 before further SedB digestion. Tripeptides such as INL, ITR
or QRY which would result from other modes of degradation were not detected. In
contrast to NPY3-36, one single pathway has been established for NPY1-36. In our
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experimental conditions, cleavage after proline was only detected after P13 attesting

for a more rapid degradation of the N-terminus by SedB.

Proline containing peptide digestion into amino acids, di- and tripeptides by
synergistic action of SedB and AfuS28 at acidic pH was confirmed with other
substrates such as apelin-13, dynorphin A and KDKRSFPFF peptide (supplementary
Figures 5, 6 and 7, and supplementary Tables 6, 7 and 8). Of particular note,
dynorphin A and KDKRSFPFF were not cleaved by AfuS28 alone. However,
cleavage by AfuS28 after Pro was observed in presence of SedB which removed 6
and 3 amino acids from the N-terminus of dynorphin A and KDKRSFPFF,

respectively.
DISCUSSION

A comprehensive analysis of secreted proteins reveals that A. fumigatus
grows in a protein medium at neutral and acidic pH using two different sets of
secreted proteases. At neutral pH, the fungus secretes a set of neutral and alkaline
proteases which includes Alpl, Mepl as endoproteases and Laps, DpplV and
AfuS28 as exoproteases. At acidic pH, the fungus secretes another set of proteases
which includes the aspartic protease Pepl®’ as an endoprotease together with
tripeptidyl-peptidases of the sedolisin family, AfuS28 and carboypeptidases of the
S10 family as exoproteases. During protein digestion the main function of
endoproteases is to produce a large number of free ends on which exoproteases
may act. Both sets of enzymes secreted by A. fumigatus at neutral and acidic pH
contain proteases able to sequentially cleave large peptides both internally and from
their N-terminus. The importance of secreted carboxypeptidases in large peptide
digestion at acidic pH was not investigated in the present study.

Among the 20 amino acids found in proteins, proline is exceptional because of
its cyclic structure and constitutes a block to sequential protein hydrolysis by Laps
and Seds at neutral and acidic pH, respectively.**'*?* However, both sets of
proteases secreted by A. fumigatus contain exoproteases able to cut after proline
residues which cannot be bypassed by non specific aminopeptidases. DpplV is active
and secreted at neutral pH only, while AfuS28 is active and secreted at neutral and
acidic pH. Therefore, DpplV can be substituted by Afu28 at neutral pH. In contrast,
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the latter peptidase may play a major function in peptide digestion from the N-
terminus with tripeptidylpeptidases of the sedolisin family at acidic pH, since A.

fumigatus apparently does not possess other secreted prolyl exopeptidases.®*

Comparison between the sequence of the A fumigatus genome and the
sequences of reverse transcriptase PCR products used to produce AfuS28 in P.
pastoris shows that the gene coding for AfuS28 consists of 10 exons. As a secreted
protein, AfuS28 is synthesized as a preprotein precursor. The deduced amino acid
sequence of the open reading frame encoded by the AfuS28 gene shows a 21-amino
acid signal peptide with a hydrophobic core of 13 amino acid residues and a putative
signal peptidase cleavage site Ala-Ser-Ala in accordance with Von Heijne’s rule.®>%
The AfuS28 protein generated after signal peptidase cleavage is 504 amino acids
long. The polypeptidic chain of the mature protein has a calculated molecular mass of
55 kDa, which is in accordance with that estimated for the deglycosylated protein by
SDS-PAGE (supplementary Figure 2). The amino acid sequence of AfuS28 contains
six potential N-linked glycosylation (Asn-X-Thr) sites, and the carbohydrate content of
the secreted enzyme is about 20% (Supplementary Figure 3). AfuS28 contains a Gly-
Gly-Ser-Tyr-Gly sequence (residue 173-177) in accordance with the consensus
sequence Gly-X-Ser-X-Gly for the catalytic site of serine proteases. In addition to Ser
175, alignment of AfuS28 with the above cited S28 peptidases reveals Asp and His
residues of the catalytic triad in position 453 and 486, respectively. AfuS28 is closely
related to the recently described A. niger prolyl endopeptidase, with around 75%
identity.

In our experiments, recombinant AfuS28 exclusively hydrolyzed Pro-X bonds
but some bonds appear to be more resistant than others as evidenced by the
accumulation of SKPDNP during NPY3-36 digestion. In contrast to DpplV, AfuS28 is
able to cleave peptides between and after two proline residues as revealed by
products found from bradykinin digestion. Aspergillus niger prolyl endopeptidase has
shown a lower specificity than that of AfuS28 and is able to digest after amino acids
other than proline.®*® However, these experiments were performed with native
enzyme from raw digestion extracts and the possibility of minor endopeptidase
contaminants such as subtilisin or fungalisin could not be excluded. For this reason,
our experiments were performed with recombinant enzymes. Although AfuS28

cleaves substrates which are Suc-blocked (succinyl function added at the N-
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terminus), several facts support the conclusion that AfuS28 rather behaves as an Xn-
prolyl exopeptidase as follows: (i) AfuS28 does not attack full length protein
substrates such as casein, (ii) NPY3-36 digestion was found to occur sequentially
from the N-terminus. (iii) Cleavage of dynorphin A and KDKRSFPFF by AfuS28 was
observed only in presence of SedB which itself cleaved 6 and 3 N-terminal amino
acids, respectively, from these peptides. This substantiates the preference of AfuS28
for cleaving after proline residues in position 3 and 4. AfuS28 and A. niger prolyl
endopeptidase are homologous to human lysosomal Pro-Xaa carboxypeptidase and
Dppll which have a substrate specificity similar to that of DpplV. While all proteases
of the S28 family are specialized in hydrolyzing prolyl bonds, no crystal structure has
yet been reported. This could help to understand the differences in substrate

specificity among family members.

In contrast to obligatory pathogenic species, A. fumigatus does not possess
specific large expanded gene families encoding secreted proteases. The emergence
of multigenic families is most frequently due to ancient gene duplication processes
allowing organisms to better adapt to different environmental conditions and marked
differences occur from one pathogenic species to another. For instance,
dermatophytes, which are highly specialized in hard keratin degradation, secrete
multiple endoproteases such as subtilisins and fungalysins.?*?* Another example is
the human yeast C. albicans which expresses different genes encoding closely
related secreted aspartic proteases in reaction to specific environmental conditions
during infection.®® The absence of specific large gene families encoding secreted
proteases may well be a feature of non-specialized opportunistic fungi which are
saprophytic in the environment and degrade proteins into amino acids and short

peptides during the recycling of soil nitrogen.

Alpl, Mep and Pepl were detected on the surface of fungal hyphae in the
setting of infection by indirect immunofluorescence studies using specific antisera.
These results indicate that neutral and acidic protease sets are likely produced during
invasive infection. While anti-DppV antibodies were detected in patients with
aspergilloma which allows the discrimination between aspergilloma patients and
healthy controls,**?**° data on in vivo secretion of most acidic and neutral
exoproteases are lacking. The function of different A. fumigatus secreted individual

exoproteases and exoprotease sets during infection as well as the pH of the fungal
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microenvironment in the host would be of interest in determining pathogenesis in

humans.
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Part 2

Secreted glutamic protease rescues aspartic
protease Pep deficiency in Aspergillus fumigatus
during growth in acidic protein medium.

Dev Sriranganadane, Utz Reichard, Karine Salamin, Marina Fratti, Olivier Jousson, Patrice Waridel,
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INTRODUCTION

Aspergillus fumigatus is an important opportunistic pathogen which is the main
causative agent of invasive aspergillosis in neutropenic patients (Latgé, 1999). In
composts, this fungus plays an important role in the decomposition of organic
material and in recycling environmental carbon and nitrogen (Beffa et al., 1998). Like
many other Ascomycetes from the soil, A. fumigatus grows well in a medium
containing protein as the sole nitrogen and carbon source and produces secreted
proteolytic activity (Reichard et al., 1990; Monod et al., 1991; Sriranganadane et al.,
2010). At neutral pH, the fungus secretes two endoproteases, an alkaline protease
(Alp) of the subtilisin family (Reichard et al., 1990; Monod et al., 1991) and a
metalloprotease (Mep) of the fungalisin family (Monod et al., 1993a; 1993b; Jaton-
Ogay et al., 1994). In addition, A. fumigatus secretes leucine aminopeptidases (Laps)
which are non-specific monoaminopeptidases, dipeptidyl-peptidases (DpplV and
DppV) and a prolyl-peptidase (AfuS28) as exopeptidases (Beauvais et al., 1997a;
1997b; Monod et al., 2005; Sriranganadane et al., 2010). AlpA mepA knockout
mutants are unable to grow in a medium containing protein as the sole nitrogen
source at neutral and alkaline pH while single alpA and mepA mutants produced 30
and 70% of the proteolytic activity of the wild type strain, respectively (Monod et al.,
1993a; 1993b; Jaton-Ogay et al., 1994).

In a protein medium at acidic pH, A. fumigatus was found to secrete another
set of proteases which includes the aspartic protease Pep as an endoprotease
(Reichard et al., 1995), tripeptidyl-peptidases (Tpp) of the sedolisin family (SedB to
SedD) (Reichard et al., 2006), AfuS28 and carboxypeptidases of the S10 family as
exoproteases (Sriranganadane et al., 2010). In addition, we identified by mass
spectrometry analysis a not yet characterized putative glutamic endoprotease
AfuGprA (XP_748619, MER107323) (encoding gene at the locus AFUA_3G02970)
(Monod et al., 2009; Sriranganadane et al., 2010) homologous to Aspergillus niger
proteinase A or aspergillopepsin Il (Takahashi, 2004) and to Scytalidium lignicolum
Scytalidopepsin B (Oda, 2004). Aspergillus niger aspergillopepsin 1l is not inhibited
by pepstatin and was previously considered as a non-pepsin-type acid protease
(Sasaki et al.,, 1995; Takahashi, 2004). The active site of scytalidopepsin B and

aspergillopepsin 1l was identified with a catalytic dyad formed by residues Glu (E) and

52



GIn (Q) (Fujinaga et al., 2004; Yabuki et al.; 2004; Kataoka et al., 2005). This finding led to
the constitution of a novel family of proteases called eqolisins (Fujinaga et al., 2004) or
glutamic peptidases (Yabuki et al.; 2004; Kataoka et al., 2005) separated from the
aspartic proteases (see MEROPS proteolytic enzyme database, hyperlink

http://merops.sanger.ac.uk).

Aspergillus fumigatus pep mutants were constructed in order to test the role of
Pep in virulence (Reichard et al., 1997). However, no difference in pathogenicity was
observed between the wild type strain and pep mutants. Mortality curves were not
statistically different, and histopathological studies of lungs from infected guinea pigs
showed a similar extent of mycelium growth. In a control analysis, we have found that
A. fumigatus pep mutants grew well at acidic pH in a protein medium. Because this
result suggested that other endoproteases could rescue a lack of Pep activity we
have characterized AfuGprA and investigated its function with respect to protein
digestion. We have shown that AfuGprA and Pep constitute a pair of endoproteases

in which one of them is necessary for fungal growth in a protein medium at acidic pH.
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MATERIALS AND METHODS

Fungal and bacterial strains.

Aspergillus fumigatus D141 (NRRL 6585; U.S. Department of Agriculture,
Peoria, IL) and an isogenic pepA mutant (Reichard et al., 1997) were used in this
study. All plasmid subcloning experiments were performed in E. coli XL1 blue. Pichia

pastoris GS115 (Invitrogen) was used to produce recombinant AfuGprA.
Aspergillus fumigatus growth on solid media.

Aspergillus fumigatus was grown on 2% (w/v) malt agar medium (Oxoid) for
production of spores, bovine serum albumin (BSA) agar medium and soy protein
agar medium at pH 7.0 or pH 4.0. BSA agar medium contained 1.2% (w/v) yeast
carbon base (YCB, Difco), 0.2% (w/v) BSA (Fraction V, Serva) and 1.5 % (w/v) agar.
Nine hundred milliliters of a solution containing YCB and agarose were adjusted to
pH 7.0 or pH 4.0 with 1 M NaOH or 1 M HCI, respectively, and sterilized by
autoclaving at 120°C. A BSA solution (2.0 % [w/v], 100 ml) with a pH adjusted at 7.0
or 4.0 using 1 M NaOH or 1 M HCI, respectively, was sterilized by filtration and added
to cooled YCB-agarose and the mix was poured into Petri dishes. Soy protein agar
medium contained 0.2% (w/v) soy protein (Supro 1711, Protein Technologies
International), and 1.5 % (w/v) agar. To test the growth of A. fumigatus at acidic pH,
soy protein was dissolved in 68 mM citrate buffer (pH 4.0). Neutral and acidic soy

protein media were sterilized by autoclaving at 120°C and poured into Petri dishes.
Aspergillus fumigatus liquid cultures.

In order to promote production of proteolytic activity at neutral pH, A.
fumigatus was grown in liquid media containing protein as the sole nitrogen source
(2.2% [wiv] BSA supplemented with 1.2% [w/v] YCB or 0.2% [w/v] soy protein). The
pH was adjusted to 7.0 with 1M NaOH and was observed to increase slightly to 7.5
during growth of the fungus. To test proteolytic activity at acidic pH in BSA liquid
medium, 1.2% (w/v) BSA supplemented with 1.2% (w/v) YCB was adjusted to pH 4.0
with 1 M HCI. To test proteolytic activity at acidic pH in soy protein liquid medium,
0.2% (w/v) soy protein was dissolved in 68 mM citrate buffer (pH 4.0). One hundred

milliliter flasks containing 50 ml of medium were inoculated with approximately 10’
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spores each and incubated for 96 h at 30°C on an orbital shaker at 200 rom. The pH
of the medium was measured at 48 h, 72h and at the end of the incubation and was

found to remain constant.
Gene replacement.

AfugprA replacement was performed in A. fumigatus D141 and in the D141
pepA mutant. The plasmid pAgprA was designed to function as a one-step gene
replacement vector in transformation experiments and was constructed using
pSK397 (Krappmann et al., 2005; 2006). The pAgprA plasmid contained AfugprA
replaced by the E. coli hygromycin B phosphotransferase gene (hph) under the
control of a truncated gpd promoter and the trpC terminator of Aspergillus nidulans
(Fig. 1). For plasmid construction, two approximately 1.2 kb sized fragments covering
the 5- and 3'-flanking regions of AfugprA and small portions (< 100 bp) of this gene
(Nflr and Ciflr, respectively) were PCR-amplified using genomic A. fumigatus DNA as
a template. P1/P2 and P3/P4 primers which contained additional restriction sites at
the 5’ extremity for subsequent cloning steps (Table 1) were used to amplify Nflr and
Cflr, respectively. Nflr and Cflr were subsequently digested with Notl/Xmal, and
Pacl/HinDlIl, repectively and were inserted end-to-end into a modified pBluescript Il
SK(+) (Stratagene) in which a Pacl restriction site has been previously added in the
multiple cloning site. The generated pBluescript construction contained between
unique Notl and Pacl sites, Nflr and Cflr in the same orientation as in the A.
fumigatus genome, and two different Sfil sites located between Nflr and Cflr for
subsequent directive cloning (Kamper, 2004). Thereafter, the hygromycin-resistance
gene containing cassette was excised with Sfil from pSK397 and cloned into the Sfil

site of the pBluescript construction to generate pAgprA.

Transformation of wild type A. fumigatus D141 and the D141 pepA mutant was
accomplished according to a protocol that has been used for A. nidulans and A.
fumigatus (Tilburn et al., 1983). Transformation of 10’ protoplasts with 5 pug of Pacl
and Notl double-digested pAgprA typically yielded 100 to 200 hygromycin-resistant
colonies. After overnight hph expression the transformants were incubated on agar,
based on GYE-medium (1% [w/v] glucose, 0.5% [w/v] yeast extract) containing 200
ug/ml hygromycin (Sigma, St Louis, MO), and selected after 5 days of incubation at
20°C followed by an overnight incubation at 42°C. Transformants initially identified as
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hygromycin resistant were picked and subcultured again on agar containing

hygromycin.

(a) amp

gprA-Cterm

pagprA

8800 bp Not|

Nifir

hsv1 TK gprA -Nterm

(b) pgpdA

pgpdA hph hsv1 TK

loxP

Sfil
gprA -Nterm

Nfir
P5 ""}

Sfil
gprA-Cterm

Cfir

i del gprA

Fig. 1. A: map of pAgprA used for AfugprA replacement. B: genomic DNA

of generated A. fumigatus gprAA mutants. The transforming DNA was excised from

pAgprA via double digestion with Notl and Pacl. Screening for homologous integration was done by
PCR with p5/p6 and p7/8 primer pairs (see Methods). amp: ampicillin resistance gene; gprA-Nterm: 3'-
extremity of AfugprA; gprA-Cterm: 5’-extremity of AfugprA; hph: E. coli hygromycin B
phosphotransferase gene; Nflr and Cflr: 1.2 kb sized fragments covering the N-terminal and C-terminal
flanking regions including small portions of AfugprA (< 100 bp); hsvl TK: thymidine kinase-encoding
sequence from the herpes simplex virus type 1; loxP: specific recombinase binding sites of plasmid
pSK397 (18-19); pgpdA: truncated A. nidulans gpd promoter; ttrpC: terminator region of the

Aspergillus nidulans trpC gene.
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Table 1. Primers used in this study’

Primer | Oligonucleotide sequence® Location PCR product size with cloning sites

P1 5'-TATATGCGGCCGCCCATATTCGTCTGGCTCACC-3’ Upstream sequence in AfugprA 1192 bp (Nflr fragment)

P2 5-ATATTACCCGGGGGCCTGAGTGGCCCTTGACGCTGTTCTGTGAGG-3’ Complement of AfugprA, N- Notl----Sfil-Xmal
terminal region

P3 5-ATATTAAAGCTTGGCCATCTAGGCCAGCGGCAAGGTTTTGACTT-3’ Downstream sequence in AfugprA | 1219 bp (Cflr fragment)

P4 5-TATCGTTAATTAAATGAACCGCCTTCAGAGCTA-3’ Complement of AfugprA, C- HinDIII-Sfil----Pacl
terminal region

P5 5’-GGGCTGAAGGAAGAATACCC-3’ Upstream sequence in AfugprA 1343 bp.

P6 5-AGGTGATATCGGCCTGAGTG-3’ pSK397

P7 5'-CGTTTACCCAGAATGCACAG-3’ Downstram sequence in AfugprA | 1350 bp.

P8 5’-GCACAGTGATATCGGACGAC-3’ pSK397

P9 5-GTTCTCGAGCCATCGCTGCTCCCCTCACA-3’ AfugprA 782 bp.

P10 5-GTTGGATCCTTAGACATACTTAACAGTGAC-3’ Complement of AfugprA Xhol----BamHI

" Primers P1 to P4 were used to construct Nflr and Cflr fragments. Primers P5 to P8 were used for screening A. fumigatus gprAA mutants. For location of

those primers in the A. fumigatus gprAA mutant compare Fig.1. Primers P9 and P10 were used for AfugprA gene expression in P. pastoris.

S ltalicized and boldfaced nucleotides represent cloning sites.
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Aspergillus fumigatus gprAA mutants were identified by PCR of genomic DNA
from various numbers of the hygromycin-resistant colonies as previously performed
for selection of other protease-and transporter-deficient mutants (Reichard et al.,
2006; Léchenne et al., 2007).

Two pairs of specific AgprA primers (P5/P6 and P7/P8, Table 1) were used to
verify correct gprA replacement. In each primer pair, one primer hybridized with a
part of the former transformation plasmid sequence and the other primer hybridized
with genomic DNA near the desired homologous integration locus (Fig. 1). The
predicted PCR product sizes were 1343 and 1350 bp with P5/P6 and P7/P8 primer
pairs, respectively, if the transforming DNA was integrated at the homologous site.
Two A. fumigatus D141 gprAA and two D141 pepA gprAA mutant strains were
identified among 20 and 30 hygromycin-resistant colonies, respectively, which were

tested for gene disruption.
Recombinant protease production.

To construct P. pastoris strains producing GprA, DNA encoding N-terminal and
C-terminal portions of the protein was amplified by PCR with a standard protocol
using homologous sense and antisense primers (P9 and P10, Table 1) and 200 ng of
A. fumigatus genomic DNA as no intron was predicted in the gene encoding AfuGprA
(AfugprA). The PCR product was digested with Xhol and Bglll for which a site was
previously designed at the 5' end of the primers and inserted into pKJ113 (Borg-von
Zepelin et al., 1998) digested with Xhol/BamHI to generate the expression plasmids
pAfugprA. Pichia pastoris GS115 transformation with EcoRI linearized plasmid DNA,
selection of transformants, and production of recombinant AfuGprA in methanol

medium, were performed as previously described (Borg-von Zepelin et al., 1998).
Purification of heterologously produced AfuGprA.

AfuGprA was purified at 4°C as following: secreted proteins from 250 ml of P.
pastoris culture supernatant were concentrated by ultrafiltration to 6 ml using a
Centricon Plus-70 (10 kDa cut-off) (Millipore). Thereafter, the concentrate was
desalted with a PD10 column (Amersham Pharmacia) and applied to a DEAE-
Sepharose column which had previously been equilibrated with a 100 mM Tris HCI

buffer (pH 9.5). After washing the column with the same buffer, the recombinant
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protein was eluted with a 100 mM Tris HCI buffer (pH 8). Enzymatic activity was
tested with resorufin-labelled casein as a substrate (see below) and active fractions

were pooled.
Protein gel electrophoresis.

Extracts were analysed by SDS-PAGE with a separation gel of 12%
polyacrylamide (Laemmli, 1970). The gels were stained either with 0.1% Coomassie
Brilliant blue R-250 (Bio-Rad) in ethanol-acetic acid-water (40:10:50) or with silver
nitrate according to Chevallet et al.(2006).

Protein identification by liquid chromatography (LC)-MS/MS.

Identification and confirmation of heterologously expressed proteins were
obtained by a LC-MS/MS analysis approach. Recombinant enzyme at pH 6.0 or after
60 min incubation at room temperature in formic acid buffer (pH 4.0) was subjected to
regular sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(12%). Coomassie blue stained bands were excised from the SDS-PAGE and in-gel
digested with sequencing-grade chymotrypsin (Promega) as previously described
(Shevchenko et al., 1996; Wilm et al., 1996). Extracted peptides were analyzed on a
hybrid linear trap LTQ-Orbitrap mass spectrometer (Thermo Fisher) interfaced via a
TriVersa Nanomate (Advion Biosciences) to an Agilent 1100 nano HPLC system
(Agilent Technologies). Solvents used for the mobile phase were 95:5
H20O:acetonitrile (v/v) with 0.1 % (v/v) formic acid (A) and 5:95 H2O:acetonitrile (v/v)
with 0.1 % (v/v) formic acid (B). Peptides were loaded onto a trapping microcolumn
ZORBAX 300SB C18 (5 mm x 300 ym ID, 5 pm, Agilent) in H2O: acetonitrile 97:3
(viv) + 0.1 % (v/v) formic acid at a flow rate of 10 ul min™. After 5 min, they were
back-flush eluted and separated on a reversed-phase nanocolumn ZORBAX 300SB
C18 column (75 uym ID x 15 cm, 3.5 ym, Agilent) at a flow rate of 300 nl/min with a
gradient from 5 to 85 % acetonitrile in 0.1% formic acid: 5 min at 0% of solvent B,
from 0 to 25 % of B in 35 min, 25 to 50 % B in 15 min, 50 to 90 % in 5 min, 90 % B
during 10 min, 90 to 0 % in 5 min and 15 min at 0 % (total time: 90 min).

For spraying, a 400 nozzle ESI Chip (Advion Biosciences) was used with a
voltage of 1.65 kV, and the mass spectrometer capillary transfer temperature was set

at 200°C. In data dependent acquisition controlled by Xcalibur 2.0.7 software
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(ThermoFisher), the six most intense precursor ions detected in the full MS survey
performed in the Orbitrap (range 350-1500 m/z, resolution 60000 at m/z 400) were
selected and fragmented. MS/MS was triggered by a minimum signal threshold of
10000 counts, carried out at relative collision energy of 35% and with isolation width
of 4.0 amu. Only precursors with a charge higher than one were selected for CID
fragmentation and fragment ions were analyzed in the LTQ linear trap. The m/z of
fragmented precursors was then dynamically excluded, with a tolerance of 0.01 amu,
from any selection during 120 s.

From raw files, MS/MS spectra were exported as mgf (Mascot Generic File,
text format) files using the extract_msn.exe script (Thermo Fisher) with the following
settings: peptide mass range: 500-5000, minimum total ion intensity threshold: 500,
minimum number of fragment ions: 15, minimum signal-to- noise ratio needed for a

peak to be written: 3.

Samples were analyzed using Mascot 2.2 (Matrix Science, London, UK).
Mascot was set up to search a custom-built database containing the sequences of
the glutamic protease AfuGprA and of contaminants (enzymes, keratins). Semi-
specific cleavage at F, L, W and Y (not before P) were used as the enzyme definition
with a maximum of two missed cleavages allowed. Mascot was searched with a
fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of 10 ppm. The
iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification.
Deamidation of asparagine and glutamine, oxidation of methionine and protein N-

acetylation were specified as variable modifications.
Proteolytic activities.

Endoproteolytic activity was measured with 0.02% (w/v) resorufin-labeled
casein as a substrate (Roche Diagnostics) at different pHs in sodium citrate buffer
(50 mM final concentration; pH 2.0 to 7.0) in a total volume of 0.5 ml (Borg-von
Zepelin et al., 1998; Reichard et al., 2006). After incubation at 37°C, the undigested
substrate of the enzyme-substrate mix was precipitated by trichloroacetic acid (4%
[v/v] final concentration) and separated from the supernatant by centrifugation. Five
hundred pl Tris-HCI buffer (500 mM; pH 9.4) were added to the collected supernatant
(neutralization step) and the As74 of the mixture (1 ml) was measured. For practical

purposes, one mU of activity was defined as producing an increase in absorbance of
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0.001 per min in a proteolytic assay (1 ml) at optimal pH for activity. Activities were
measured in culture supernatant without and with the presence of the aspartic

protease inhibitor pepstatin at a 10 ug ml™* concentration.

Tripeptidyl-peptidase and AfuS28 activities were measured as previously
described using Phe-Pro-Ala-pNA and Ala-Ala-Ala-pNA as substrates (Bachem),
respectively (Reichard et al., 1997; Sriranganadane et al., 2010). The reaction
mixture contained 80 pul culture supernatant, a concentration of 5 mM substrate, 50
mM citrate buffer (pH 4) in total volume of 100 pl. After incubation at 37°C for 0.5 to 4
h, the reaction was terminated by adding 5 ul of glacial acetic acid. The released pNA
was measured by spectrometry as a change in Asps. A control with a blank substrate
and blank culture broth was carried out in parallel. Enzyme activities were expressed

in mU (nmoles of released pNA min™).
Phylogenetic analyses.

Amino acid sequences of a selection of putative glutamic proteases from
Aspergillus spp., and previously characterized proteases from the Ascomycetes
Talaromyces emersonii, Botryotinia fuckeliana, Sclerotinia sclerotium, Scytalidium
lignicolum, and Cryphonectria parasitica (MEROPS GO01 family) were aligned using
Clustalw as implemented in BioEdit Sequence Alignment Editor software (Hall,
1999). Phylogenetic analyses were performed using the following reconstruction
methods and parameters: PhyML (Guindon & Gascuel, 2003) with SH-like
approximate likelihood ratio test, 4 substitution rate categories and estimation of
gamma distribution parameter and proportion of invariable sites; BIONJ (Gascuel,
1997), using a Dayhoff PAM substitution matrix; TNT (Goloboff et al., 2008) with
sectorial search and tree fusing options; MrBayes (Ronquist & Huelsenbeck, 2003)
with GTR likelihood model and 100.000 Markov Chain Monte Carlo generations.

Phylogenetic trees were edited using Dendroscope (Huson et al., 2007).
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RESULTS

Importance of AfuGprA in extracellular protein digestion.

In order to evaluate the importance of AfuGprA in protein digestion at acidic
pH, AfugprA was replaced in A. fumigatus wild type D141 and pepA mutant as
described in Materials and Methods. Aspergillus fumigatus wild type D141, pepA,
gprAA and pepA gprAA mutants were first tested for their ability to grow using protein
solid and liquid media at neutral and acidic pH (Fig. 2). Two different protein sources,
BSA and soy protein which is a heterogeneous peptide mixture (Fig. 3, panel C),

were used.

WT pepA

gprAA pepA gprAA

Soy !
protein
pH4.0

Fig. 2. Aspergillus fumigatus wild type D141 (WT), and pepA, gprAA and
pepA gprAA mutants on BSA and soy protein agar medium.

No phenotypic difference was observed between wild type and mutant strains
at neutral pH. At acidic pH, A. fumigatus gprAA could not be differentiated from wild
type D141 strain using both protein sources. In contrast, A. fumigatus pepA gprAA
was unable to grow on BSA agar medium at acidic pH whereas A. fumigatus pepA
showed only a slightly reduced size of the colony (Fig. 2). The four A. fumigatus

strains showed comparable growth rate on soy protein agar medium at acidic pH
(Fig. 2).

62



epA pepA

KDa MM WT pepA gprA GprA MM WT pepA gprA  gprA MM BSA SP
9 f- fihd =
—
s 4 N - e - -
43 ‘ " - I - -
u re —— —— e = —_—
31— - -—
- - . > ‘L—L
21 — - - - S e aee— - i
e G — ! . — e
A B C

Fig. 3. A and B: Pep and GprA identification in culture supernatant of A.
fumigatus wild type D141(WT) and pepA, gprAA and pepA gprAA mutant
strains growing in BSA (A) and soy protein (B) acidic liquid medium (pH 4.0).
Two hundred ml flasks containing 50 ml of medium were inoculated with approximately 10” spores and
incubated for 96 h at 30°C on an orbital shaker at 200 rpm. Supernatant extracts were concentrated
by ultrafiltration and acidic precipitation as previously described (Sriranganadane, 2010). The
precipitated molecules of 2.0 ml culture supernatant was resuspended in 10pl SDS-PAGE buffer, and
subsequently loaded on SDS-12% polyacrylamide gels. C: SDS-12% polyacrylamide gels with 1 pl of
non digested BSA and soy protein liquid medium (1 pg protein). The gels were stained with silver

nitrate according to Chevallet et al. (2006).

Similar results were obtained with liquid cultures at acidic pH. (i) Aspergillus
fumigatus wild type D141, pepA and gprAA mutants grew well in BSA and soy
protein liquid medium. (ii) Only a residual growth of A. fumigatus pepA gprAA without
clarification of the medium was observed with BSA liquid medium, while the fungus
grew well with soy protein (data not shown). After 96 h of growth in the latter medium,
the secreted activity of the gprAA and pepA mutants was approximately 70% and
20% of that of A. fumigatus wild type D141, respectively (Fig. 4). In presence of the
aspartic protease inhibitor pepstatin the activity of gprAA mutant was totally inhibited
and the activity of wild type strain was reduced to the rate of that of the pepA mutant.
Aspergillus fumigatus pepA gprAA soy protein culture supernatant was completely
devoid of extracellular endoproteolytic activity. Comparable tripeptidyl-peptidase and
AfuS28 activities were found to be secreted at acidic pH by A. fumigatus wild type
D141, pepA, gprAA and pepA gprAA mutants in soy protein medium, as well as by A.
fumigatus D141, pepA, and gprAA in BSA medium (7.6 £ 1.0 and 0.03 + 0.01 mU,
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respectively). The production of these exoproteases was apparently not changed by

deleting pep and gprA.
Characterization of AfuGprA.

SDS-PAGE of culture supernatants of A. fumigatus wild type D141, pepA,
gprAA and pepA gprAA are shown in Figure 3. The absence of a 36 kDa band in A.
fumigatus pepA and a 26 kDa band in A. fumigatus gprAA mutants identified Pep and
GprA, respectively. AfuGprA was characterized as a recombinant enzyme using P.
pastoris as an expression system. A yield of 25 ug/ml of recombinant protein in
culture supernatant was obtained. Recombinant AfuGprA in P. pastoris culture
supernatant showed an apparent molecular mass of 30 kDa, which is higher than that
of AfuGprA secreted by A. fumigatus at pH 4 (Fig. 5, line 1). However, after pre-
incubation at pH 4.0, recombinant AfuGprA showed the same molecular mass as
native AfuGprA (compare Fig. 5, line 2, and Fig. 3). These results suggest that
AfuGprA, like other G1 proteases, is made as a preproprotein and that the propeptide

was cleaved and removed to generate the active enzyme through an autoproteolytic

reaction.
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Fig. 4. Secreted endoproteolytic activity of A. fumigatus wild type D141, pepA,
gprAA and pepA gprAA mutants in soy protein medium (pH 4.0) after 96 h of

growth at 30°C. Activities from 50 ul culture supernatant were measured as described in Methods

using resorufin labeled casein as a substrate in the absence and in the presence of pepstatin (10 ug
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mi™). Means and standard deviations of values recorded in three independent experiments are

indicated.

The deduced amino acid sequence of the AfugprA open reading frame shows
a 16-18-amino acid hydrophobic signal peptide with a putative signal peptidase
cleavage site Ala-lle-Ala in accordance with Von Heijne’s rule (Von Heijne, 1986)
(Fig. S1 in the supplemental material). The AfuGprA proprotein generated after signal
peptidase cleavage is made of 252 amino acids with a theoretical mass of 26.34 kDa.
Therefore, the molecular mass of reduced proAfuGprA was overestimated in SDS-
PAGE gels as it migrates as a 30 kDa protein. Of particular note, a similar
observation was made with Botrytis cinerea secreted G1 protease (Rolland et al.,
2009). Non-reduced proAfuGprA and AfuGprA showed a higher electrophoretic
mobility than reduced proAfuGprA and AfuGprA, respectively, after a 2 min heating
treatment in SDS-PAGE buffer (Fig. 5, lanes 3 and 4).
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Fig. 5. SDS-PAGE (9% gel) of recombinant AfuGprA secreted by P. pastoris.

The gel was stained with Coomassie blue. Approximately 0.3 ug of recombinant reduced

(lanes 1 and 2) and non-reduced (lanes 3 and 4) AfuGprA was loaded on the gel. AfuGprA reduction
was performed after heating treatment in SDS-PAGE buffer containing 2% (v/v) 3-mercaptoethanol. In
lanes 2 and 4, recombinant AfuGprA was incubated at pH 4.0 for 30 min at 30° C. The double band

observed for native proGprA attests for two different signal peptidase cleavage sites (see Fig 6).

Identification of the heterologously produced AfuGprA was also confirmed
using ESI-LC-MS/MS. Chymotryptic digestion was performed in gel slices containing
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the 30 kDa protein secreted by P. pastoris at neutral pH, and the 26 kDa protein
obtained after acidic treatment at pH 4.0 (Fig 5). MS analysis allowed the detection of
different AfuGprA peptides matching with residues 42 to 269 in the 30 kDa secreted
protein. Peptides matching with residues 61 to 269 but not with residues 1 to 61 were
detected in the 26 kDa protein (Fig. 6). These results confirmed that active AfuGprA
was generated after cleavage of a prosequence at acidic pH at residue 61 or few
residues before as suggested from alignment with other glutamic proteases. Gln and
Glu residues of the catalytic dyad of AfuGprA were identified in position 120 and 206,

respectively (Fig. S1, in the supplemental material).

1 MKFTSVLASGLLATAATAAPLTEQROARHARRLARTANRSSHPPYKPGTS
51 EVIKLSNTT (,* EYSSNWAGAVLIGTGYTAVITGEFVVPTPEVPSGGSSSKQ
v
101 YCASAWVGIDGDTCSSALILQTGVDECIQGSSVSE DANYEWY FDYAYDESG
151 [STSAGDT IRVIVDATSKTAGTATVENVTKGKTVTHTFTGGVDGNLCEYN
v

201 AEWIVEDFESNGSLVPFANFGTVTFTGAQATDGGSTVGPSGATLIDIQQS

251 GKVLTSVSTSSSSVIVKYV

Fig. 6. PreproAfuGprA amino acid sequence. Detected MS peptides generated by

chymotryptic digestion of proAfuGprA secreted by P. pastoris and mature AfuGprA after incubation at
acidic pH are underlined and dotted, respectively. Vertical arrows indicate two potential signal
peptidase cleavage sites in amino acid positions 16 and 18, and the cleavage site in the proprotein
generating the mature enzyme. Active site residues GIn and Glu forming the catalytic diad are

indicated by solid triangles.

Characterization assays of the recombinant AfuGprA were accomplished after
purification by ion exchange chromatography. The enzyme was found to be active
between pH 2.0 and 6.0 with an optimum activity at pH 5.0 on resorufin-labeled
casein. The specific activity of AfuGprA was measured as 2.2 mU pg protein™ at pH
5.0. The enzyme was not inhibited by pepstatin (aspartic protease inhibitor), E64 and
iodoacetamide  (cystein protease inhibitor), EDTA and phosphoramidon
(metalloprotease inhibitors), PMSF, antipain, chymostatin, leupeptin and aprotinin
(serine protease inhibitors). Being resistant to class specific inhibitors of aspartic,
cystein, metallo and serine proteases, AfuGprA behaves like other previously
described glutamic proteases (Oda, 2004; Takahashi, 2004; O’Donoghue et al.,
2008).
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Fig. 7. Phylogenetic position of Aspergillus fumigatus GprA with respect to other fungal glutamic proteases obtained by a

maximum likelihood analysis using PhyML. Asterisks indicate proteases that have been characterized biochemically. A glutamic protease from
Clostridium Kkluyveri (Firmicutes, Bacteria) was used a potential outgroup. MEROPS identifiers and names of type proteases are indicated. Numbers at nodes
are approximate Likelihood-Ratio Test (aLRT) values of branch support. Scale bar indicates the number of expected changes per site. Abbreviations are:
Afum, Aspergillus fumigatus; Anig, A. niger; Acla, A. clavatus; Ater, A. terreus; Afla, A. flavus; Teme, Talaromyces emersonii; Scle, Sclerotinia sclerotium;
Bfuc, Botryotinia fuckelania; Cpara, Cryphonectria parasitica; Slig, Scytalidium lignicolum.

MERO001321 Anig Il 5k

80 MER020134 Teme
MER093521 Acla

MER159390 Afla  Aspergilloglutamic peptidases G01.002

70 MER093102 Anig |
_I:MER107323 Afum GprAk
80| 80
MERQ93460 Ater

100 —MER011078 Scle

50 Aspergilloglutamic peptidases G01.002
iﬂ_ MER054828 Bfuc
90 L——— MERO003426 Cpara EapB peptidase G01.003
MERO002615 Cpara EapC peptidase G01.004
w MER001320 Slig % Scytalidoglutamic peptidase G01.001
100 | MER117866 Scle
I L MER125866 Bfuc
100 |MER 179028 Afla
70 IMER117713Aory
MERQ93463 Ater
90 —%: MERQ93520 Acla
MER107322 Afum
100
MER093141 Anig
MERO093065 Anig
MER020133 Teme

+ MER095112 Clostridium kluyveri
67



DISCUSSION

Two endoproteases, Pep and GprA, are secreted by A. fumigatus in an acidic
protein medium. We have shown that either A. fumigatus Pep or GprA was
necessary for fungal growth in BSA medium at acidic pH. AfuGprA deficiency alone
does not affect A. fumigatus growth while a slight growth rate reduction of the single
pepA mutant was detected. These results apparently contrast with those obtained
with T. emersonii whose growth is strongly inhibited with glutamic peptidase
antagonists (O'Donoghue et al., 2008). However, the tested G1 inhibitors could affect

functions in the fungus other than G1 protease activity.

During the process of protein digestion the main function of the endoproteases
is to produce large numbers of free end peptides on which exopeptidases may act.
Synergism of non-specific amino peptidases (Lap at neutral pH, Seds at acidic pH)
and prolyl peptidases (DpplV or AfuS28 at neutral pH, AfuS28 at acidic pH) allows
sequential degradation of large peptides previously generated by endoproteolysis
into amino acids, di- and tripeptides (Byun et al., 2001; Sriranganadane et al., 2010).
Large peptide cleavage by further exoproteolytic activity is also essential for fungi
using protein as sole nitrogen and carbon source since only amino acids and short
peptides can be assimilated by transporters. When using soy protein source which is
a heterogeneous peptide mixture, exoproteolytic activity alone was sufficient for

fungal growth.

Two major proteases, aspergillopepsin A (Pep) and aspergillopepsin B
(aspergillopepsin 1), were found in the culture filtrate of A. niger (Koaze et al., 1964).
An A. niger mutant deficient in the secretion of both proteases was generated by UV
mutagenesis (Mattern et al., 1992). This strain in which a mutation is located in a
gene encoding a regulator of extracellular protease genes called PrtT (Punt et al.,
2008) has only 1-2% extracellular protease activity at pH 5.3. In contrast, A.
fumigatus pepA gprAA produces substantial proteolytic activity and grows well in a
protein medium at this pH value because of the secretion of Alp and Mep (data not
shown). Both enzymes are still active at pH 5.3 (Monod et al., 1991; 1993b). The A.
fumigatus genome contains an orthologue of A. niger PRTT, which was shown to
control the expression of multiple secreted proteases such as Alp, Mep, Pep, SedB

and DpplV (Sharon et al., 2009; Bergmann et al., 2009). However, functional PrtT
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dependence of A. fumigatus secreted proteases was investigated at neutral pH only,
and the role of PrtT in protein gene expression was not addressed at acidic pH.
Virulence studies were not in the scope of the present investigations, but A.
fumigatus prtT deletion mutants were shown to be not attenuated in virulence in

immunosuppressed mice (Sharon et al., 2009; Bergmann et al., 2009).

Being a single chain protein, mature AfuGprA resembles other previously
characterized fungal glutamic proteases from T. emersonii, S. lignicolum and B.
fuckeliana. However, it differs from A. niger apergillopepsin Il which is a two-chain
protein composed of a 39-residue light chain and a 173-residue heavy chain. Both
chains of apergillopepsin Il are noncovalently bound and originate from a single
precursor of 282 amino acids which contains a 14 amino acid intervening peptide
(Fig. S1 in the supplemental material) that is absent in the AfuGprA preproprotein.
The heterodimer results from autoproteolytic cleavage at the level of the intervening
peptide as for heterodimer yapsins where an autocleavage occurs within an internal
loop of the polypeptidic chain (Gagnon-Arsenault et al., 2006). In fact, none of the
currently available sequences of fungal glutamic proteases possesses the intervening
peptide found in A. niger aspergillopepsin Il. This two-chain glutamic protease seems
therefore to be an exception.

Sequence searches in GenBank and in the MEROPS database, sequence
alignments, and phylogenetic analyses indicated that putative orthologues of
AfuGprA occur in all Aspergillus species (Fig. 7). Two G1 proteases are found in the
A. fumigatus genome, GprA (MER107323), and a second G1 protease (MER107322)
which was not detected in the present study. AfuGprA belongs to a robust clade
including all aspergilloglutamic peptidases (MEROPS identifier G01.002) from
Aspergillus spp. and T. emersonii. AfuGprA is most closely related to MER093102 of
A. niger (76% identity, 89% similarity), a putative protease. Characterized
aspergilloglutamic peptidases from S. sclerotinium and B. fuckeliana, as well as
glutamic proteases from C. parasitica and S. lignicolum (G01.001, G01.003 and
G01.004) branch basally with respect to Aspergillus G01.002 peptidases. It can be
noted that most fungal species possess at least two paralogous genes encoding
glutamic proteases. Each species typically harbours an aspergilloglutamic-like
protease belonging to the G01.001-G01.004 clades and a glutamic protease

designated as “unassigned” in the MEROPS database and branching at the base of
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the tree. None of these unassigned glutamic proteases have been characterized
experimentally to date. The relatively high amino acid sequence divergence between
the glutamic proteases found in a given genome (only 37% identity between A.
fumigatus GprA and A. fumigatus unassigned protease MER107322) together with
the scattered distribution of sequences in the phylogenetic tree suggest that these

paralogues arose by ancient gene duplication.

In conclusion, we have shown that secreted glutamic protease rescues
aspartic protease Pep deficiency in A. fumigatus and that exoproteolytic activity is not
sufficient for complete protein hydrolysis and fungal growth in an acidic protein
medium. Pep and GprA constitute a pair of acidic endoproteases analogous to the A.
fumigatus Alp/Mep pair (Jaton-Ogay et al., 1994) at neutral pH, in which expression
of either one of them was shown to be sufficient for fungal growth in a protein

medium.
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INTRODUCTION

Dermatophytes are the most common agents of human and animal cutaneous
mycoses [1]. Since these highly specialized pathogenic fungi are almost exclusively
localized in keratinized tissues, research on their virulence factors primarily focused
on secreted proteolytic activity. A particularity of dermatophytes is their ability to
increase the pH of a growth medium in vitro through the secretion of alkaline
metabolites [2-3]. It is thus not surprising that the vast majority of the secreted
proteases isolated from these fungi are neutral or alkaline enzymes. In a medium
containing protein as the sole nitrogen source dermatophytes were found to secrete
multiple subtilisins (Sub, serine proteases of the S8 family) and fungalysins (Mep,
metalloproteases of the M36 family) as endopeptidases [4-7]. So far characterized
dermatophyte exopeptidases are leucine aminopeptidases (Lapl and Lap2),
dipeptidyl-peptidases (DpplV and DppV) and a major metallocarboxypeptidase
homologous to the human pancreatic carboxypeptidase A [8-10]. The protein
sequence of each of these proteases is highly conserved across dermatophyte

species, but its level of secretion varies from one species to another [6].

The genomes of seven dermatophytes (Arthroderma benhamiae, Trichophyton
verrucosum, Trichophyton rubrum, Microsporum canis, Microsporum gypseum,
Trichophyton tonsurans and Trichophyton equinum) have now been fully sequenced
(http://www.broadinstitute.org/annotation/genome/dermatophyte _comparative/MultiH
ome.html) [11]. More than 200 proteases were recorded in these species among
which 72 were found to possess a signal sequence. Several of these proteases
which remain so far hypothetical are homologous to acidic proteases (aspartic
proteases and sedolisins) that were characterized in Aspergillus fumigatus [12-13]. In
addition, five secreted proteases belonging to the deuterolysin family (M35) as well
as new members of the S28 family were hypothetical. To date only one acidic serine
endoprotease was isolated and characterized from Trichophyton mentagrophytes

grown in a keratin medium at neutral pH [14].

The validation of genome predictions inspired the present study. We tested the
ability of two dermatophyte species, M. canis and A. benhamiae, to grow at acidic pH
in a medium promoting secretion of proteases. We show that both species in these
growth conditions secrete proteases different from those secreted at neutral pH. Our
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investigation reveals new dermatophyte secreted proteases and suggests several

pathways of protein degradation into amino acids and short assimilable peptides.

MATERIALS AND METHODS

M. canis and A. benhamiae liquid cultures

M. canis IHEM21239 [15] and A. benhamiae LAU2354-2 [11,16] were used in
this study. In order to promote production of proteolytic activity at acidic and neutral
pH, both dermatophyte species were grown in soy protein (SP) liquid medium [4-5,8]
prepared by dissolving 2g soy protein (Supro 1711, Protein Technologies
International) in 1 L distilled water. In acidic conditions, citrate buffer (pH 4.0) was
added to the medium at a 68 mM final concentration. For neutral pH cultures, the pH
was adjusted to 7.0 with few drops of NaOH. All media were sterilized by autoclaving
at 120°C for 15 min.

One hundred mL of each medium were poured into 500 mL tissue culture
flasks and inoculated with four 4 mm diameter mycelium fragments taken from a 10
to 15-day-old culture on Sabouraud chloramphenicol agar medium (Bio-Rad,
Hercules, CA). Liquid cultures were incubated for 14 days at 30°C without shaking.
The pH of the medium was measured after one week and at the end of the
incubation and was found to remain constant at acidic pH. Using neutral pH medium,
the pH of the culture supernatant increased slightly from 7.0 to 7.5 after 14 days of

fungal growth.

Proteolytic activities in culture supernatant

All substrates used to measure proteolytic activities in M. canis and A.
benhamiae culture supernatants are given in Table 1. Endoproteolytic activity was
measured with 50 pL dermatophyte culture supernatants and 50 pL of 0.2%
resorufin-labeled casein in 50 mM sodium citrate buffer (pH 4.0) or in 25 mM Tris-HCI
buffer (pH 7.0) in a total volume of 0.5 mL. After incubation at 37°C, the undigested
substrate of the enzyme-substrate mix was precipitated with trichloroacetic acid
(TCA, 4% final concentration) and separated from the supernatant by centrifugation.
Subsequently, 500 pL of Tris-HCI buffer (500 mM; pH 9.4) were added to the
collected supernatant (neutralization step) and the Asz4 of the mixture (1 mL) was
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measured. A blank was performed with substrate without culture supernatant. For
practical purposes, one milliunit (mU) of endoproteolytic activity was arbitrarily
defined as producing an increase in absorbance of 0.001 per min. Activities were
measured in culture supernatant without and with the presence of the aspartic
protease inhibitor pepstatin (Sigma-Aldrich, Buchs, Switzerland) at a 10 pug/ mL

concentration.

Aminopepeptidase activities were tested with synthetic substrates supplied by
Genecust (Dunedange, Luxembourg). Stock solutions were prepared at 100 mM
concentration and stored at —20°C. Leu-p-nitroanilide (pNA), Ala-Pro-pNA, Ala-Ala-
pPNA, Phe-Pro-Ala-pNA and Ala-Ala-Pro-pNA were dissolved in DMSO. The reaction
mixture contained 80 pL culture supernatant, 5 mM substrate, 50 mM sodium citrate
buffer (pH 4.0) or 25 mM Tris-HCI buffer (pH 7.0) in a total volume of 0.1 mL. After
incubation at 37°C for 10 min, the reaction was stopped by adding 5 pL of glacial
acetic acid followed by adding 0.9 mL of water to the mixture. The released pNA was
measured by spectrometry as a change in A4s. A control with substrate and culture
broth was carried out in parallel. Activities were expressed in mU (nmoles of released
pNA/min) using the different tested substrates.

Carboxypeptidase activity was tested with hippuryl-L-phenylalanine (Sigma,
St.Louis, MO). The substrate was dissolved at 20 mM concentration in DMSO. The
reaction mixture of 0.2 mL total volume contained substrate at 1 mM concentration,
10 pL of culture supernatant 5 fold concentrated, 500 mM NaCl as well as 0.05 M
Tris at pH 7.0 or 50 mM Na acetate at pH 4.0. After incubation at 37°C for 60 min,
released hippuric acid was measured by spectrometry as a change in Azss. A control
with substrate and culture broth was carried out in parallel. Activities were expressed

in mU (nmoles of released hippuric acid/min).

Precipitation and separation of proteins from dermatophyte culture
supernatants by 1D-SDS-PAGE

The mycelium was separated from culture medium by paper filtration
(Miracloth Calbiochem). Thereafter, 50 mL of supernatant were centrifuged for 10
min at 5000x% g to remove debris, followed by concentration down to 1 mL using a

Centricon Plus-70 with a 10000 Da cutoff. Concentrated media were subsequently
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precipitated as follows: 0.9 mL of 0.2% (w/v) sodium deoxycholate was mixed with
100 pL of concentrated medium and incubated for 10 min at room temperature. 100
ML of 6.1 N TCA was added to this mixture and gently shaken. The sample was
incubated for 10 min at 4 °C, and then centrifuged at 12,000 g for 10 min to obtain a
pellet. After removal of the supernatant, the pellet was washed twice with 100%
acetone and dried. For 1D-SDS-PAGE analysis, the pellet was dissolved in 20 yL of
20 mM Tris-HCI, pH 7.4 and mixed with SDS sample buffer. Proteins were separated
on a 12% SDS polyacrylamide gel followed by staining with Coomassie brilliant blue
R-250 (Bio-Rad). The total optical density in every lane was determined by
densitometry and used to calibrate sample loadings onto a preparative gel. Equal
amounts of protein for every sample were subjected to limited electrophoretic
separation on a 10% minigel, that is, the migration was stopped after the front had
moved by about 2.5 cm into the separating gel. At this time all bands up to 250 kDa
of a prestained molecular weight marker had moved into the gel and were
distinguishable. Gels were fixed for 10 min, partially stained with Coomassie Brilliant
blue G (15 min) and then destained for 30 min. Every lane was cut into 4-5 sections

beginning with high molecular weights.

Shotgun MS Experiments

Proteins in 1D gel slices were digested with trypsin according to a described
protocol [17,18]. Tryptic peptides were recovered in the supernatant of the digestion,
dried by evaporation, reconstituted in 20 pL of HoO/acetonitrile (ACN) 97:3 (v/v) with
0.1% formic acid and analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Samples were loaded onto a trapping microcolumn ZORBAX 300SB
C18 (5 mm x 300 uym ID, 5 ym, Agilent) in H,O/ACN 97:3 (v/v) + 0.1% formic acid at
a flow rate of 10 yL/min. After 5 min they were back-flush eluted and separated on a
reversed-phase nanocolumn ZORBAX 300SB C18 column (75 ym ID x 15 cm, 3.5
pm, Agilent Technologies) with an Agilent 1100 nano HPLC system (Agilent
Technologies). Solvents used for the mobile phase were 95:5 H,O/ACN (v/v) with
0.1% formic acid (A) and 5:95 H,O/ACN (v/v) with 0.1% formic acid (B). The flow rate
was 300 nL/min and the gradient used lasted 90 min (5 min at 0% of solvent B, from
0 to 25% of B in 35 min, 25 to 50% B in 15 min, 50 to 90% in 5 min, 90% B during 10
min, 90 to 0% in 5 and 15 min at 0%). The chromatographic system was interfaced to
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a LTQOrbitrap mass spectrometer (Thermo Fisher Scientific) through a TriVersa
Nanomate (Advion Biosciences). In data-dependent acquisition controlled by Xcalibur
2.0 software (Thermo Fisher), the four most intense precursor ions detected in the
full MS survey performed in the Orbitrap (range 350-1500 m/z, resolution 60 000 at
m/z 400) were selected and fragmented. MS/MS was triggered by a minimum signal
threshold of 10 000 counts, carried out at relative collision energy of 35% and with
isolation width of 4.0 amu. Only precursors with a charge higher than one were
selected for CID fragmentation and fragment ions were analyzed in the linear trap.
Spectra were acquired under automated gain control, with maximal ion injection time
of 100 ms. The m/z of fragmented precursors was then dynamically excluded, with a

tolerance of 0.01 amu, from any selection during 120 s.

Database Searching with MS Data

From raw files, MS/MS spectra were deisotoped and exported as mgf files
(Mascot Generic File, text format) using MascotDistiller 2.1.1 (Matrix Science,
London, UK). MS/MS spectra from M. canis samples were searched with Mascot
(Matrix Science, London, UK; version 2.2.0) against UniProt database
(www.uniprot.org) restricted to M. canis (suffix _MICCA and _NANOT for Nannizzia
otae, 8’805 sequences). The UniProt database release used was version 15.14 of
February, 9th 2010. MS/MS spectra from A. benhamiae were searched against
sequences from the same organism obtained from the Dermatophyte Comparative

Sequencing Project, Broad Institute of Harvard and MIT,
(http://www.broadinstitute.org/) (arthroderma_benhamiae_cbs 112371 proteins
database).

The digestion enzyme trypsin was specified with one missed cleavage. Mascot
searches were performed with a fragment ion mass tolerance of 0.50 Da and a
parent ion tolerance of 10.0 ppm. lodoacetamide derivative of cysteine was specified
in Mascot as a fixed modification. N-terminal acetylation of protein, deamidation of
asparagine and glutamine, and oxidation of methionine were specified in Mascot as

variable modifications.
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Criteria for Protein Identification

Scaffold (version Scaffold 3 00 08, Proteome Software Inc., Portland, OR)
was used to validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than 90.0%
probability as specified by the Peptide Prophet algorithm.28. Protein identifications
were accepted if they could be established at greater than 95.0% probability and
contained at least 1 identified peptide. Protein probabilities were assigned by the
Protein Prophet algorithm.29. Proteins that contained similar peptides and could not
be differentiated based on MS/MS analysis alone were grouped to satisfy the

principles of parsimony.
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RESULTS AND DISCUSSION

Dermatophyte secreted proteolytic activity at neutral and acidic pH

Soy protein was previously found to be an adequate protein source to promote
secreted proteolytic activity by dermatophytes, thereby governing protease gene
expression patterns similar to those observed during growth of these fungi in keratin
medium [4-8, 19-20]. In addition, fungal growth is faster with soy protein than with
other protein sources such as keratin, and results are reproducible from one
experiment to another. In acidic as in neutral pH conditions, M. canis and A.
benhamiae grew well in SP medium. After 14 days of culture at neutral and acidic
pH, the amount of protein was 200-300 ug/ mL in culture supernatants. At the
indicated time point, growth in protein media was accompanied by clarification of the
medium along with maximal endoproteolytic activity as determined using resorufin-
labeled casein as a substrate. Various aminopeptidase and carboxypeptidase

activities were concomitantly measured using different substrates (Fig. 1, Table 1).

Growth of M. canis and A. benhamiae was possible in keratin medium at
neutral pH after adding soy protein to initiate protease secretion [8,19-20]. Following
several unsuccessful trials, experimental conditions were not yet found for these

fungi to digest keratin at acidic pH in vitro.
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Figure 1: Endo- and exoproteolytic activities (mU/ mL) in M. canis (Mca) and A.
benhamiae (Abe) culture supernatants after 14 days of growth in soy protein

medium. Activities in three culture supernatants were measured as described in material and

methods at the pH values of the culture medium. Endoproteolytic activity was measured in the
absence and in the presence of pepstatin (10 pg/ mL).
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Table 1: Substrates used to measure proteolytic activities in M. canis and A. benhamiae culture supernatants.

Substrates Usage Enzyme activity detected in A. fumigatus Enzyme activity detected in
culture supernatants dermatophyte culture supernatants
Resorufin-labeled : o . Pepl, GprA at acidic pH [32] Pep? at acidic pH [This work]b
casein Endoproteolytic activity detection Alp, Mep at neutral pH [unpublished results] Subs, Meps at neutral pH [4,5]
Leu-pNA Detec_tion of L_ap (non sp(_acific Lapl, Lap2 (neutral pH) [27] Lapl, Lap2 (neutral pH) [8, This work]*
amino peptidase) activity ' ' '
Ala-Pro-pNA Detection ofa);ip\)/rigllyl peptidase DpplV (neutral pH) [25, 27] DpplV (neutral pH) [8, This work]®
Ala-Ala-pNA Detection of X-'al'alyl peptidase DpplV, DppV and Lap (neutral pH) [27] DpplV, DppV and Lap c(neutral pH) [This
activity work]
Detection of tripeptidyl pebtidase Sed1, Sed2 at acidic pH [13] Seds? at acidic pH [This work]b
Phe-Pro-Ala-pNA acptivl? yipep Mix of DpplV and Lap1l or Lap2 at neutral Mix of DpplV and Lap1l or Lap2 at
y pH [27] neutral pH [This work]°
Detection of prolvl peptidase AfuS28 at acidic pH [28] S28 proteases? at acidic pH [This Work]b
Ala-Ala-Pro-pNA ath)ivity pep AfuS28 or mix of DpplV and Lap1l or Lap2 AfuS28 or mix of DpplV and Lap1l or
y at neutral pH [27] Lap2 at neutral pH [This work]*
. o . . . Serine carboxypeptidases of the S10
Hippuryl-L-Phe Carboxygggéc:%?]e activity Serine carboxgi)zgitg?gse; [%f] (:che S10 family family at acidic pH [This work]®
P McpA at neutral pH [9, This work]®

4 putative orthologues of A. fumigatus secreted proteases.
® Not formally proved using purified native or recombinant proteases. Deduced from knowledge on A. Fumigatus secreted proteolytic activity.

¢ Substrate tested using recombinant dermatophyte aminopeptidases [8,9]
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1D-SDS-PAGE analysis of secreted proteins in soy protein medium

Culture supernatants from acidic and neutral pH cultures were collected after
14 days, concentrated, size-fractionated on SDS-PAGE and stained with Coomassie
Brilliant Blue (see Materials and Methods). SDS-PAGEs of proteins precipitated from
culture supernatants of the same fungus at pH 7.0 and pH 4.0 showed distinct
complex band patterns (Fig. 2). Important differences were also observed between A.
benhamiae and M. canis at the same pH. In contrast, comparable band patterns
were observed at the same pH with other strains of either A. benhamiae or M. canis

(data not shown). Band patterns were previously found to be species specific [6].

A. benhamiae A. benhamiae
pH4 pH7

250KD w—— 250KD w—
150KkD s 150KD
100KD w— 100KD s
75kD 75kD -
50kD (S S0KD
3TkD W 37kD
20kD S 20kD .
N B ‘

— —

A B

Figure 2: 12% SDS-PAGE stained with Coomassie blue of M. canis (A) and A.
benhamiae (B) secreted proteins at pH 4.0 and pH 7.0.

In an attempt to map a maximum number of proteins secreted by these two
dermatophytes at different pH values, a systematic shotgun protein identification
experiment was implemented. After sample fractionation by limited 1D-SDS-PAGE,
five identical gel bands corresponding to different molecular weights were excised
from every lane and proteins were in-gel digested. After peptide gel extraction, every

fraction was analyzed by LC-MS/MS on a LTQ-orbitrap mass spectrometer.

Lists of spectra for each lane were merged to obtain a data set that was used

to search sequence databases as described in the methods section (Supporting
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Information Tables 1 and 2). From three independent shotgun analyses, the total
number of MS/MS spectra assigned to peptides after database searches were 14076
(5172+5241+3663) and 10531 (3019+4480+2632) for A. benhamiae samples at pH
7.0 and 4.0, respectively. Analogously they were 9516 (2643+1808+5065) and 6450
(2427+1155+2868) for M. canis samples at those same two pHs. Spectral counting
coupled with redundant sampling of a mixture has been established as a reliable
method to quantify protein abundances in shotgun experiments [21]. All proteins
listed have at least one validated unique peptide. Here we have assumed that
percentages of matched spectra represent semi-quantitative estimates of the relative
protein abundances between samples. Extensive details on the results of
identifications are reported in Supporting Information Tables 1 and 2. Overall, 175
and 196 different sequences were blasted against the complete dermatophyte
database (Broad institute of MIT and Harvard, Boston, United States) and a
predictive function was assigned to them. Among all the proteins detected, 56
hydrolases (4 lipases, 9 phosphatases, 27 glycosidases and 16 other hydrolases) for
M. canis and 54 hydrolases (6 lipases, 5 phosphatases, 29 glucosidases and 14
other hydrolases) for A. benhamiae were identified (Supporting Information Table 3).
Other identified protein classes included isomerases, oxidoreductases, and
transferases. No function could be assigned based on sequence similarity for 39 and
27 sequences on both acidic and neutral secretomes for M. canis and A. benhamiae,

respectively.

Proteases identified by shotgun analysis in M. canis and A.

benhamiae culture supernatants in soy protein medium

A total of 72 proteases with a signal sequence distributed over 16 families of
the MEROPS proteolytic enzyme database, (http://merops.sanger.ac.uk) were
recorded in dermatophyte genomes [11]. As expected, M. canis and A. benhamiae
proteases constituted a significant fraction of all identified proteins, with 38 and 39
predicted proteases respectively (Fig. 3, Table 2 and Supporting Information Table
4). In M. canis, proteases accounted for 32% and 50% of total matched spectra in the
shotgun analysis at neutral and acidic pH, respectively. In A. benhamiae, proteases
accounted for 37% and 48% of total matched spectra in the shotgun analysis at

neutral and acidic pH. These results highlight the dominance of proteases in the
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dermatophyte secretomes when fungi are grown in a protein medium. Several M.
canis and A. benhamiae secreted proteases were detected at both neutral and acidic
pH (Figs. 2 and 3). However, most of these proteases were substantially secreted in
only one pH condition and at a lower level in the other pH condition, or at a trace
level in both pH conditions. Common major secreted proteases at neutral and at
acidic pH in M. canis, as well as in A. benhamiae were the endoproteases Sub3 and
Mep3.

Comparison between proteases secreted by M. canis and A.

benhamiae in soy protein medium

Seventeen proteases produced by M. canis and A. benhamiae are highly
similar and are putative orthologues (Table 2). An aspartic protease of the pepsin
family (Pepl), Sub3, SedB, DppV, and various carboxypeptidases of the S10 family
were secreted in substantial amounts at acidic pH by both species. It is the first time
that aspartic proteases and sedolisins were found to be secreted by dermatophytes.
Most endoproteolytic activity at acidic pH was inhibited by pepstatin (Fig. 1) leading
to the conclusion that Pepl was the major secreted endoprotease at this pH
condition. Sub3 Mep3, Mep4, and DpplV were major proteases secreted by M. canis
and A. benhamiae at neutral pH. These findings attest for substantial endoproteolytic
activities, as well as different amino peptidase and carboxypeptidase activities
measured in the culture supernatants (Fig. 1). Our results are comparable to those
obtained for T. rubrum, T. violaceum and A. benhamiae in previous studies where
Sub3, Mep3, Mep4, and DpplV were shown to be major proteases secreted at

neutral pH in different protein media [6,11].

Other proteases detected in culture supernatants of both species were
produced at different levels. Strikingly, Lapl was predominant in M. canis, while Lap2
was detected in larger quantities in A. benhamiae at neutral pH. Correlating with this
finding, substantial Lap activities were measured in both dermatophyte culture
supernatants (Fig. 1). Lap2 was found to be the major exoprotease secreted by
Trichophyton rubrum, Trichophyton violaceum and A. benhamiae at neutral pH in SP
and keratin media [7,8]. A deuterolysin (NPIIA) and a S41 protease were exclusively

detected in supernatants of M. canis at acidic pH. As a general conclusion, although
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the protein sequence of each protease remains highly conserved across

dermatophyte species, their level of secretion is highly variable.

Comparison between proteases secreted by dermatophytes and A.

fumigatus

Proteases secreted in a protein medium by A. benhamiae and M. canis were
compared to those belonging to A. fumigatus, of which many members have been
previously characterized [8-9,12-13,22-26] (see [27] for a review). Comparison of the
complete secreted protease repertoire encoded in the genomes of A. fumigatus, A.
benhamiae and M. canis (Supporting Information Table 5) highlights the expansion in
dermatophytes of the subtilisin (S8), deuterolysin (M35) and fungalysin (M36)
endoprotease families as well as of the exopeptidases of the M14 and M28 families.
Genes encoding glutamic protease (G1) were not detected in either dermatophytes

(Table 2 and Supporting Information Table 5).

In A. fumigatus, an acidic pH environment promotes the secretion of an aspartic
protease of the pepsin family (Pepl), and a glutamic protease (GprA) as
endoproteases as well as tripeptidyl peptidases of the sedolisin family (SedB and
SedD), an X-prolyl peptidase (AfuS28) and carboxypeptidases of the S10 family as
exoproteases [28]. Similar enzymes are secreted by dermatophytes with the
exception of glutamic proteases, as genes encoding glutamic proteases are lacking
in dermatophyte genomes [11]. During protein digestion, the main function of
endoproteases is to produce a large number of free ends on which exoproteases
may act. Large peptides generated by Aspergillus endoproteolytic activity can be
further digested by sedolisins and AfuS28 [28]. During this process, A. fumigatus
sedolisins were shown to be nonspecific tripeptidyl peptidases blocked by proline
residues in P1 and P’1 position. However, X-X-Pro and X-X-X-Pro sequences can be
removed by AfuS28 thus allowing sedolisins further sequential proteolysis. We
hypothesize that protein degradation by dermatophytes at acidic pH occurs in a way
similar to that in Aspergillus spp with aspartic protease activity and sedolisins which
are abundantly secreted. Moreover, a S28 protease and concomitant prolyl peptidase
activity similar to that of the previously characterized AfuS28 [28] were detected in A.
benhamiae culture supernatants at acidic pH (Figs 1 and 3). Prolyl peptidase activity
was not detected in M. canis.
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At neutral pH A. fumigatus secretes one subtilisin (Alp for alkaline protease) and
one metalloprotease (Mep) belonging to the fungalisin family as endoproteases, and
leucine aminopeptidases (Laps), and an X-prolyl dipeptidase (DpplV) as major
exoproteases [28]. Aspergillus spp. genomes do not encode McpA proteases [9,27].
Dermatophytes and Aspergillus spp. subtilisins, fungalisins, Lapl, Lap2, DpplV and
DppV secreted at neutral pH revealed comparable substrate specificity [8]. Thus,
protein degradation by dermatophytes at neutral pH can be performed in a way
similar to that in Aspergillus spp. Subtilisins and fungalisins digest proteins into large
peptides, which are subsequently digested into amino acids and short peptides by
the synergistic action of Laps and DpplV. During this process, Aspergillus Laps were
shown to degrade large peptides from their N-terminus until they reach an X-Pro
sequence acting as a stop. In a complementary manner, X-Pro sequences can be
removed by DpplV, thus allowing Laps to access to the next residue [29].
Dermatophytes prefer alkaline conditions [2,3] and it is likely that in their natural
habitat proteolysis by subtilisins, fungalisins, Laps and DpplV play a pivotal role in
keratin degradation and nitrogen assimilation.
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Figure 3: Percentage of matched spectra for proteases secreted by M. canis (A) and A. benhamiae (B) on a soy protein medium at 4.0

and pH 7.0. Data are averages of percentages of matched spectra assigned by Scaffold 3.0 in three independent shotgun experiments at both pH values. Therefore,
numbers represent the percentage of matched spectra over the total secretome. The major proteases secreted in an acidic environment are listed in the left part of the graph
and the major proteases secreted in a neutral condition, in the right part. Plots are normalized to the total number of matched spectra for each independent shotgun
experiment. Database accession numbers for each protease are listed in Table 1. All the average values for each protease are listed in the supplementary Tables 3a and 3b.
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Table 2: M. canis and A. benhamiae proteases secreted at pH 4.0 and pH 7.0 in SP medium and homologous proteases in A.
fumigatus [8]. M. canis and A. benhamiae specific proteases are shaded in light and dark grey, respectively.

Family/
. _ . H4 pH7 . pH4 pH7 ,

Sub- Protein description M.Canis® P A.Benhamiae A.fumigatus® H4° H7°
tamily P (50.91%)°  (32.40%)" (46.79%)°  (37.45%)" 9 P P
Al Aspartic protease Pepl MCYG_00144 451 0.08 ARB_05728 5.25 0.03 AFUA 5G13300P41 ++++ -

(Aspergillopepsin I) C5FBS2 748
D4ANC3
Al Aspartic protease OpsB MCYG_05372 0.55 0 ARB_04170 0.26 0 AFUA_6G05350
C5FRQO D4AIS3 Q4WDN4
Gl Glutamic protease - - AFUA_3G02970Q4 + -
GpA (Aspergillopepsin II) WF96
M14 Metallocarboxypeptidase A MCYG_06789 1.43 0.19 ARB_07026 / 0.70/0.48 1.10/0.57 -
McpA C5FVNG6 ARB_07027
D4AS12
M14 Metallocarboxypeptidase A- MCYG_01475 2.76 0.63 ARB_03789 0.40 0.17 -
like protein C5FH26 D4B5NO
McpAl
M14 Metallocarboxypeptidase B MCYG_07414 0 2.58 ARB_02407 0.08 0.22 -
McpB C5FYJ7 D4B1S6
M18* Aspartyl aminopeptidase MCYG_06746 0 0.06 ARB_06983 0 0.24 -
Aap C5FVJ3 D4ARWS
M19 Dipeptidase 1 MCYG_02918 0.03 0.83 ARB_02715 0 0.27 -
Dppl C5FK77 D4B2N2
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M28

M28A

M28E

M36

M36

M36

M36

M36

Putative glutamate
carboxypeptidase Gltcp

Leucine aminopeptidase 2
Lap2

Leucine aminopeptidase 1
Lapl

Fungalysin Mep1
(Extracellular
metalloproteinase 1)
Fungalysin Mep3
(Extracellular
metalloproteinase 3)

Fungalysin Mep4
(Extracellular
metalloproteinase 3)

Fungalysin Mep5
(Extracellular
metalloproteinase 3)

Aspergillus Metalloprotease
Mep

MCYG_07431
C5FYL4

MCYG_06199
C5FTZ6

MCYG_02286C5

FFMO

MCYG_07415
C5FYJ8

MCYG_04620
C5FNUS

MCYG_02088
C5FIKO

MCYG_07688
C5FX29

0.01

0.07

0.02

0.15

0.94

0.68

0.76

0.74

12.77

0.02

1.88

2.27

0.01

ARB_02390
D4B1RO

ARB_00494
D4AWC9

ARB_03568
D4B528

ARB_02406
D4B1S5

ARB_05085
D4AL88

ARB_00762
D4AX35

ARB_06472
D4AQG5

95

0.14

1.23

0.03

2.89

0.34

0.28

13.65

0.35

0.43

1.84

AFUA_3G00650
QAWFX9

AFUA_4G04210
Q4W9P4

AFUA_8G07080
P46075




S8* Subtilisin-like protease MCYG_01699 0 0.06 ARB_06723 -

Subl C5FHQO D4AR10

S8A Subtilisin 3 MCYG_04040 2.15 4.55 ARB_00701 3.06 1.72 -
Sub3 C5FMY5 D4AWY5

S8A Subtilisin 4 MCYG_07213 0 0.04 ARB_01032 0.04 0.13 -
Sub4 C5FXZ6 D4AXW3

S8A Subtilisin 7 MCYG_02345 0.05 0.5 ARB_06076 0.22 1.82 -
Sub7 C5FJAS D4APA9
S8A Subtilisin 8 MCYG_02070 0 0.04 ARB_00777 0.22 0.04 AFUA_5G09210 + -
Sub8 C5FI112 D4AX50 P87184
S8A Subtilisin 9 MCYG_01476 0.08 0.05 ARB_03790 0.46 0.18 -
Sub9 C5FH27 D4B5N1
S8A Probable alkaline serine MCYG_02748 0.06 0.16 - -
protease C5FGP4

Sub10

S9B Dipeptidyl peptidase 4 MCYG_02383 0.06 1.99 ARB_06110 1.08 1.82 AFUA_4G09320 - ++
DpplV C5FJE3 D4APE2 Q4WPH9

S9; not Dipeptidyl-peptidase 5 MCYG_01626 1.42 0.21 ARB_06651 13.05 0.69 AFUA_2G09030 + ++++
assigned  DppV C5FH88 D4ARB1 P0OC959
to
subfamily
S10 Carboxypeptidase S1 MCYG_06933 1.78 0.08 ARB_04046 1.90 0.11 AFUA_5G07330
homolog A
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S10

CpS1 C5FW30 D4AIF1 Q5VJK9

Carboxypeptidase S1 MCYG_02825 0.40 0 ARB_06019 0.17 0 AFUA_8G04120 + -
homolog B C5FGX1 D4AP52 Q4WCK3
CpS2

S10

S10

Carboxypeptidase CpdS MCYG_00613 ARB_02032 AFUA_6G00310 ++ -
homolog C5FD41 D4B0Q6 Q4W8Y5

CpS4

Carboxypeptidase CpdS MCYG_07753 2.18 0.04 ARB_06414 1.42 0.18 AFUA_2G03510 ++ -
homolog C5FX94 D4AQA7 Q5VJIG7

CpS5

S10

S10

S28

S33

Carboxypeptidase Y MCYG_05486 0.77 0.01 ARB_07161 -

homolog C5FS14 D4ASEG6

CpS7

Carboxypeptidase Y - AFUA_5G01200 +++ -

homolog Q4WDZ3

Prolyl peptidase - - AFUA_2G01250 ++ ++
Q4WIN2

Putative prolyl peptidase MCYG_02207 1.02 0 ARB_01345 2.34 0 AFUA_2G17330

S28B C5FJ58 D4AYS6 Q4WzZD5

Prolyl aminopeptidase MCYG_04539 0 0.11 ARB_04981 0 0.01

Pap C5FNL7 D4AKY5
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S41

S53

S53

S53

S41 peptidase

Sedolisin-B (Tripeptidyl-
peptidase in A. fumigatus)
SedB

Sedolisin-C (Tripeptidyl-
peptidase in A. fumigatus)
SedC

Sedolisin-D (Tripeptidyl-
peptidase in A. fumigatus)
SedD

MCYG_03610
C5FM69

MCYG_00184
C5FBW2

MCYG_06077
C5FTQ5

MCYG_05446
C5FRX4

3.23

11.41

0.06

7.11

0.47

0.15

0.28

ARB_02220
D4B191

ARB_05765
D4ANGO

ARB_04101
D4AIK6

%M. canis complete genome of strain CBS 113480 (Cuomo et al., Submitted to GenBank/EMBL in 2008)

® A. benhamiae complete genome of strain CBS 113480 (Burmester et al., Submitted to GenBank/EMBL in 2009) [11]

¢ A. fumigatus complete genome of strain Af293 / CBS 101355 / FGSC A1100 (Nierman et al., 2005) [33]
a:b.¢ proteins are from UniProtkB database (http://www.uniprot.org/). UniProtKB accession numbers are indicated below the gene name. Closest homologs were identified by Blast search using the A.
fumigatus and/or M. canis proteins as query.
¢ Ratio between matched spectra of secreted proteases and the total matched spectra in the shotgun analysis at pH 4.0 and pH 7.0 (Supporting information Table 4).

¢ A. fumigatus secretome data [28]
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6.18

2.97

0.03

10.44

0.03

AFUA_4G03490
Q70359

AFUA_3G08930
Q70GH4

AFUA_4G14000
Q4WQUO

++++ -



CONCLUDING REMARKS

Analysis of the repertoire of secreted proteases suggests common basic mechanisms for
extracellular protein digestion in dermatophytes and in Aspergillus spp. at acidic and neutral pH.
However, in comparison to A. fumigatus more proteases were found to be secreted by
dermatophytes at neutral as well as acidic pH. Families of genes encoding endoproteases of the
subtilisin  (S8), deuterolisin (M35) and fungalisin (M36) families have expanded in
dermatophytes, and several members were shown to be secreted [4-7,11]. Therefore, the
pathway of protein degradation at acidic pH and that at neutral pH appear to be less strict than
those in A. fumigatus.

Dermatophytes originate in soil where conditions may vary from acidic to alkaline. The
capacity to secrete multiple subtilisins and metalloproteases as alkaline proteases, as well as
various acidic proteases, may reflect the initial ability of these fungi to multiply in different
environmental conditions during saprophytic growth in soil. These properties could have been a
decisive evolutionary advantage favoring invasion of keratinized tissues and could explain the
very high frequency of dermatophytes in both animals and humans in comparison to other
filamentous fungi. Though the pH of skin surface is rather acidic in humans, this is not the case
in all animal species [30]. Moreover, skin is a complex environment where pH varies according
to many both endogenous and exogenous factors [31]. Therefore, the large panel of acidic,
neutral and alkaline proteases secreted by dermatophytes, including the newly recognized
acidic ones, should instigate further investigations in order to define their role during skin

infection.
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The two first projects unraveled the mechanisms by which endo- and exoproteases are
secreted by Aspergillus fumigatus to produce pentapeptides to amino acids from a protein
substrate. Transporters can absorb these molecules to support their growth. The projects also
highlight the faculty of this fungus to grow in an acidic environment, and have allowed the
“discovery” of new proteases, such as AfuS28, sedolisin and glutamic proteases. Aspergillus
fumigatus uses several endoproteases such as pepsin and glutamic proteases (in a rescue
mechanism) at acidic pH, and subtilisins and metalloproteases (Meps) at neutral pH. In a
second step, to produce small peptides and amino acids, Aspergillus fumigatus secretes
exopeptidases such as sedolisins and carboxypeptidases at acidic pH, as well as leucine amino
peptidases (Laps), dipeptidylpeptidase (DppV) and other carboxypeptidases at neutral pH. For
proline rich proteins, the fungus uses at acidic pH AfuS28 which cuts from the N-terminus after
proline residues. At neutral pH, this task is accomplished by the DpplV peptidase which cuts
after an X-Pro from the N-terminus. This information permitted to build a proteolytic model from
which all of our hypothesis on dermatophytes secretomes will be based on. In this regard, the

aim of our latest project was the prediction of proteolytic mechanisms used by these fungi.

The analysis of secreted proteases suggests a common basic mechanism for
extracellular protein digestion in dermatophytes as well as in Aspergillus spp at acidic and
neutral pH. However, families of genes encoding endoproteases of the subtilisin (S8),
deuterolisin (M35) and fungalisin (M36) families have expanded in dermatophytes, several
members of which are secreted by these fungi in a protein medium. In addition, various
proteases belonging to other families are secreted by dermatophytes both at neutral and acidic
pH. Therefore, alternative pathways of protein degradation are possible in dermatophytes
(pathways of protein degradation appear not to be so strict as they were observed in
Aspergillus). To summarize, both A. benhamiae and M. canis use the Subtilisin and Mep
endoproteases system, and the combination of DpplV and Lap exopeptidases at neutral pH to
completely degrade the substrate. We can notice the preference towards Lap2 instead of Lapl
in A. benhaniae. In acidic condition both dermatophytes use pepsin as an endoprotease and
SedB and SedD as exopeptidases with a preference for SedB for A. benhamiae. A deuterolysin
protease (NPII) is present only in M. canis in the acidic secretome; we believe that it could help
Pepl in his enzymatic activity. The presence of the S41 protease family in a high amounts in
acidic and neutral conditions demonstrate a possible large range of endoproteolytic activity. We
can make the hypothesis that NPIl and S41 proteases provide Pepl the same rescue

mechanism that the glutamic protease provides to the A. fumigatus pepsin. While DpplV could
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remove proline in a neutral condition, its function is carried out by a S28 protease in A.
benhamiae and M.canis, similarly to AfuS28, in an acidic pH.

While dermatophytes grow well in hard keratin at neutral pH, they were however not able
to grow well in a same substrate at acidic pH. Dermatophytes are alkaline fungi and it is likely
that in natural conditions subtilisins, fungalisins, Laps and DpplV play a pivotal role in keratin
degradation, recycling nitrogen from keratin. Dermatophytes originated in the soil where
conditions are often acidic (acidic proteases can help the fungus to adapt to extreme
conditions). The capacity to secrete different subtilisins, metalloproteases as well as acid and
alkaline proteases likely reflects a selection process during evolution conferring these fungi the

ability to adapt to different environmental conditions during infection and saprophytic growth.

This fundamental work was carried out to understand which proteases were necessary
during the first step of dermatophyte skin infection which is the contact between dermatophytes
and the epidermis keratin that fosters fungus growth. Understanding of how the proteolytic
machinery is implemented in this fungus could give us valuable information on how the

development of protease inhibitors could stop fungal expansion.

These proteases could be used for other applications, such as in the Coeliac disease
which is an autoimmune disorder of the small intestine that occurs in genetically predisposed
people of all ages (Cerf.Bensussan et al., 2007). The majority of the proteins found in food that
are responsible for the immune reaction in the Coeliac disease are Prolamins. The
characterization of AfuS28 in the first project allowed another scientific group to use it to cut
Prolamins, proline rich proteins. In the Coeliac disease a poor degradation of this protein leads
to severe intestinal inflammation. The aim of the project was to utilize this enzyme to cut

prolamin to avoid generation of allergenic peptides.

Another possible application for these proteases is in biochemistry, to analyze proline
rich proteins that cannot be completely cut by trypsin. A mix of AfuS28 and trypsin could
facilitate the cut and allow for a better MS analysis. In the same way, the characterization and
the production of several recombinant enzymes secreted by the fungi could provide new tools in

the proteomics fields.
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Gel silver staining

After a SDS PAGE migration of your samples, the gel is successively under different buffer:

e Fixation: 2x30 min in 10% acetic acid (v/v) and 30% ethanol (v/v)

e Sensibilization: Over night on a buffer containing 0.3% sodium thiosulfate (w/v), 0.5M

Potassium acetate, 25% ethanol (v/v) and 0.5% Glutaraldehyde(v/v).

e \Washing step: 4x10 min with distilled water.

e Staining: one hour on dark room with a solution composed of 0.4% (w/v) of nitrate silver
and 0.02% of formaldehyde (v/v).

e Washing step: 2x1 min with distilled water.

¢ Developing: on 3% potassium carbonate buffer (w/v) on which you add at the last
moment 0.04% of formaldehyde (v/v).
e Before the staining become too dark, stop the development with the “Stop” buffer

composed of 4% Tris (w/v) and 2% acetic acid (v/v).

All those steps are done under shaking on a rocking chair at room temperature.
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Protein precipitation by Sodium deoxycholate
(DOC)/Trichloroacetic acid(TCA)/Acetone

o For 0.1ml of concentrated sample add 0.9mol of DOC 0.2% (already at 4°C), vortex it and
incubate it at 4°C during 10min.

o Vortex and add 0.1ml of TCA 100%. The mix must incubate at 4°C during 10min.

o Centrifuge the mix at 13.3 rpm during 12min at 4°C and remove the supernatant.

o Resuspend the pellet with 1ml of Acetone (100%) and vortex it until the complete
disaggregation of the pellet.

o Centrifuge one more time, at 13.3 rpm during 12min at 4°C and remove the supernatant.

o Dry the pellet at room temperature.
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Supplementary Tables and Figures Legends for the Part 1.
Supplementary Table 1: Primers for AfuS28 and AfuS28 antigen construct (p. 120)

Supplementary Table 2: Comparison between secreted protein on pH 3.5 and 7 get by
Shotgun proteomics analysis (p. 120)

Supplementary Table 3 and 4: List of secreted protein on acidic and neutral pH get by
Shotgun proteomics analysis (Data not shown)

Supplementary Table 5: All theoretical and detected weight of peptides released after AfuS28
and SedB digestion of NPY1-36 and 3-36 by MS. (p. 124)

Supplementary Table 6: All theoretical and detected weight of peptides released after AfuS28
and SedB digestion of designed peptide by MS. (p. 126)

Supplementary Table 7: All theoretical and detected weight of peptides released after AfuS28
and SedB digestion of Apelin-13 by MS. (p. 126)

Supplementary Table 8: All theoretical and detected weight of peptides released after AfuS28
and SedB digestion of Dynorphin A by MS. (p. 127)

Supplementary Figure 1: 10%SDS-PAGE stained with silver nitrate of purified AfuS28 Hists
Tag. (p. 128)

Supplementary Figure 2: 12% gel Coomassie Blue staining of recombinant AfuS28 Hists Tag
before and after deglycosylation. (p. 128)

1 : AfuS28 6Hist tag endoglycosylase F —
2 : AfuS28 6Hist tag endoglycosylase F +
3 : AfuS28 6Hist Tag

Supplementary Figure 3: Western Blot of native and recombinant AfuS28 Hists Tag
deglycosilated. (p. 128)

1 : A. fumigatus liquid medium at pH 7, endoglycosidase F —
2 . A. fumigatus liquid medium at pH 7, endoglycosidase F +

- A. fumigatus liquid medium at pH 3.5, endoglycosidase F —

A W

. A. fumigatus liquid medium at pH 3.5, endoglycosidase F +

5 : AfuS28 6Hist Tag endoglycosylase F —

6 : AfuS28 6Hist Tag endoglycosylase F +

Supplementary Figures 4a & 4b: Digestion of NPY3-36 by AfuS28 (p. 129)

Supplementary Figures 5: Designed peptide degradation by AfuS28 and SedB
The reactional medium contains 15 nmol of the designed peptide, 0.02nmol of AfuS28 and/or
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0.015nmol of SedB (or both of them) and 0.05 mmol of histidine in acidic buffer pH 4 (Formic
acid ~0.0125 %) and was incubated at 37°C during 1h. Reaction was stopped by adding 0.5%
formic acid. All samples were diluted 10 times in H,O:MeCN 50:50 (+ 0.1% formic acid) and
infused in the LTQ-Orbitrap via the Nanomate. (p. 130)

Supplementary Figures 6: Apelin-13 degradation by AfuS28 and SedB

The reactional medium contains 15 nmol of Apelin-13, 0.02nmol of AfuS28 and/or 0.015nmol of
SedB (or both of them) and 0.05 mmol of histidine in acidic buffer pH 4 (Formic acid ~0.0125 %)
and was incubated at 37°C during 1h. Reaction was stopped by adding 0.5% formic acid. All
samples were diluted 10 times in H,O:MeCN 50:50 (+ 0.1% formic acid) and infused in the LTQ-
Orbitrap via the Nanomate. (p. 130)

Supplementary Figures 7: Dynorphin-A degradation by AfuS28 and SedB

The reactional medium contains 15 nmol of Dynorphin-A, 0.02nmol of AfuS28 and/or 0.015nmol
of SedB (or both of them) and 0.05 mmol of histidine in acidic buffer pH 4 (Formic acid ~0.0125

%) and was incubated at 37°C during 1h. Reaction was stopped by adding 0.5% formic acid. All
samples were diluted 10 times in H,O:MeCN 50:50 (+ 0.1% formic acid) and infused in the LTQ-
Orbitrap via the Nanomate. (p. 130)
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Supplementary Table 1

Pl1: 5°-GTTTCTCGAGCACTCATGCCCAGGGCGCCTT-3
P2: 5-TGAGAGCTCCCAACCCGAACATCTC-3"

P3: 5°-TGGGAGCTCTCAAGCATTTTGACT-3"

P4: 5-GTTTAGATCTCATGGCTTCCTATATTTGGG-3°
P5: 5 - GTTTAGATCTCAGTGATGGTGATGGTGATGTGGCTTCCTATATTTGGG-37
Po: 5'-GTTCCATGGGTGGCTTTGGCAGGATATGAAT-3"

P75 CTTGGATCCTCATGGCTTCCTATATTTGGG-37

Supplementary Table 2

. : . Molecular | Secretome A fumigatus (number of spectra detected by MS)

Identified Proteins (171) Accession Number Weight DH35 DT
[Secreted dipeptidyl peptidase - Asperqillus fumigatus A1163 BOXRVO 80 kDa 13 466
Alkaline serine protease Alp1 - Aspergillus fumigatus A1163 BOYT08 42 kDa 0 433
Tripeptidyi-peptidase - Aspergillus fumigatus A1163 BOYEL1 6 kDa 35 0
Mannosidase Msds - Aspergillus fumigatus A1163 BOXMT4 54 kDa 93 170
Aspartic endopeptidase Pep1 - Aspergillus fumigatus A1163 BOY1vVE 42 kDa 240 1]
Beta-D-glucoside glucohydrolase - Aspergillus fumigatus A1163 BOYBG5 78 kDa 61 13
Glutaminase GtaA - Aspergillus fumigatus A1163 BOXYTS 76 kDa 20 161
FG-GAP repeat protein, putative - Aspergillus fumigatus {Sartorya fumigata) Q4WK08 34 kDa 4 171
Aminopeptidase Y, putative - Aspergillus fumigatus A1163 BOXX53 54 kDa 0 133
Mycelial catalase Cat1 - Aspergillus fumigatus A1163 BOYOGO 80 kDa 5 129
Carboxypeptidase §1, putative - Aspergillus fumigatus A1163 BOY1LO 54 kDa 123 0
[FAD-dependent oxygenase, putative - Aspergillus fumigatus A1163 BOXX33 55 kDa 67 42
|Extracellular lipase, putative - Aspergillus fumigatus A1163 BOY214 31 kDa 9 m
Glucan 1,4-alpha-glucosidase, putative - Aspergillus fumigatus A1163 BOXSVT 67 kDa 83 35
Serine peptidase, putative - Aspergillus fumigatus A1163 BOXT80 50 kDa 57 45
Chitosanase precursor - Aspergillus fumigatus (Sartorya fumigata) Q709P2 25 kDa 104 0
Beta-fructofuranosidase, putative - Aspergillus fumigatus A1163 BOXT79 57 kDa 50 32
Major allergen Asp F1 - Aspergillus fumigatus A1163 B0Y2B4 20 kDa 7 0
GPl-anchored cell wall beta-1,3-endoglucanase EglC - Aspergillus fumigatus A1163 BOXXF8 45kDa 33 44
Carboxypeptidase 5 - Aspergillus fumigatus (Sartorya fumigata) Q5VIGT 0 kDa 45 0
FAD/FMN-containing isoamyl alcohol oxidase MreA - Aspergillus fumigatus A1163 BOYDB7 61 kDa 36 21
Isoamyl alcohol oxidase, putative - Aspergillus fumigatus (Sartorya fumigata) ADARS i1 kDa 32 33
Beta-N-acetyihexosaminidase NagA. putative - Aspergillus fumigatus A1163 BOYIW3 67 kDa 37 24
Cell wall serine-threonine-rich galactomannoprotein Mp1 - Aspergillus fumigatus A1163 BOYEP2 21 kDa 12 47
Extracellular dipeptidyl-peptidase Dpp4 - Aspergillus fumigatus A1163 BOYGCH 86 kDa 0 54
Beta glucosidase, putative - Aspergillus fumigatus A1163 BOYTQ8 95 kDa 0 48
Mannosidase | - Aspergillus fumigatus (Sartorya fumigata) QEPWQ1 55 kDa 17 30
Phytase, putative - Aspergillus fumigatus A1163 BOYBIM 57 kDa 48 0
Cell wall protein, putative - Aspergillus fumigatus (Sartorya fumigata) Q4WFT1 19 kDa 0 46
Exo-beta-1,3-glucanase, putative - Aspergillus fumigatus A1163 BOXLYS 84 kDa 6 36
Beta-galactosidase, putative - Aspergillus fumigatus (Sartorya fumigata) Q4WS33 112 kDa 38 0
Carboxypeptidase 4 - Aspergillus fumigatus (Sartorya fumigata) Q5VJGE 58 kDa 43 0
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOY501 23 kDa i T
|Acid phosphatase, putative - Aspergillus fumigatus A1163 BOYEJ 46 kDa LES 0
[Thioredaoxin reductase, putative - Aspergillus fumigatus A1163 BOY2V0 43 kDa 12 25
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXVH5 42 kDa 19 20
1,3-beta-glucanosyltransferase Bgt1 - Aspergillus fumigatus A1163 BOXQRS 33 kDa H 0
Oxidoreductase, FAD-binding, putative - Aspergillus fumigatus A1163 BOXU27 50 kDa 14 12
Bifunctional catalase-peroxidase Cat2 - Aspergillus fumigatus A1163 BOYAKD 84 kDa 0 37
Endonuclease/exonuclease/phosphatase family protein - Aspergillus fumigatus A1163 BOXY76 64 kDa 3 29
Beta galactosidase, putative - Aspergillus fumigatus A1163 BOXNY2 112 kDa 14 18
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Secretome A fumigatus (number of spectra detected

Identified Proteins (171) [Accession Number Mﬂg&'ﬁf’ by MS)
pH-3.5 pH-T
Class V chitinase ChiB1 - Aspergillus fumigatus A1163 BOYAMT 48 kDa 0 30
1,3-beta-glucanosyliransferase Gel - Aspergillus fumigatus A1163 BOXT72 48 kDa 22 4
Tripeptidyl peptidase A - Aspergillus fumigatus A1163 BOY502 64 kDa 26 ]
|gE-hinding protein - Aspergillus fumigatus A1163 BOYDX1 20 kDa 0 28
Alpha-galactosidase, putative - Aspergillus fumigatus A1163 BOYDJA 56 kDa 15 ]
Alpha-1,2-mannosidase family protein, putative - Aspergillus fumigatus A1163 BOXQJ8 93 kDa 19 10
Extracellular cell wall glucanase Crit/allergen Asp F9 - Aspergillus fumigatus A1163 BOXNLO 40 kDa 5 24
Alpha-1,3-glucanase/mutanase, putative - Aspergillus fumigatus A1163 BOXUSD 54 kDa 0 22
Extracellular serine-rich protein, putative - Aspergillus fumigatus A1163 BOXYKG 84 kDa 0 23
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOYEPT 49 kDa 0 7
Extracellular arabinanase, putative - Aspergillus fumigatus A1163 BOYDT3 45 kDa 0 i
1,J-beta-glucanosyitransferase, putative - Aspergillus fumigatus A1163 BOXVIS 59 kDa 14 ]
Alpha-glucosidase, putative - Aspergillus fumigatus A1163 BOXNLG 99 kDa 0 19
Acid sphingomyelinase, putative - Aspergillus fumigatus A1163 BOY5KE 68 kDa 0 23
Cell wall protein Phid - Aspergillus fumigatus (Sartorya fumigata) A4FSHS 19 kDa 4 19
Carboxypeptidase $1, putative - Aspergillus fumigatus A1163 BOYAS2 61 kDa 22 ]
Aspergillopepsin, putative - Aspergillus fumigatus A1163 BOY015 28 kDa 23 i]
Alpha-L-arabinofuranosidase A - Aspergillus fumigatus A1163 BOXUGE 72 kDa 13 10
Alpha.alpha-trehalose glucohydrolase TreA/Ath1 - Aspergillus fumigatus A1163 BOYOF9 117 kDa 14 4
Alpha-galactosidase - Aspergillus fumigatus A1163 BOY224 47 kDa 15 ]
Extracellular endo-polygalacturonase, putative - Aspergillus fumigatus (Sartorya fumigata) Q4WBE1 38 kDa 21 ]
Endo-1,4-beta-xylanase - Aspergillus fumigatus A1163 BOXXF3 24 kDa 4 12
Beta-1,6-glucanase, putative - Aspergillus fumigatus A1163 BOYIDE 51 kDa 20 ]
Alpha-glucosidase AgdA, putative - Aspergillus fumigatus A1163 BOYG6K4 108 kDa 19 ]
Extracelular serine carboxypeptidase, putative - Aspergillus fumigatus A1163 BOXVMT 55 kDa 7 i
Endo-1,3{4)-beta-glucanase, putative - Aspergillus fumigatus A1163 BOY002 31 kDa 0 15
Endo-arabinase, putative - Aspergillus fumigatus A1163 BOXU55 36 kDa 0 16
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXP19 33 kDa 9 4
Allergen Asp f 15 precursor - Aspergillus fumigatus (Sartorya fumigata) AL15 16 kDa 2 3
Neutral/alkaline nonlysosomal ceramidase, putative - Aspergillus fumigatus A1163 BOXPLY 83 kDa 0 13
Fucose-specific lectin - Aspergillus fumigatus (Sartorya fumigata) QBNJT4 35 kDa 4 1"
Aldose 1-epimerase, putative - Aspergillus fumigatus A1163 BOXWHT 51 kDa 5 ]
Mutanase - Aspergillus fumigatus A1163 BOY904 138 kDa 0 15
Amidase, putative - Aspergillus fumigatus A1163 BOYOPS 65 kDa 13 ]
Alpha-N-acetylglucosaminidase, putative - Aspergillus fumigatus A1163 BOXRY5 86 kDa 12 ]
Beta-lactamase, putative - Aspergillus fumigatus A1163 BOY2KY 48 kDa 12 ]
|Class V chitinase, putative - Aspergillus fumigatus A1163 BOXXM2 44 kDa 1] 16
Thioredoxin reductase GIiT - Aspergillus fumigatus A1163 BOYR18 36 kDa 0 15
Endo-1,3-beta-glucanase Engl1 - Neosartorya fischeri A1D4K0_NEOFI 78 kDa 0 14
Extracellular phytase, putative - Neosartorya fischeri A1DJ51_NEOFI 58 kDa 14 ]
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Secretome A fumigatus (number of spectra

Identified Proteins (171) Accession Number Mﬂg‘fg‘ﬂf" detected by MS)
pH-3.5 pH-7

Cell wall glucanase - Aspergillus fumigatus A1163 BOXUBS 47 kDa 12 0
Extracellular lipase, putative - Aspergillus fumigatus A1163 BOYAB3 61 kDa 0 11
Tyrosinase, putative - Aspergillus fumigatus A1163 BOXX11 42 kDa 0 14
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXVQ9 20 kDa ] 15
(Oxalate decarboxylase, putative - Aspergillus fumigatus (Sartorya fumigata) Q4X060 49 kDa 11 ]
Alpha-L-rhamnosidase C, putative - Aspergillus fumigatus A1163 BOY024 88 kDa 0 1
Cellulase family protein - Aspergillus fumigatus A1163 BOYZL4 43 kDa 4 5
DUF1237 domain protein - Aspergillus fumigatus A1163 BOXVA1 59 kDa [i] 5
Asp-hemolysin precursor - Aspergillus fumigatus (Sartorya fumigata) ASPH 15 kDa 13 ]
INIpC/P&)-like cell-wall peptidase, putative - Aspergillus fumigatus A1163 BOY269 39 kDa 9 0
|Pmative uncharacterized protein - Aspergillus fumigatus A1163 BOY742 79 kDa 9 0
|ML domain protein - Neosartorya fischeri A1DH49_NEOFI 19 kDa 0 8
Metallopeptidase MepB - Aspergillus fumigatus A1163 BOYB44 82 kDa 0 5
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOY1A9 69 kDa 0 9
Alpha-amylase, putative - Neosartorya fischeri A1CYB1_NEOFI 69 kDa 0 10
Isoamyl alcohol oxidase, putative - Aspergillus fumigatus A1163 BOYBRO 112 kDa 4 2
|Isoam3r1 alcohol oxidase - Asperglllus fumigatus A1 163 BOXYQ0 66 kDa 9 0

BOY8I3 61 kDa ] (i
IMn superoxide dismutase - Aspergillus fumlgatus A1163 BOY&Y9 25 kDa 0 9
Autophagic serine protease Alp2 - Neosartorya fischeri A1DERS_NEOFI 53 kDa 0 10
Cutinase, putative - Aspergillus fumigatus A1163 BOXRY3 22 kDa 0 9
Glycosyl hydrolase, putative - Aspergillus fumigatus A1163 BOY4Y2 37 kDa 10 0
Gamma-glutamyitranspeptidase - Aspergillus fumigatus A1163 BOYCl4 54 kDa ] ]
1,3-beta-glucanosyitransferase Gel2 - Aspergillus fumigatus A1163 BOY8HI 52 kDa 0 9
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXZT4 9kDa 0 10
[Ribonuclease T2, putative - Neosartorya fischeri A1D1B0 _NEOFI 32 kDa 0 3
Extracellular cellulase CelAfallergen Asp F7-like, putative - Aspergillus fumigatus A1163 BOYIVS 36 kDa 6 0
Oligopeptidase family protein - Aspergillus fumigatus A1163 BOY9Z2 80 kDa 0 5
1,3-beta-glucanosyitransferase Gel3 - Aspergillus fumigatus A1163 BOXT09 57 kDa 8 0
Xylosidase/arabinosidase, putative - Aspergillus fumigatus A1163 BOXV35 41 kDa 0 5
Aspartic endopeptidase Pep? - Aspergillus fumigatus A1163 BOXXK3 43 kDa 0 i
Spermidine synthase - Neosartorya fischeri A1D269_NEOFI 33 kDa 0 5
INAD-dependent formate dehydrogenase AciA/Fdh - Aspergillus fumigatus A1163 BOYCVY 46 kDa 0 3
Elastinolytic metalloproteinase Mep - Aspergillus fumigatus A1163 BOYJEZ 69 kDa 0 i
Beta-glucosidase, putative - Aspergillus fumigatus A1163 BOXPE1 95 kDa 6 0
Alpha-mannosidase - Aspergillus fumigatus A1163 BOXYH2 124 kDa 0 4
Peptidase, putative - Aspergillus fumigatus A1163 BOYT66 46 kDa 0 5
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOY1NS 22 kDa 0 i
Alpha-1,2-mannosidase, putative subfamily - Aspergillus fumigatus A1163 BOXMS55 87 kDa 6 0
(G-protein comipex beta subunit CpcB - Aspergillus clavatus A1CING_ASPCL 35kDa 0 ]
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Molecular

Secretome A. fumigatus (number of spectra detected

ifi i i " by MS
Identified Proteins (171) Accession Number Weight T y MS) T
Alpha-amylase, putative - Aspergillus fumigatus {Sartorya fumigata) C4WFV4 62 kDa 0 5
Nucleoside diphosphate kinase - Aspergillus fumigatus A1163 BOY2US 17 kDa 0 4
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOY1K3 37 kDa 0 6
Putative uncharacterized protein - Aspergillus fumigatus A1163 B0Y1Z9 51kDa 4 0
Phosphatidylglycerol specific phospholipase, putative - Aspergillus fumigatus A1163 BOXWPT 54 kDa 0 4
(Class Il chitinase ChiA1 - Aspergillus fumigatus A1163 BOY2Y2 87 kDa 0 6
Penicillolysin/deuterolysin metalloprotease, putative - Aspergillus fumigatus A1163 BOY4X9 39 kDa 0 5
Beta-glucosidase, putative - Aspergillus fumigatus A1163 BOXPBS 83 kDa 3 0
Feruloyl esterase, putative - Aspergillus fumigatus A1163 BOYTU1 58 kDa 4 0
(Carboxypeptidase 81, putative - Aspergillus fumigatus A1163 BOY3NI 68 kDa 5 0
(Cellulase, putative - Neosartorya fischeri A1DGME_NEOFI 45kDa 5 0
Aspartyl aminopeptidase - Aspergillus clavatus AICJUS_ASPCL 54 kDa 0 3
SerThr protein phosphatase family - Aspergillus fumigatus A1163 BOXZB5 71kDa 0 2
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOY2: 29 kDa 0 3
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXT52 21kDa 0 3
Putative uncharacterized protein - Neosartorya fischeri A1DEN1_NEOFI 32 kDa 2 0
Mannitol-1-phosphate dehydrogenase - Neosartorya fischeri A1DGYI_NEOFI 43kDa 0 4
Beta-mannosidase - Aspergillus fumigatus A1163 BOYTS2 104 kDa 4 0
Alpha-1,2-mannosidase family protein - Aspergillus fumigatus (Sartorya fumigata) Q4WV22 89 kDa 3 0
Prolidase pepP, putative - Aspergillus fumigatus A1163 BOXW47 52 kDa 0 3
Alpha-1,2-mannosidase, putative - Aspergillus fumigatus A1163 BOYCI0 88 kDa 3 0
(Cu,Zn superoxide dismutase SOD1 - Aspergillus fumigatus A1163 BOY476 16 kDa 0 4
Major allergen Asp f 2 precursor - Aspergillus fumigatus (Sartorya fumigata) ALL2 33kDa 0 3
Pectate lyase A - Aspergillus fumigatus A1163 BOXT32 3 kDa 0 4
Putative uncharacterized protein - Neosartorya fischeri A1D462_NEOFI 75kDa 4 0
Lipase, putative - Aspergillus fumigatus A1163 BOYCBO 49 kDa 2 0
BYS1 domain protein, putative - Aspergillus fumigatus A1163 BOY209 16 kDa 0 3
(Carboxypeptidase CpyA/Prc1, putative - Neosartorya fischeri A1DP75_NECFI 61 kDa 0 3
Endo-1,3{4)-beta-glucanase, putative - Aspergillus fumigatus A1163 BOXM&9 I kDa 0 2
Acid phosphatase, putative - Aspergillus fumigatus A1163 BOYF50 30 kDa 2 0
Extracellular lipase, putative - Aspergillus fumigatus A1163 BOY0AS 47 kDa 3 0
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOYCY3 23 kDa 0 3
Alpha-L-rhamnosidase B, putative - Aspergillus fumigatus A1163 BOXPHG 75kDa 2 0
Acid phosphatase AphA - Aspergillus fumigatus A1163 BOY1ME 67 kDa 2 0
'GP anchored protein, putative - Aspergillus fumigatus A1163 BOXQHS 39 kDa 2 0
Aminotransferase, class V, putative - Aspergillus fumigatus A1163 BOXQ69 42 kDa 0 2
Hydrolase, putative - Aspergillus fumigatus A1163 BOXUM 72 kDa 0 2
(Cell wall glucanase, putative - Aspergillus fumigatus A1163 BOYTNO 46 kDa 3 0
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOXYLS 23 kDa 0 2
Pectin methylesterase, putative - Aspergillus fumigatus A1163 BOYIF9 35kDa 2 0
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Identified Proteins (171) Accession Number M\?Jgﬁ]ur:fr Secretome A.pﬁl_r;lli;gatus (number of spectra d:t:_crted by MS)
WSC domain protein, putative - Aspergillus fumigatus A1163 BOY4W9 31 kDa 2 0
Vacuolar aspartyl aminopeptidase Lap4, putative - Aspergillus clavatus A1C4UD_ASPCL (+4) 55 kDa 0 2
Putative uncharacterized protein - Neosartorya fischeri A1CYAS NEOFI 37 kDa 0 2
Pectin lyase, putative - Aspergillus fumigatus A1163 BOYONT 40 kDa 2 0
GPI anchored protein, putative - Aspergillus fumigatus A1163 B0Y935 44 kDa 0 2
Dihydrolipoyl dehydrogenase - Neosartorya fischeri A1CYQA NEOFI 55 kDa 0 2
Putative uncharacterized protein - Aspergillus fumigatus A1163 BOYDZ8 12 kDa 0 2
N,O-diacetyl muramidase, putative - Aspergillus fumigatus A1163 BOY&58 25kDa 2 0
Conidial hydrophobin RodB - Neosartorya fischeri A10142 _NEOFI 14 kDa 0 2
Hydroxyacylglutathione hydrolase, putative - Neosartorya fischeri A1DDQ5_NEOFI 28 kDa 0 2
Supplementary Table 5
Peptides generated from NPY degradation and detected on MS | z charge Theoritical Mass Delta
mass detected

SKPDNPGEDAPAEDMARYYSALRHYINLITRQRY (NPY3-36) 3 1337.9915 1337.9955 -0.004

4 1003.7454 1003.7503 -0.0049

5 803.1978 803.2006 -0.0028

[ 669.4994 669.5016 -0.0022

7 574.0005 574.0027 -0.0022

DNPGEDAPAEDMARYYSALRHYINLITRQRY (NPY&-38) 4 925.7005 925.7052 -0.0047

5 740.7619 740.765 -0.0031

3 617.4694 617.4723 -0.0029

GEDAPAEDMARYYSALRHYINLITRQRY (NPY9-36) 3 1125.224 1125.2304 -0.0064

4 844.1699 844.1734 -0.0035

5 875.5373 675.5398 -0.0025

[ 563.1157 563.1184 -0.0027

IMEDMARYYSALRHYINLITRQRY (NPY14-36) 3 968.8304 968.8364 -0.008

4 726.8746 726.8778 -0.0032

5 581.7012 581.7042 -0.003

6 484.9188 484.9216 -0.0028

YPSKPDNPGEDAPAEDMARYYSALRHYINLITRGRY (NPY1-36) 3 1424.6989 1424.7073 -0.0104

4 1068.7745 1068.7804 -0.0059

5 855.221 855.2258 -0.0048

3 712.8521 712.8568 -0.0047

T 611.184 611.16 0.004

YPSKPDNP 1 917.4363 917.4372 -0.0009

2 459.2218 459.2228 -0.001
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Peptides generated from 3-36 NPY degradation and detected on MS | z charge Theoritical Mass Delta
mass detected

YPS 1 366.166 366.1676 -0.0016
KPD 1 359.1925 359.1941 -0.0016
NPG 1 287.135 287.1363 -0.0013
SKP 1 331.1976 331.1985 -0.0009
DNP 1 345.1405 345.1411 -0.0006
SKPDNP 1 657.3202 657.3216 -0.0014
GED 1 320.1088 320.1096 -0.0008
GEDAP 1 488.1987 488.1995 -0.0008
AP 1 187.1077 187.108 -0.0003
APA 1 258.1448 258.1453 -0.0005
EDM 1 394.127%9 394.1288 -0.0009
ARY 2 205.1133 205.1137 -0.0004
YSA 1 340.1503 340.151 -0.0007
LRH 1 425.2619 425.2628 -0.0009
YIN 1 409.2082 409.2107 -0.0025
LIT 1 346.2336 346.2343 -0.0007
RQR 1 459.2786 459.2797 -0.0011
Y 1 182.0812 182.0814 -0.0002
AED 1 334.1245 334.1256 -0.0011
MAR 1 377.19686 377.1973 -0.0007
YYS 1 432.1765 432.1775 -0.001
ALR 1 359.2401 359.2405 -0.0004
HYI 1 432.2241 432.225 -0.0009
NLI 1 359.228%9 359.2302 -0.0013
TRQ 1 404.2252 404.2261 -0.0009
RY 1 338.1823 338.1829 -0.0006
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Supplementary Table 6

Peptides generated from the designed Charge z | Theoritical Mass Delta ppm
peptide degradation and detected on MS mass detected
KDKRSFPFF 1 1171.6259 1171.624 0.0019 1.62
KDKRSFPFF 2 586.3166 586.3157 0.0009 1.54
KDKRSFPFF 3 391.2135 391.2125 0.001 2.56
KDK 1 390.2347 390.2344 0.0003 0.77
KDK 2 195.621 195.6208 0.0002 1.02
RSFP 1 506.2722 506.2712 0.001 1.98
RSFP 2 253.6397 253.6391 0.0006 2.37
FF 1 313.1547 313.1541 0.0006 1.92
KDKRSFP 2 439.2482 439.2474 0.0008 1.82
RSFPFF 1 800.409 800.4078 0.0012 1.50
RSFPFF 2 400.7081 400.7076 0.0005 1.25
Supplementary Table 7
Peptides generated from Apelin-13 | Charge z | Theoritical | Mass detected Delta ppm
degradation and detected on MS mass
QRPRLSHKGPMPF 2 775.9223 775.9207 0.0016 2.06
QRPRLSHKGPMPF 3 517.6173 517.6163 0.001 1.93
QRPRLSHKGPMPF 4 388.4648 388.4661 -0.0013 -3.35
QRP 1 400.2303 400.2292 0.0011 2.75
QRP 2 200.6188 200.6183 0.0005 2.49
RLS 1 375.235 375.234 0.001 2.66
HKGP 1 438.2439 438.2448 -0.0009 -2.05
HKGP 2 219.6266 219.626 0.0006 2.73
MP 1 247.1111 247.1104 0.0007 2.83
MPF 1 349.1795 349.1785 0.001 2.86
F 1 166.0863 166.0859 0.0004 241
RLSHKGPMPF 2 585.316 585.3146 0.0014 2.39
RLSHKGP 1 794.4631 794.4609 0.0022 2.77
RLSHKGP 2 397.7352 397.7342 0.001 251
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Supplementary Table 8

Peptides generated from Dynorphin A

Theoritical

Mass

degradation and detected on MS Charge z mass detected Delta ppm
GGFLRRIRPKLKWDNQ 2 992.5712 992.5687 0.0025 2.52
GGFLRRIRPKLKWDNQ 3 662.0499 662.0486 0.0013 1.96
GGFLRRIRPKLKWDNQ 4 496.7892 496.7882 0.001 2.01
GGFLRRIRPKLKWDNQ 5 397.6329 397.6319 0.001 251
GGFLRRIRP 2 536.3303 536.329 0.0013 2.42
GGFLRRIRP 3 357.8893 357.8884 0.0009 251

GGF 1 280.1292 280.1286 0.0006 2.14

LRR 1 444.3041 444.3031 0.001 2.25

LRR 2 222.6557 222.6554 0.0003 1.35

IRP 1 385.2558 385.2549 0.0009 2.34

IRP 2 193.1315 193.1311 0.0004 2.07

KLK 1 388.2918 388.2909 0.0009 2.32

KLK 2 194.6496 194.6491 0.0005 2.57

WDN 1 434.167 434.1662 0.0008 1.84
LRRIRPKLKWDNQ 3 575.0128 575.0118 0.001 1.74
LRRIRPKLKWDNQ 4 431.5114 431.5111 0.0003 0.70
IRPKLKWDNQ 2 649.3724 649.3714 0.001 1.54
IRPKLKWDNQ 3 433.2507 433.25 0.0007 1.62
IRPKLKWDNQ 4 325.1898 325.1893 0.0005 154
KLKWDNQ 1 931.4996 931.4974 0.0022 2.36
KLKWDNQ 2 466.2534 466.2526 0.0008 1.72
KLKWDNQ 3 311.1714 311.1707 0.0007 2.25
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Supplementary Figure 1
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Supplementary Figure 4a
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Supplementary Figure 5
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Supplementary Figures and Legends for the Part 2.

FIG. S1: Amino acid sequence alignment of A. fumigatus GprA (MER107323) with glutamic peptidases
from Talaromyces emersonii (Teme_Gpr, MER020134), A. niger (aspergillopepsin II, MER001321),
Botryotinia fuckeliana (Bfuc_Gpr, MER054828), and Scytalidium lignicolum (SGP, MER001320). The
alignment was optimized by introducing gaps using the CLUSTALW multiple sequence alignment
program (41). Identical and similar residues are black and grey shaded, respectively. Vertical arrows
indicate potential signal peptidase cleavage sites and cleavage sites in the proprotein generating the

mature enzyme. Active site residues GIn and Glu forming the catalytic diad are indicated by solid

triangles.

Afum Gpr ey ,LATAA - OARHEN:RT BA ! SO 13 7S STV AGAY LT Gl

Teme Gpr 5 AR 3 A E €5 71

Anig Gpr [IgE BaTas HENPP SDKEI LKJNGTSNLED) €D 74

Bfuc Cpr IEGEVEATAVIRGSE ; SATE Ag HEND PS-- - SEVIQKTD-Jke & 71

Slig Gpr [ghs 2\ A A SN FORNS RN LEASFPFRQ KEALTVERL €S 68
A

Afum Gpr h 141

Teme_Gpr 137

Anig Gpr it 154

Bfuc Gpr b 129

Slig Gpr iRy 125

Afum Gpr 217

Teme_ Gpr 212

Anig Gpr 230

Bfuc Gpr 205

Slig Gpr 207

Afum Gpr

'I‘eme:Gpr

Anig Gpr

Bfuc Gpr

Sl:i.g:Gpr
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Table 1. Primers used in this study’
Primer | Oligonucleotide sequence® Location PCR product size with cloning
sites
P1 5-TATATGCGGCCGCCCATATTCGTCTGGCTCACC-3’ Upstream sequence in | 1192 bp (Nflr fragment)
P2 5-ATATTACCCGGGGGCCTGAGTGGCCCTTGACGCTGTTCTGTGAGG-3' | AfugprA Notl----Sfil-Xmal
Complement of AfugprA, N-
terminal region
P3 5-ATATTAAAGCTTGGCCATCTAGGCCAGCGGCAAGGTTTTGACTT-3 Downstream sequence in | 1219 bp (Cflr fragment)
P4 5-TATCGTTAATTAAATGAACCGCCTTCAGAGCTA-3 AfugprA HinDIlI-Sfil----Pacl
Complement of AfugprA, C-
terminal region
P5 5-GGGCTGAAGGAAGAATACCC-3 Upstream  sequence in | 1343 bp.
P6 5-AGGTGATATCGGCCTGAGTG-3' AfugprA
pSK397
pP7 5-CGTTTACCCAGAATGCACAG-3 Downstram  sequence in | 1350 bp.
P8 5'-GCACAGTGATATCGGACGAC-3’ AfugprA
pSK397
P9 5-GTTCTCGAGCCATCGCTGCTCCCCTCACA-3 AfugprA 782 bp.
P10 5-GTTGGATCCTTAGACATACTTAACAGTGAC-3 Complement of AfugprA Xhol----BamHI

" Primers P1 to P4 were used to construct Nflr and Cfir fragments. Primers P5 to P8 were used for screening A. fumigatus gprAA mutants. For location of

those primers in the A. fumigatus gprAA mutant compare Fig.1. Primers P9 and P10 were used for AfugprA gene expression in P. pastoris.

8 Italicized and boldfaced nucleotides represent cloning sites.
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Supplementary Tables Legends for the Part 3.

Supplementary Table 1: MS Protein report of M. canis (1a) and A. benhamiae (1b)
secretome in SP medium at pH 4.0 and pH 7.0. (p. 134)

Supplementary Table 2: Shotgun MS analysis of M. canis (2a) and A. benhamiae
(2b) grown in SP medium at pH 4.0 and pH 7.0. (p. 186)

Supplementary Table 3: M. Canis (3a) and A. benhamiae (3b) hydrolases identified
by MS in SP medium at pH 4.0 and pH 7.0. (p. 207)

Supplementary Table 4: Ratio average of all secreted proteases from M. canis (4a)
and A. benhamiae (4b) based on the Scaffold scoring. Data associated to Figure 3.
(p. 214)

Supplementary Table 5: Homologous proteases with a signal sequence in A.

fumigatus, A. benhamiae and M. canis. (p. 220)
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Supplementary Table 1a: MS Protein report of M. canis secretome in SP medium at pH 4.0 and pH 7.0.
Database Set: 1 Database

Database Name: the uniprot-microsporum-AND-canis database

Taxonomy: All Entries

Number of Proteins: 8805
Search Engine Set: 1 Search Engine

Search Engine: Mascot

Version: Mascot

Fragment Tolerance: 0.50 Da (Monoisotopic)
Parent Tolerance: 10.0 PPM (Monoisotopic)
Fixed Modifications: +57 on C (Carbamidomethyl)
Variable Modifications: +1 on NQ (Deamidation), +16 on M (Oxidation), +42 on n (Acetyl)
Database: the uniprot-microsporum-AND-canis database (unknown version, 8805 entries)

Digestion Enzyme: Trypsin
Max Missed Cleavages: 1
Scaffold Version: Scaffold_3 00 03

Peptide Thresholds: 90.0 % minimum

Protein Thresholds: 95.0 % minimum and 1 peptides minimum

Protein Number | Number
. . . . Number | Percentage | Percentage
Biological . Protein accession molecular of of
Protein name . : - of total of total sequence
sample name numbers weight unique | unique
(Da) peptides | spectra spectra | spectra coverage
Mcanis-pH4-a | Probable neutral protease 2 MCYG_05201 NPIIA_NANOT 40'199.70 8 9 12 0.37% 28.20%
Mcanis-pH4-a | FAD binding domain-containing protein MCYG_08167 C5FZP5_NANOT 54'189.10 1 1 1 0.03% 2.20%
Mcanis-pH4-a | Carboxypeptidase S1 SCPB SCPB_NANOT 72'773.80 10 13 15 0.46% 24.90%
Mcanis-pH4-a | Subtilisin-like protease SUB7 SUB7_NANOT 41'362.20 2 2 2 0.06% 10.00%
Mcanis-pH4-a | Alkaline serine protease MCYG_02748 C5FGP4_NANOT 40'782.50 2 2 2 0.06% 12.90%
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Mcanis-pH4-a | Mucin MCYG_07854 C5FXJ5_NANOT 76'937.60 5 5 5 0.15% 10.10%
Mcanis-pH4-a | LysM domain-containing protein MCYG_04103 C5FN48_NANOT 47'704.30 2 3 4 0.12% 6.14%
Mcanis-pH4-a | Phosphoglycerate mutase family protein MCYG_08379 C5GO0A7_NANOT 36'614.60 6 6 7 0.21% 23.50%
Mcanis-pH4-a | Dipeptidase 1 MCYG_02918 C5FK77_NANOT 47'224.20 2 2 2 0.06% 7.26%
Mcanis-pH4-a | FAD binding domain-containing proteinMCYG_04968 C5FQJ6_NANOT 55'314.40 19 27 42 1.28% 49.80%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 20'561.90 5 9 55 1.67% 49.50%
Mcanis-pH4-a | Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 10 13 35 1.07% 32.90%
Mcanis-pH4-a | DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 60'979.20 4 4 4 0.12% 10.90%
Mcanis-pH4-a | Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 56'747.70 14 20 29 0.88% 38.40%
Mcanis-pH4-a | Subtilisin-like protease SUB3 SUBS—MK,:\ICOA%SUBS—NA 40'837.10 13 21 59 1.80% 59.20%
Mcanis-pH4-a | Tripeptidyl-peptidase SED2 SED2 SED2_NANOT 64'826.30 21 33 157 4.78% 49.50%
Mcanis-pH4-a | Chitinase 3 MCYG_07133 C5FWNO_NANOT 24'184.50 2 2 2 0.06% 10.90%
Mcanis-pH4-a | LysM domain-containing protein MCYG_08445 C5GOH3_NANOT 41'770.40 6 0.18% 6.43%
Mcanis-pH4-a | Ser/Thr protein phosphataseMCYG_06525 C5FUX2_NANOT 71'499.90 16 24 41 1.25% 30.00%
Mcanis-pH4-a | LysM domain-containing protein MCYG_02074 C5FII6_NANOT 21'919.30 2 3 4 0.12% 17.30%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_00562 C5FCZ0_NANOT 26'376.90 10 11 13 0.40% 45.30%
Mcanis-pH4-a | Carboxypeptidase cpdS MCYG_07753 C5FX94_NANOT 58'407.20 14 19 36 1.10% 37.20%
Mcanis-pH4-a | Carboxylesterase MCYG_01781 C5FHY2_NANOT 55'467.40 0.24% 26.10%
Mcanis-pH4-a | Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 62'565.80 0.15% 12.50%
Mcanis-pH4-a | Carbohydrate-binding protein MCYG_01090 C5FEG8_NANOT 41'707.10 10 0.30% 26.50%
Mcanis-pH4-a | Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 19 28 99 3.01% 68.40%
Mcanis-pH4-a | 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 20 25 38 1.16% 55.60%
Mcanis-pH4-a | Actin MCYG_05457 C5FRY5_NANOT 41'706.40 2 2 4 0.12% 7.73%
Mcanis-pH4-a | Extracellular metalloproteinase 3 MEP3 MEP3—M'$\I%AT’MEP3—NA 69'360.10 | 10 15 22 0.67% 28.40%
Mcanis-pH4-a | Peptidase M28 MCYG_04217 C5FP82_NANOT 55'810.30 13 15 19 0.58% 32.10%
Mcanis-pH4-a | Carboxypeptidase S1 SCPA SPCA_NANOT 72'179.60 14 18 33 1.00% 31.50%
Mcanis-pH4-a | Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 11 13 28 0.85% 33.70%
Mcanis-pH4-a | 6-hydroxy-D-nicotine oxidase MCYG_04909 C5FQD7_NANOT 55'997.50 7 10 10 0.30% 23.90%
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Mcanis-pH4-a | Extracellular matrix protein MCYG_07613 C5FWV4_NANOT 23'404.60 3 3 6 0.18% 23.20%
Mcanis-pH4-a | Dipeptidyl-peptidase 5 DPP5 DPP5_NANOT 80'058.80 26 35 52 1.58% 49.30%
Mcanis-pH4-a | Feruloyl esterase B MCYG_06844 C5FVU1_NANOT 57'917.20 3 0.09% 7.81%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_04944 C5FQH2_NANOT 18'929.80 0.06% 15.30%
Mcanis-pH4-a | Alpha-glucosidase MCYG_00092 C5FBMO_NANOT 100'911.70 4 4 4 0.12% 6.71%
Mcanis-pH4-a | Extracellular cell wall glucanase Crfl MCYG_04874 C5FQA2_NANOT 44'996.20 12 19 56 1.70% 39.50%
Mcanis-pH4-a | 1,3(4)-beta-glucanase MCYG_05925 C5FTA3_NANOT 48'684.20 10 14 18 0.55% 34.90%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21'011.20 6 8 12 0.37% 28.70%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_02207 C5FJ58_NANOT 61'443.50 13 14 28 0.85% 35.50%
Mcanis-pH4-a Laccase-1 MCYG_08571 C5G0U9_NANOT 64'927.40 12 20 44 1.34% 37.90%
Mcanis-pH4-a | 6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 62'598.10 10 11 11 0.34% 27.50%
Mcanis-pH4-a Phytase MCYG_02670 C5FGG6_NANOT 51'413.20 13 17 19 0.58% 40.10%
Mcanis-pH4-a | GDSL Lipase/Acylhydrolase family protein MCYG_04422 C5FNI9_NANOT 27'702.80 3 4 0.12% 21.00%
Mcanis-pH4-a | Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42'269.30 5 0.15% 16.70%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_07328 C5FYB1_NANOT 20'833.50 11 22 168 5.11% 72.50%
Mcanis-pH4-a | Peptidase S41 family proteinMCYG_03610 C5FM69_NANOT 76'977.00 21 23 44 1.34% 39.70%
Mcanis-pH4-a | Probable leucine aminopeptidase MCYG_04170 LAP5_NANOT 38'208.00 2 3 8 0.24% 9.80%
Mcanis-pH4-a | Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 10 18 44 1.34% 33.90%
Mcanis-pH4-a | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 14 25 153 4.66% 34.60%
Mcanis-pH4-a | Glucoamylase MCYG_06367 C5FUG4_NANOT 67'893.70 24 31 35 1.07% 50.10%
Mcanis-pH4-a | Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 13 22 117 3.56% 55.30%
Mcanis-pH4-a | Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44'218.50 9 12 17 0.52% 33.90%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 61'787.00 7 11 0.34% 14.80%
Mcanis-pH4-a | Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 5 5 6 0.18% 42.90%
Mcanis-pH4-a | Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 87'712.10 7 0.21% 14.10%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_03713 C5FIN3_NANOT 25'502.60 9 16 43 1.31% 45.00%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_03189 C5FKZ8 NANOT 46'783.50 7 7 7 0.21% 24.70%
Mcanis-pH4-a | IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 9 12 43 1.31% 54.10%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_08572 C5G0VO0_NANOT 33'320.40 7 9 18 0.55% 38.30%
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Mcanis-pH4-a | N,O-diacetylmuramidase MCYG_02645 C5FGE1_NANOT 25'288.00 4 0.27% 26.70%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_04701 C5FP29_NANOT 26'644.10 4 6 0.18% 24.80%
Mcanis-pH4-a Carboxypeptidase Y MCYG_05486 C5FS14_NANOT 66'387.20 8 13 16 0.49% 23.80%
Mcanis-pH4-a | FAD binding domain-containing protein MCYG_06815 C5FVR2_NANOT 63'164.50 8 10 11 0.34% 23.10%
Mcanis-pH4-a | Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 9 15 201 6.12% 37.40%
Mcanis-pH4-a | Extracellular metalloproteinase MEP5 MEP5—MI(;’\ICOA_‘ILMEP5—NA 69'529.10 10 11 21 0.64% 27.20%
Mcanis-pH4-a | Aspartic endopeptidase PEP1 PEPF_NANOT 41'148.90 7 11 206 6.27% 35.50%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_03822 C5FMAO_NANOT 56'426.10 2 2 2 0.06% 6.24%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_03637 C5FM96_NANOT 24'982.00 4 5 9 0.27% 32.40%
Mcanis-pH4-a | Copper radical oxidase MCYG_08682 C5G160_NANOT 96'394.50 2 2 4 0.12% 3.45%
Mcanis-pH4-a Cell wall protein PhiA MCYG_00375 C5FC64_NANOT 19'726.70 6 6 9 0.27% 50.50%
Mcanis-pH4-a | Predicted protein MCYG_01508 C5FHE9_NANOT 19'477.60 3 4 4 0.12% 27.20%
Mcanis-pH4-a | Acid trehalase MCYG_02758 C5FGQ4_NANOT 114'531.50 3 3 3 0.09% 3.43%
Mcanis-pH4-a | Aspartic protease MCYG_05372 C5FRQO_NANOT 50'249.10 9 11 12 0.37% 35.90%
Mcanis-pH4-a | Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 8 12 41 1.25% 37.90%
Mcanis-pH4-a | Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 33'625.30 6 0.24% 36.50%
Mcanis-pH4-a | Lcc2 MCYG_02578 C5FG74_NANOT 73'949.30 8 8 8 0.24% 19.90%
Mcanis-pH4-a | Acid phosphatase MCYG_07729 C5FX70_NANOT 30'625.90 10 11 12 0.37% 65.20%
Mcanis-pH4-a | Extracellular metalloproteinase MEP1 MEPl—MI(;’\ICOA.‘ILMEpl—NA 69'753.70 3 3 4 0.12% 11.60%
Mcanis-pH4-a | Carboxylesterase family protein MCYG_00869 C5FDU7_NANOT 62'320.30 13 15 22 0.67% 29.20%
Mcanis-pH4-a | Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 7 7 0.27% 13.50%
Mcanis-pH4-a | Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 18'683.60 2 4 0.12% 23.70%
Mcanis-pH4-b | Probable neutral protease 2 homolog MCYG_05201 NPIIA_NANOT 40'199.70 2 2 0.17% 7.24%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_04951 C5FQH9_NANOT 15'009.70 7 10 24 1.37% 55.20%
Mcanis-pH4-b | FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55'314.40 9 12 0.69% 24.60%
Mcanis-pH4-b | Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 2 3 0.17% 7.19%
Mcanis-pH4-b Extracellular cell wall glucanase Crfl MCYG_04874 C5FQA2_NANOT 44'996.20 7 10 18 1.03% 20.70%
Mcanis-pH4-b | FAD binding domain-containing protein MCYG_06815 C5FVR2_NANOT 63'164.50 11 12 12 0.69% 29.40%
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Mcanis-pH4-b | Aspartic endopeptidase PEP1 PEPF_NANOT 41'148.90 3 5 19 1.09% 13.40%
Mcanis-pH4-b | Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 8 10 19 1.09% 27.60%
Mcanis-pH4-b | Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 4 4 8 0.46% 10.60%
Mcanis-pH4-b | DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 60'979.20 3 0.17% 6.01%
Mcanis-pH4-b | Subtilisin-like protease SUB3 SUBS—MliICOA%SUBS—NA 40'837.10 5 6 6 0.34% 17.90%
Mcanis-pH4-b | Tripeptidyl-peptidase SED2 SED2_NANOT 64'826.30 19 29 221 12.60% 48.70%
Mcanis-pH4-b | Ser/Thr protein phosphatase MCYG_06525 C5FUX2_NANOT 71'499.90 8 9 14 0.80% 13.90%
Mcanis-pH4-b | Carboxypeptidase cpdS MCYG_07753 C5FX94_NANOT 58'407.20 13 16 36 2.06% 31.60%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_03713 C5FJIN3_NANOT 25'502.60 11 59 3.37% 43.70%
Mcanis-pH4-b | Carbohydrate-bhinding protein MCYG_01090 C5FEG8_NANOT 41'707.10 6 6 0.34% 15.90%
Mcanis-pH4-b | Lcc2 MCYG_02578 C5FG74_NANOT 73'949.30 0.17% 3.06%
Mcanis-pH4-b | Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 14 18 92 5.26% 57.70%
Mcanis-pH4-b 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 11 11 13 0.74% 31.30%
Mcanis-pH4-b | Extracellular metalloproteinase MEP3 MEPS—MIC,:\ICOAILMEPS—NA 69'360.10 2 2 2 0.11% 4.90%
Mcanis-pH4-b | Peptidase M28 MCYG_04217 C5FP82_NANOT 55'810.30 13 13 16 0.92% 29.30%
Mcanis-pH4-b | Carboxypeptidase S1 SCPA SPCA_NANOT 72'179.60 14 17 27 1.54% 26.00%
Mcanis-pH4-b | 6-hydroxy-D-nicotine oxidase MCYG_04909 C5FQD7_NANOT 55'997.50 8 15 0.86% 18.60%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_04944 C5FQH2_NANOT 18'929.80 0.23% 26.00%
Mcanis-pH4-b | Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 4 0.23% 6.92%
Mcanis-pH4-b | 1,3(4)-beta-glucanase MCYG_05925 C5FTA3_NANOT 48'684.20 0.29% 7.56%
Mcanis-pH4-b | Laccase-1 MCYG_08571 C5G0U9_NANOT 64'927.40 13 17 31 1.77% 31.10%
Mcanis-pH4-b | Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42'269.30 3 3 6 0.34% 9.85%
Mcanis-pH4-b | Peptidase S41 family protein MCYG_03610 C5FM69_NANOT 76'977.00 20 22 53 3.03% 33.80%
Mcanis-pH4-b | Glycosyl hydrolase family 3 N terminal MCYG_07820 C5FXG1_NANOT 40'034.60 3 3 4 0.23% 8.29%
Mcanis-pH4-b | Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 9 13 0.74% 22.70%
Mcanis-pH4-b | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 14 22 128 7.32% 35.40%
Mcanis-pH4-b | Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 3 3 6 0.34% 9.62%
Mcanis-pH4-b | Hydrophobic surface binding protein B MCYG_01969 C5FIQ9_NANOT 19'243.20 2 0.11% 14.30%
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Mcanis-pH4-b | Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 6 6 13 0.74% 38.90%
Mcanis-pH4-b | Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 87'712.10 8 8 8 0.46% 13.80%
Mcanis-pH4-b IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 7 9 44 2.52% 41.80%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_08572 C5G0VO0_NANOT 33'320.40 2 2 0.11% 9.73%
Mcanis-pH4-b N,O-diacetylmuramidase MCYG_02645 C5FGE1_NANOT 25'288.00 3 3 4 0.23% 19.50%
Mcanis-pH4-b | Carboxypeptidase Y MCYG_05486 C5FS14_NANOT 66'387.20 8 9 13 0.74% 17.60%
Mcanis-pH4-b HMF1 MCYG_06048 C5FTM6_NANOT 13'129.00 2 2 2 0.11% 26.40%
Mcanis-pH4-b | Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 6 8 61 3.49% 17.80%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 20'561.90 4 8 71 4.06% 36.50%
Mcanis-pH4-b | Putative uncharacterized protein MCYG_03637 C5FM96_NANOT 24'982.00 1 2 2 0.11% 5.53%
Mcanis-pH4-b | Cell wall protein PhiA MCYG_00375 C5FC64_NANOT 19'726.70 7 8 19 1.09% 52.70%
Mcanis-pH4-b Predicted protein MCYG_01508 C5FHE9_NANOT 19'477.60 2 2 2 0.11% 19.60%
Mcanis-pH4-b | Carboxypeptidase S1 SCPB SCPB_NANOT 72'773.80 2 2 2 0.11% 3.97%
Mcanis-pH4-b | Aspartic protease MCYG_05372 C5FRQO_NANOT 50'249.10 5 5 5 0.29% 13.40%
Mcanis-pH4-b Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 33'625.30 5 5 7 0.40% 28.30%
Mcanis-pH4-b | Acid phosphatase MCYG_07729 C5FX70_NANOT 30'625.90 3 3 4 0.23% 17.70%
Mcanis-pH4-c Putative uncharacterized protein MCYG_00562 C5FCZ0_NANOT 26'376.90 8 9 12 0.30% 44.00%
Mcanis-pH4-c | ThiJ/Pfpl family protein MCYG_02762 C5FGQ8_NANOT 24'934.80 3 4 0.12% 17.00%
Mcanis-pH4-c Probable neutral protease 2 homolog MCYG_05201 NPIIA_NANOT 40'199.70 2 2 0.10% 4.02%
Mcanis-pH4-c Putative uncharacterized protein MCYG_04951 C5FQH9_NANOT 15'009.70 3 4 0.12% 37.90%
Mcanis-pH4-c FAD binding domain-containing protein MCYG_08167 C5FZP5_NANOT 54'189.10 3 4 0.10% 7.20%
Mcanis-pH4-c Carboxypeptidase S1 SCPB SCPB_NANOT 72'773.80 9 11 12 0.30% 18.00%
Mcanis-pH4-c Phosphoglycerate mutase family protein MCYG_08379 C5G0A7_NANOT 36'614.60 8 8 15 0.37% 33.20%
Mcanis-pH4-c FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55'314.40 19 25 68 1.68% 53.50%
Mcanis-pH4-c Putative uncharacterized protein MCYG_06096 C5FTS4_NANOT 57'065.30 2 2 2 0.05% 4.76%
Mcanis-pH4-c | Glucoamylase MCYG_06367 C5FUG4_NANOT 67'893.70 23 27 53 1.31% 42.10%
Mcanis-pH4-c Beta-glucosidase 1 MCYG_00928 C5FEO6_NANOT 93'578.70 12 13 13 0.32% 22.70%
Mcanis-pH4-c Putative uncharacterized protein MCYG_03637 C5FM96_NANOT 24'982.00 2 2 0.05% 13.40%
Mcanis-pH4-c DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 60'979.20 9 11 18 0.44% 25.30%
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Mcanis-pH4-c Putative uncharacterized protein MCYG_06727 C5FVH4_NANOT 36'564.80 5 6 9 0.22% 17.50%
Mcanis-pH4-c Dipeptidyl peptidase DPPIV AOSSVQ,—\:\/QI’\?S_?‘DPPA'— 87'901.80 5 5 5 0.12% 6.97%
Mcanis-pH4-c Copper radical oxidase MCYG_08682 C5G160_NANOT 96'394.50 2 3 0.07% 2.67%
Mcanis-pH4-c Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 56'747.70 9 13 18 0.44% 20.70%
Mcanis-pH4-c | Subtilisin-like protease SUB3 SUBS—M'?\I%AT'SU%—NA 40837.10 | 15 23 100 2.46% 62.20%
Mcanis-pH4-c | Tripeptidyl-peptidase SED2 SED2_NANOT 64'826.30 19 30 247 6.09% 48.70%
Mcanis-pH4-c | Predicted protein MCYG_04621 C5FNU9_NANOT 35'543.40 2 2 2 0.05% 8.49%
Mcanis-pH4-c Ser/Thr protein phosphatase MCYG_06525 C5FUX2_NANOT 71'499.90 13 14 32 0.79% 24.30%
Mcanis-pH4-c | Aldose 1-epimerase MCYG_00654 C5FD82_NANOT 46'289.40 2 2 2 0.05% 4.45%
Mcanis-pH4-c | Carboxypeptidase cpdS MCYG_07753 C5FX94_NANOT 58'407.20 12 19 56 1.38% 30.10%
Mcanis-pH4-c Carboxylesterase MCYG_01781 C5FHY2_NANOT 55'467.40 10 12 0.30% 23.70%
Mcanis-pH4-c | Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 94'824.40 8 11 0.27% 12.60%
Mcanis-pH4-c Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 62'565.80 10 15 25 0.62% 25.40%
Mcanis-pH4-c | Carbohydrate-binding protein MCYG_01090 C5FEG8_NANOT 41'707.10 14 30 0.74% 30.50%
Mcanis-pH4-c | Lcc2 MCYG_02578 C5FG74_NANOT 73'949.30 5 6 6 0.15% 12.40%
Mcanis-pH4-c Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 13 16 90 2.22% 49.20%
Mcanis-pH4-c | 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 19 24 54 1.33% 48.90%
Mcanis-pH4-c | Extracellular metalloproteinase MEP3 MEP3—M'$\I%AT’MEP3—NA 69'360.10 | 12 19 50 1.23% 37.80%
Mcanis-pH4-c | Peptidase M28 MCYG_04217 C5FP82_NANOT 55'810.30 16 20 44 1.08% 41.30%
Mcanis-pH4-c Putative uncharacterized protein MCYG_03515 C5FLX4_NANOT 22'660.00 4 5 0.12% 21.00%
Mcanis-pH4-c 6-hydroxy-D-nicotine oxidase MCYG_04909 C5FQD7_NANOT 55'997.50 8 12 20 0.49% 22.50%
Mcanis-pH4-c Dipeptidyl-peptidase DPP5 DPP5_NANOT 80'058.80 29 43 61 1.50% 54.40%
Mcanis-pH4-c Feruloyl esterase B MCYG_06844 C5FVU1_NANOT 57'917.20 4 4 4 0.10% 10.00%
Mcanis-pH4-c Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 7 13 73 1.80% 36.30%
Mcanis-pH4-c | Alpha-glucosidase MCYG_00092 C5FBMO_NANOT 100'911.70 4 4 0.10% 6.49%
Mcanis-pH4-c 2,6-dihydropseudooxynicotine hydrolase MCYG_02065 C5FIH7_NANOT 48'680.60 2 0.10% 6.38%
Mcanis-pH4-c | Putative uncharacterized protein MCYG_04944 C5FQH2_NANOT 18'929.80 4 4 0.12% 33.90%
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Mcanis-pH4-c 1,3(4)-beta-glucanase MCYG_05925 C5FTA3_NANOT 48'684.20 11 0.27% 20.70%
Mcanis-pH4-c Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21'011.20 7 12 0.30% 19.00%
Mcanis-pH4-c Carboxy-cis,cis-muconate cyclase MCYG_00595 C5FD23_NANOT 41'885.60 12 0.30% 35.60%
Mcanis-pH4-c Putative uncharacterized protein MCYG_02207 C5FJ58_NANOT 61'443.50 15 20 55 1.36% 37.70%
Mcanis-pH4-c Laccase-1 MCYG_08571 C5G0U9_NANOT 64'927.40 16 25 56 1.38% 38.70%
Mcanis-pH4-c 6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 62'598.10 8 10 19 0.47% 18.80%
Mcanis-pH4-c Phytase MCYG_02670 C5FGG6_NANOT 51'413.20 11 15 17 0.42% 32.20%
Mcanis-pH4-c | Tripeptidyl-peptidase SED3 SED3_NANOT 65'310.40 5 5 0.12% 13.60%
Mcanis-pH4-c Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42'269.30 6 10 0.25% 14.90%
Mcanis-pH4-c FAD binding domain-containing protein MCYG_07459 C5FYP2_NANOT 54'460.30 2 3 0.07% 4.81%
Mcanis-pH4-c Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 8 10 152 3.75% 19.80%
Mcanis-pH4-c Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 18'683.60 2 2 2 0.05% 16.70%
Mcanis-pH4-c Putative uncharacterized protein MCYG_07328 C5FYB1_NANOT 20'833.50 9 18 148 3.65% 63.70%
Mcanis-pH4-c | Peptidase S41 family protein MCYG_03610 C5FM69_NANOT 76'977.00 29 37 94 2.32% 46.50%
Mcanis-pH4-c Probable leucine aminopeptidase MCYG_04170 LAP5_NANOT 38'208.00 2 2 5 0.12% 9.80%
Mcanis-pH4-c Putative uncharacterized protein MCYG_05202 C5FR80_NANOT 19'295.60 0.07% 23.00%
Mcanis-pH4-c Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 15 39 0.96% 32.00%
Mcanis-pH4-c | Alkaline serine protease MCYG_02748 C5FGP4_NANOT 40'782.50 3 3 0.07% 12.40%
Mcanis-pH4-c | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 12 21 113 2.79% 28.30%
Mcanis-pH4-c Glucan 1,3-beta-glucosidase MCYG_05874 C5FT52_NANOT 45'774.50 0.05% 4.59%
Mcanis-pH4-c | Alkaline proteinase MCYG_01476 C5FH27_NANOT 41'484.80 4 5 0.15% 16.50%
Mcanis-pH4-c ATP-dependent permease MCYG_02170 C5FJ21_NANOT 107'299.40 0.05% 2.99%
Mcanis-pH4-c Mucin MCYG_07854 C5FXJ5_NANOT 76'937.60 13 15 16 0.39% 24.10%
Mcanis-pH4-c Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 8 9 32 0.79% 21.00%
Mcanis-pH4-c Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 10 16 84 2.07% 43.00%
Mcanis-pH4-c | Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44'218.50 9 11 29 0.72% 33.90%
Mcanis-pH4-c Glycerophosphoryl diester phosphodiesterase MCYG_05364 C5FRP2_NANOT 44'497.00 4 4 4 0.10% 11.50%
Mcanis-pH4-c Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 61'787.00 8 16 0.39% 18.80%
Mcanis-pH4-c Endo-beta-1,3-glucanase MCYG_06694 C5FVE1_NANOT 73'890.20 3 3 0.07% 5.31%
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Mcanis-pH4-c | Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 15 21 81 2.00% 43.30%
Mcanis-pH4-c Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 3 4 5 0.12% 27.40%
Mcanis-pH4-c | Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 87'712.10 10 11 12 0.30% 20.90%
Mcanis-pH4-c GDSL Lipase/Acylhydrolase family protein MCYG_04422 C5FNI9_NANOT 27'702.80 5 7 0.17% 36.70%
Mcanis-pH4-c Putative uncharacterized protein MCYG_03189 C5FKZ8 NANOT 46'783.50 4 6 0.15% 14.40%
Mcanis-pH4-c Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 67'781.60 6 6 6 0.15% 13.20%
Mcanis-pH4-c IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 6 8 29 0.72% 41.80%
Mcanis-pH4-c Putative uncharacterized protein MCYG_08572 C5GO0VO_NANOT 33'320.40 7 9 27 0.67% 38.30%
Mcanis-pH4-c | N,O-diacetylmuramidase MCYG_02645 C5FGE1_NANOT 25'288.00 5 7 13 0.32% 26.70%
Mcanis-pH4-c Carboxypeptidase S1 homolog SCPA SPCA_NANOT 72'179.60 15 23 47 1.16% 29.00%
Mcanis-pH4-c Carboxypeptidase Y MCYG_05486 C5FS14_NANOT 66'387.20 7 10 15 0.37% 16.40%
Mcanis-pH4-c | Aminopeptidase Y LAP1 LAP1_NANOT 52'839.50 2 2 0.05% 5.25%
Mcanis-pH4-c Endo/exonuclease/phosphatase family MCYG_03887 C5FMG5_NANOT 33'384.70 1 1 1 0.02% 2.67%
Mcanis-pH4-c FAD binding domain-containing protein MCYG_06815 C5FVR2_NANOT 63'164.50 14 19 22 0.54% 38.40%
Mcanis-pH4-c Glycosyl hydrolase family 3 N terminal MCYG_07820 C5FXG1_NANOT 40'034.60 7 7 7 0.17% 21.10%
Mcanis-pH4-c | Extracellular metalloproteinase MEPS MEP5—M'C,\I%AT'MEP5—NA 69529.10 | 11 12 34 0.84% 28.50%
Mcanis-pH4-c | Aspartic endopeptidase PEP1 PEPF_NANOT 41'148.90 3 97 2.39% 13.40%
Mcanis-pH4-c Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 20'561.90 3 6 63 1.55% 31.20%
Mcanis-pH4-c Extracellular cell wall glucanase CrfAIMCYG_04874 C5FQA2_NANOT 44'996.20 9 14 40 0.99% 31.00%
Mcanis-pH4-c Putative uncharacterized protein MCYG_03822 C5FMAO_NANOT 56'426.10 6 6 0.15% 16.80%
Mcanis-pH4-c Leucine aminopeptidase LAP2 LAP2_NANOT 40'524.20 2 2 0.05% 6.17%
Mcanis-pH4-c | Amidase MCYG_00475 C5FCQ3_NANOT 61'861.80 7 8 12 0.30% 15.60%
Mcanis-pH4-c | Cell wall protein PhiA MCYG_00375 C5FC64_NANOT 19'726.70 5 6 14 0.35% 37.10%
Mcanis-pH4-c Predicted protein MCYG_01508 C5FHE9_NANOT 19'477.60 2 4 5 0.12% 27.20%
Mcanis-pH4-c | Acid trehalase MCYG_02758 C5FGQ4_NANOT 114'531.50 7 7 0.17% 8.86%
Mcanis-pH4-c | Proteinase inhibitor 14 MCYG_03085 C5FKP4_NANOT 39'549.80 3 3 3 0.07% 12.10%
Mcanis-pH4-c | Aspartic protease MCYG_05372 C5FRQO_NANOT 50'249.10 8 10 21 0.52% 28.80%
Mcanis-pH4-c Putative uncharacterized protein MCYG_01908 C5FIA9_NANOT 96'835.90 3 3 3 0.07% 4.76%
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Mcanis-pH4-c Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 33'625.30 8 14 0.35% 40.40%
Mcanis-pH4-c Putative uncharacterized protein MCYG_03713 C5FIN3_NANOT 25'502.60 12 60 1.48% 43.70%
Mcanis-pH4-c Acid phosphatase MCYG_07729 C5FX70_NANOT 30'625.90 9 19 0.47% 31.10%
Mcanis-pH4-c | Extracellular metalloproteinase MEP1 MEPl—M'C,\I%AT'MEpl—NA 6975370 | 5 6 8 0.20% 18.40%
Mcanis-pH4-c Carboxylesterase family protein MCYG_00869 C5FDU7_NANOT 62'320.30 12 0.30% 15.80%
Mcanis-pH4-c Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 13 0.32% 12.60%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_08685 C5G163_NANOT 79'189.30 2 2 0.06% 4.58%
Mcanis-pH7-a | Alkaline phosphatase MCYG_04625 C5FNV3_NANOT 56'302.20 30 56 358 10.00% 72.50%
Mcanis-pH7-a | 4-hydroxyphenylpyruvate dioxygenase MCYG_00524 C5FCV2_NANOT 45'157.10 5 6 8 0.22% 19.00%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_01574 C5FHL5_NANOT 27'690.30 10 14 20 0.56% 42.80%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_04556 C5FNN4_NANOT 50'223.20 4 4 4 0.11% 13.50%
Mcanis-pH7-a | Subtilisin-like protease SUB7 SUB7_NANOT 41'362.20 6 9 21 0.59% 28.50%
Mcanis-pH7-a | LysM domain-containing protein MCYG_04646 C5FNX4_NANOT 28'076.50 5 7 29 0.81% 29.20%
Mcanis-pH7-a | Glycerophosphoryl diester phosphodiesterase MCYG_05364 C5FRP2_NANOT 44'497.00 3 3 3 0.08% 11.50%
Mcanis-pH7-a | Phosphoglycerate mutase family protein MCYG_08379 C5G0A7_NANOT 36'614.60 6 6 0.25% 25.90%
Mcanis-pH7-a | Secreted protein MCYG_00341 C5FC30_NANOT 22'728.10 7 10 27 0.76% 54.50%
Mcanis-pH7-a | Dipeptidase 1 MCYG_02918 C5FK77_NANOT 47'224.20 11 14 15 0.42% 40.00%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_06096 C5FTS4_NANOT 57'065.30 14 15 15 0.42% 36.80%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_07164 C5FXU7_NANOT 48'942.20 10 0.28% 21.90%
Mcanis-pH7-a | Probable neutral protease 2 homolog MCYG_05201 NPIA_NANOT 40'199.70 4 0.17% 16.40%
Mcanis-pH7-a | Dihydrolipoamide dehydrogenase MCYG_08327 C5G055_NANOT 46'342.40 3 4 0.11% 10.70%
Mcanis-pH7-a | Beta-glucosidase 1 MCYG_00928 C5FE06_NANOT 93'578.70 22 28 40 1.12% 36.30%
Mcanis-pH7-a | Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 2 4 0.11% 5.82%
Mcanis-pH7-a | DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 60'979.20 5 6 0.25% 13.70%
Mcanis-pH7-a Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 8 10 13 0.36% 23.60%
Mcanis-pH7-a HypA MCYG_01872 C5FI73_NANOT 51'308.20 5 0.17% 15.60%
Mcanis-pH7-a | Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 56'747.70 5 5 0.17% 13.50%
Mcanis-pH7-a | Subtilisin-like protease SUB3 SUB3_MICCA,SUB3_NA 40'837.10 16 22 169 4.74% 63.20%

NOT
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Mcanis-pH7-a | Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 18'683.60 3 6 20 0.56% 30.10%
Mcanis-pH7-a | Extracellular metalloproteinase MEP4 MEP4—M|(’:\]%A_‘|1MEP4—NA 71'233.30 12 13 37 1.04% 23.30%
Mcanis-pH7-a | Fumarate reductase flavoprotein subunit MCYG_02604 C5FGAO_NANOT 67'964.70 5 5 6 0.17% 9.18%
Mcanis-pH7-a | Lactoylglutathione lyase MCYG_08655 C5G133_NANOT 36'259.70 0.03% 3.47%
Mcanis-pH7-a | Carbohydrate-binding protein MCYG_01090 C5FEG8_NANOT 41'707.10 4 5 5 0.14% 18.60%
Mcanis-pH7-a | Alpha-mannosidase MCYG_06176 C5FTX3_NANOT 123'001.50 33 38 72 2.02% 37.10%
Mcanis-pH7-a | Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 3 5 8 0.22% 11.10%
Mcanis-pH7-a | Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 9 12 29 0.81% 43.30%
Mcanis-pH7-a | Arabinan endo-1,5-alpha-L-arabinosidase A MCYG_02777 C5FGS3_NANOT 36'492.80 4 4 8 0.22% 16.40%
Mcanis-pH7-a | N-carbamoyl-L-amino acid hydrolase MCYG_03207 C5FL16_NANOT 50'422.80 2 2 2 0.06% 5.84%
Mcanis-pH7-a | Tripeptidyl-peptidase SED2 SED2_NANOT 64'826.30 2 2 2 0.06% 4.87%
Mcanis-pH7-a | Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 62'565.80 3 3 3 0.08% 9.04%
Mcanis-pH7-a | Peptidase S8 and S53 MCYG_01699 C5FHQO_NANOT 75'193.00 1 1 1 0.03% 2.59%
Mcanis-pH7-a | Carboxypeptidase 2 MCPB MCPB_NANOT 59'765.20 24 35 64 1.79% 54.20%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_01528 C5FHG9_NANOT 250'822.20 1 1 1 0.03% 0.49%
Mcanis-pH7-a 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 13 13 15 0.42% 37.60%
Mcanis-pH7-a | Extracellular metalloproteinase MEP3 MEP3—M'$\I%AT'MEP3—NA 69'360.10 | 12 16 38 1.07% 36.30%
Mcanis-pH7-a | Dipeptidyl peptidase DPPIV AOSSVOMICCA.DPPA_ | g7o01.80 | 28 37 54 1.51% 46.20%
Mcanis-pH7-a | Glutamate carboxypeptidase 2 MCYG_07431 C5FYL4_NANOT 78'351.90 11 16 22 0.62% 22.60%
Mcanis-pH7-a | Neutral ceramidase MCYG_06637 C5FV84_NANOT 83'246.50 16 22 25 0.70% 32.10%
Mcanis-pH7-a Predicted protein MCYG_08251 C5FZX9_NANOT 17'591.50 0.06% 13.80%
Mcanis-pH7-a | Dienelactone hydrolase family protein MCYG_02976 C5FKD5_NANOT 32'377.30 0.08% 10.70%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_03515 C5FLX4_NANOT 22'660.00 0.08% 18.50%
Mcanis-pH7-a | Endochitinase 1 MCYG_00676 C5FDA4_NANOT 44'249.10 14 16 34 0.95% 50.90%
Mcanis-pH7-a | Superoxide dismutase [Cu-Zn] MCYG_02077 C5FII9_NANOT 15'965.90 6 10 18 0.50% 61.70%
Mcanis-pH7-a Exochitinase 1 MCYG_05745 C5FSS3_NANOT 53'464.50 0.08% 6.85%
Mcanis-pH7-a | Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 3 0.08% 5.82%
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Mcanis-pH7-a | Putative uncharacterized protein MCYG_03989 C5FMR7_NANOT 45'583.40 5 5 0.14% 19.00%
Mcanis-pH7-a | Alpha-glucosidase MCYG_00092 C5FBMO_NANOT 100'911.70 0.25% 12.90%
Mcanis-pH7-a | Aconitase MCYG_03299 C5FLA8_NANOT 84'103.20 3 3 4 0.11% 4.52%
Mcanis-pH7-a | Copper radical oxidase MCYG_08682 C5G160_NANOT 96'394.50 24 32 56 1.57% 42.60%
Mcanis-pH7-a | Superoxide dismutase MCYG_06348 C5FUE5_NANOT 25'212.90 4 5 9 0.25% 27.30%
Mcanis-pH7-a | G-protein complex beta subunit CpcB MCYG_01069 C5FEE7_NANOT 35'071.00 7 7 9 0.25% 24.70%
Mcanis-pH7-a | Class Il aldolase/adducin domain MCYG_00391 C5FC80_NANOT 31'482.70 3 3 3 0.08% 12.90%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21'011.20 5 6 9 0.25% 19.50%
Mcanis-pH7-a | Aspartylglucosaminidase family protein MCYG_04957 C5FQI5_NANOT 44'887.40 5 6 6 0.17% 18.80%
Mcanis-pH7-a Beta-mannosidase MCYG_06102 C5FTTO_NANOT 97'855.30 2 2 3 0.08% 2.22%
Mcanis-pH7-a | Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 94'824.40 7 7 9 0.25% 13.40%
Mcanis-pH7-a | GH17932p MCYG_04430 C5FNJ7_NANOT 22'552.00 4 4 5 0.14% 28.50%
Mcanis-pH7-a | 6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 62'598.10 18 24 43 1.21% 48.80%
Mcanis-pH7-a | Cutinase MCYG_05629 C5FSF7_NANOT 28'464.90 5 5 7 0.20% 28.50%
Mcanis-pH7-a | Secretory phospholipase A2 MCYG_00583 C5FD11_NANOT 16'687.00 3 3 3 0.08% 27.30%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_07025 C5FWC2_NANOT 32'427.90 3 3 3 0.08% 13.20%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_07766 C5FXA7_NANOT 23'998.90 3 3 5 0.14% 13.30%
Mcanis-pH7-a | Peptidase S41 family protein MCYG_03610 C5FM69_NANOT 76'977.00 4 4 5 0.14% 8.37%
Mcanis-pH7-a | Chitinase 4 MCYG_08403 C5G0OD1_NANOT 38'958.30 2 3 3 0.08% 10.90%
Mcanis-pH7-a | Glycosyl hydrolase family 3 N terminal MCYG_07820 C5FXG1_NANOT 40'034.60 2 2 2 0.06% 8.82%
Mcanis-pH7-a | Aspartyl aminopeptidase MCYG_06746 C5FVJ3_NANOT 73'706.30 3 3 3 0.08% 5.05%
Mcanis-pH7-a | Aminopeptidase P MCYG_01718 C5FHR9_NANOT 69'181.80 3 3 4 0.11% 6.41%
Mcanis-pH7-a | Oxalate decarboxylase MCYG_02705 C5FGK1_NANOT 43'946.20 3 3 3 0.08% 20.10%
Mcanis-pH7-a | Glycoprotein X MCYG_08739 C5G1B7_NANOT 98'352.10 3 3 3 0.08% 4.14%
Mcanis-pH7-a | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 2 2 4 0.11% 4.16%
Mcanis-pH7-a | Glucoamylase MCYG_06367 C5FUG4_NANOT 67'893.70 34 51 388 10.90% 63.50%
Mcanis-pH7-a | ATP-dependent permease MCYG_02170 C5FJ21_NANOT 107'299.40 2 2 3 0.08% 3.92%
Mcanis-pH7-a | Mucin MCYG_07854 C5FXJ5_NANOT 76'937.60 28 39 78 2.19% 50.30%
Mcanis-pH7-a | PBSP domain-containing protein MCYG_01682 C5FHE4_NANOT 32'863.60 1 1 2 0.06% 3.95%
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Mcanis-pH7-a | Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44'218.50 10 13 19 0.53% 42.60%
Mcanis-pH7-a | Thimet oligopeptidase MCYG_02264 C5FFJ8_NANOT 81'672.10 2 2 2 0.06% 2.79%
Mcanis-pH7-a | Hydrophobic surface binding protein B MCYG_01969 C5FIQ9_NANOT 19'243.20 17 0.48% 48.40%
Mcanis-pH7-a | Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 10 46 1.29% 38.90%
Mcanis-pH7-a | Cyanate hydratase MCYG_03856 C5FMD4_NANOT 17'890.20 4 4 4 0.11% 36.30%
Mcanis-pH7-a | Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 67'781.60 13 15 16 0.45% 33.30%
Mcanis-pH7-a | IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 5 11 0.31% 27.80%
Mcanis-pH7-a | Citrate synthase MCYG_03094 C5FKQ3_NANOT 43'799.80 4 0.11% 10.70%
Mcanis-pH7-a | Extracellular serine-threonine rich protein MCYG_04810 C5FQ38_NANOT 92'970.60 3 4 0.11% 4.31%
Mcanis-pH7-a | Aminopeptidase Y LAP1 LAP1_NANOT 52'839.50 27 42 156 4.37% 57.80%
Mcanis-pH7-a | Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 5 12 0.34% 19.30%
Mcanis-pH7-a | Aspartic endopeptidase PEP1 PEPF_NANOT 41'148.90 3 5 6 0.17% 13.40%
Mcanis-pH7-a | Nucleoside diphosphate kinase MCYG_01839 C5FI140_NANOT 16'989.90 5 14 0.39% 39.90%
Mcanis-pH7-a | Leucine aminopeptidase LAP2 LAP2_NANOT 40'524.20 6 10 0.28% 24.40%
Mcanis-pH7-a | Amidase MCYG_00475 C5FCQ3_NANOT 61'861.80 22 34 81 2.27% 54.60%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 61'787.00 5 0.14% 13.90%
Mcanis-pH7-a | LysM domain-containing protein MCYG_02074 C5FII6_NANOT 21'919.30 2 0.14% 17.30%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_03637 C5FM96_NANOT 24'982.00 2 0.11% 19.00%
Mcanis-pH7-a | Predicted protein MCYG_04553 C5FNN1_NANOT 27'810.60 6 8 17 0.48% 33.50%
Mcanis-pH7-a | Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 7 11 33 0.93% 24.50%
Mcanis-pH7-a | FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55'314.40 19 27 75 2.10% 50.80%
Mcanis-pH7-a | Glutathione S-transferase Gst3 MCYG_07941 C5FXT2_NANOT 40'867.60 5 5 5 0.14% 16.00%
Mcanis-pH7-a | Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 8 12 78 2.19% 37.90%
Mcanis-pH7-a | Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 33'625.30 5 5 10 0.28% 23.10%
Mcanis-pH7-a | Multicopper oxidase MCYG_01191 C5FF09_NANOT 74'572.90 7 7 0.20% 15.30%
Mcanis-pH7-a | Alanine-glyoxylate aminotransferase MCYG_08492 C5GOMO_NANOT 41'392.90 2 2 0.06% 7.07%
Mcanis-pH7-a | Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 20'561.90 3 5 0.25% 31.20%
Mcanis-pH7-a | Uricase MCYG_00197 C5FBX5_NANOT 33'902.40 2 2 0.06% 11.10%
Mcanis-pH7-a | Fumarylacetoacetase MCYG_00527 C5FCV5_NANOT 47'213.90 11 13 27 0.76% 39.10%
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Mcanis-pH7-b | Polysaccharide deacetylase family protein MCYG_04253 C5FPB8_NANOT 30'019.90 4 0.14% 9.25%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_08685 C5G163_NANOT 79'189.30 3 3 0.10% 6.60%
Mcanis-pH7-b Alkaline phosphatase MCYG_04625 C5FNV3_NANOT 56'302.20 22 26 64 2.18% 65.30%
Mcanis-pH7-b | 4-hydroxyphenylpyruvate dioxygenase MCYG_00524 C5FCV2_NANOT 45'157.10 3 4 0.24% 9.25%
Mcanis-pH7-b | Probable neutral protease 2 homolog MCYG_05201 NPIIA_NANOT 40'199.70 3 3 0.27% 9.38%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_04556 C5FNN4_NANOT 50'223.20 3 3 7 0.24% 6.43%
Mcanis-pH7-b | LysM domain-containing protein MCYG_04646 C5FNX4_NANOT 28'076.50 3 4 15 0.51% 12.80%
Mcanis-pH7-b | Glycerophosphoryl diester phosphodiesterase MCYG_05364 C5FRP2_NANOT 44'497.00 3 3 0.10% 10.00%
Mcanis-pH7-b | Phosphoglycerate mutase family protein MCYG_08379 C5G0A7_NANOT 36'614.60 5 5 0.27% 20.70%
Mcanis-pH7-b | Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 3 3 0.14% 9.62%
Mcanis-pH7-b | Dipeptidase 1 MCYG_02918 C5FK77_NANOT 47'224.20 12 15 21 0.72% 36.80%
Mcanis-pH7-b | FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55'314.40 16 18 50 1.71% 40.40%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_06096 C5FTS4_NANOT 57'065.30 5 5 6 0.21% 13.10%
Mcanis-pH7-b | Carboxypeptidase cpdS MCYG_07753 C5FX94_NANOT 58'407.20 0.07% 6.13%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_07164 C5FXU7_NANOT 48'942.20 0.07% 5.42%
Mcanis-pH7-b | Dihydrolipoamide dehydrogenase MCYG_08327 C5G055_NANOT 46'342.40 3 4 4 0.14% 8.86%
Mcanis-pH7-b Beta-glucosidase 1 MCYG_00928 C5FEO6_NANOT 93'578.70 16 22 25 0.85% 23.10%
Mcanis-pH7-b | Secreted protein MCYG_00341 C5FC30_NANOT 22'728.10 3 3 0.21% 15.30%
Mcanis-pH7-b | Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 2 2 5 0.17% 5.82%
Mcanis-pH7-b Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 3 3 0.24% 8.55%
Mcanis-pH7-b | Fumarylacetoacetase MCYG_00527 C5FCV5_NANOT 47'213.90 8 9 21 0.72% 24.60%
Mcanis-pH7-b Beta-glucosidase MCYG_00545 C5FCX3_NANOT 135'337.50 3 3 3 0.10% 3.33%
Mcanis-pH7-b | Dipeptidyl peptidase DPPIV ROSSVOMICCA.DPPA_ | g7o01.80 | 17 20 39 1.33% 23.60%
Mcanis-pH7-b | HypA MCYG_01872 C5FI73_NANOT 51'308.20 3 3 4 0.14% 6.46%
Mcanis-pH7-b | Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 56'747.70 0.07% 2.66%
Mcanis-pH7-b | Subtilisin-like protease SUB3 SUB3—M'C,\|COAT'SUB3—NA 40837.10 | 14 18 59 2.01% 39.30%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 18'683.60 4 11 0.38% 16.70%
Mcanis-pH7-b | Aldose 1-epimerase MCYG_00654 C5FD82_NANOT 46'289.40 2 0.07% 4.45%
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Mcanis-pH7-b | Oxalate decarboxylase MCYG_02705 C5FGK1_NANOT 43'946.20 4 4 5 0.17% 16.60%
Mcanis-pH7-b | Extracellular metalloproteinase MEP4 MEP4—M|(’:\]%A_‘|1MEP4—NA 71'233.30 11 13 45 1.53% 20.20%
Mcanis-pH7-b | Stress responsive A/B barrel domain MCYG_02249 C5FFI3_NANOT 12'020.40 1 2 0.07% 13.20%
Mcanis-pH7-b | Fumarate reductase flavoprotein subunit MCYG_02604 C5FGAO_NANOT 67'964.70 4 4 5 0.17% 6.49%
Mcanis-pH7-b | Predicted protein MCYG_04553 C5FNN1_NANOT 27'810.60 3 4 16 0.55% 16.50%
Mcanis-pH7-b | Peroxisomal matrix protein MCYG_00580 C5FDO08_NANOT 18'035.80 1 1 1 0.03% 10.70%
Mcanis-pH7-b | Subtilisin-like protease SUB4 SUB4_NANOT 42'052.90 1 2 2 0.07% 9.52%
Mcanis-pH7-b | Alpha-mannosidase MCYG_06176 C5FTX3_NANOT 123'001.50 8 8 13 0.44% 8.29%
Mcanis-pH7-b | Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 1 1 1 0.03% 1.90%
Mcanis-pH7-b | Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 8 11 40 1.36% 33.60%
Mcanis-pH7-b | Arabinan endo-1,5-alpha-L-arabinosidase A MCYG_02777 C5FGS3_NANOT 36'492.80 8 8 9 0.31% 31.60%
Mcanis-pH7-b | Leucine aminopeptidase LAP2 LAP2_NANOT 40'524.20 8 11 24 0.82% 31.10%
Mcanis-pH7-b | Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 62'565.80 12 12 18 0.61% 28.30%
Mcanis-pH7-b Chitinase MCYG_04741 C5FPW9_NANOT 130'394.50 3 3 0.10% 3.00%
Mcanis-pH7-b Chitinase MCYG_04644 C5FNX2_NANOT 159'340.70 4 0.14% 2.64%
Mcanis-pH7-b Carboxypeptidase 2 MCPB MCPB_NANOT 59'765.20 18 20 51 1.74% 32.80%
Mcanis-pH7-b | Glucan 1,3-beta-glucosidase MCYG_05874 C5FT52_NANOT 45'774.50 4 4 7 0.24% 11.60%
Mcanis-pH7-b | Extracellular metalloproteinase MEP3 MEP3_MIC’:\]C(:)A_\|:MEP3_NA 69'360.10 6 9 33 1.13% 17.20%
Mcanis-pH7-b | Glutamate carboxypeptidase 2 MCYG_07431 C5FYL4_NANOT 78'351.90 7 8 12 0.41% 14.60%
Mcanis-pH7-b Neutral ceramidase MCYG_06637 C5FV84_NANOT 83'246.50 10 11 18 0.61% 17.60%
Mcanis-pH7-b | Predicted protein MCYG_08251 C5FZX9_NANOT 17'591.50 2 2 2 0.07% 14.40%
Mcanis-pH7-b | Dienelactone hydrolase family protein MCYG_02976 C5FKD5_NANOT 32'377.30 2 2 3 0.10% 5.50%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_02350 C5FJBO_NANOT 16'434.60 3 3 4 0.14% 26.00%
Mcanis-pH7-b Exochitinase 1 MCYG_05745 C5FSS3_NANOT 53'464.50 2 2 4 0.14% 6.64%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_03989 C5FMR7_NANOT 45'583.40 3 3 3 0.10% 10.70%
Mcanis-pH7-b | G-protein complex beta subunit CpcB MCYG_01069 C5FEE7_NANOT 35'071.00 4 4 5 0.17% 12.30%
Mcanis-pH7-b | Alpha-glucosidase MCYG_00092 C5FBMO_NANOT 100'911.70 10 11 14 0.48% 11.70%
Mcanis-pH7-b Calnexin MCYG_01115 C5FEJ3_NANOT 62'059.80 1 1 1 0.03% 1.78%
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Mcanis-pH7-b Aconitase MCYG_03299 C5FLA8_NANOT 84'103.20 13 13 16 0.55% 18.10%
Mcanis-pH7-b | Copper radical oxidase MCYG_08682 C5G160_NANOT 96'394.50 16 17 32 1.09% 24.60%
Mcanis-pH7-b | Superoxide dismutase MCYG_06348 C5FUE5_NANOT 25'212.90 2 2 2 0.07% 12.10%
Mcanis-pH7-b | Class Il aldolase/adducin domain MCYG_00391 C5FC80_NANOT 31'482.70 3 4 5 0.17% 11.80%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21'011.20 3 3 4 0.14% 13.30%
Mcanis-pH7-b | Aspartylglucosaminidase family protein MCYG_04957 C5FQI5_NANOT 44'887.40 4 5 7 0.24% 14.90%
Mcanis-pH7-b | Beta-mannosidase MCYG_06102 C5FTTO_NANOT 97'855.30 4 4 5 0.17% 4.33%
Mcanis-pH7-b Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 94'824.40 3 3 4 0.14% 4.27%
Mcanis-pH7-b GH17932p MCYG_04430 C5FNJ7_NANOT 22'552.00 2 3 4 0.14% 14.00%
Mcanis-pH7-b | Peptidyl-prolyl cis-trans isomerase D MCYG_08316 C5G044_NANOT 38'036.00 1 1 1 0.03% 2.59%
Mcanis-pH7-b | Cutinase MCYG_05629 C5FSF7_NANOT 28'464.90 3 3 4 0.14% 12.70%
Mcanis-pH7-b | Dipeptidyl-peptidase DPP5 DPP5_NANOT 80'058.80 7 7 11 0.38% 13.20%
Mcanis-pH7-b 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 7 7 7 0.24% 18.20%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_07025 C5FWC2_NANOT 32'427.90 2 2 0.07% 8.11%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_07766 C5FXA7_NANOT 23'998.90 2 2 3 0.10% 10.40%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_07328 C5FYB1_NANOT 20'833.50 4 4 12 0.41% 39.90%
Mcanis-pH7-b Peptidase S41 family protein MCYG_03610 C5FM69_NANOT 76'977.00 8 9 13 0.44% 15.20%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_03515 C5FLX4_NANOT 22'660.00 3 3 0.17% 17.00%
Mcanis-pH7-b Aminopeptidase P MCYG_01718 C5FHR9_NANOT 69'181.80 4 4 0.14% 8.49%
Mcanis-pH7-b | Alkaline serine protease MCYG_02748 C5FGP4_NANOT 40'782.50 7 8 0.27% 23.70%
Mcanis-pH7-b | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 3 3 0.24% 7.15%
Mcanis-pH7-b Glucoamylase MCYG_06367 C5FUG4_NANOT 67'893.70 29 37 174 5.93% 45.50%
Mcanis-pH7-b | Esterase MCYG_01130 C5FEU8_NANOT 59'920.10 3 4 4 0.14% 6.13%
Mcanis-pH7-b Mucin MCYG_07854 C5FXJ5_NANOT 76'937.60 22 30 62 2.11% 35.90%
Mcanis-pH7-b | PBSP domain-containing protein MCYG_01682 C5FHE4_NANOT 32'863.60 1 1 3 0.10% 3.95%
Mcanis-pH7-b | Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44'218.50 6 6 16 0.55% 19.80%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 61'787.00 6 7 20 0.68% 11.70%
Mcanis-pH7-b | Hydrophobic surface binding protein B MCYG_01969 C5FIQ9_NANOT 19'243.20 6 8 27 0.92% 39.00%
Mcanis-pH7-b | Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 3 5 27 0.92% 21.70%
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Mcanis-pH7-b Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 87'712.10 4 4 4 0.14% 6.91%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_03713 C5FIN3_NANOT 25'502.60 2 2 8 0.27% 9.46%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_01574 C5FHL5_NANOT 27'690.30 4 4 5 0.17% 18.30%
Mcanis-pH7-b | Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 67'781.60 6 6 9 0.31% 10.70%
Mcanis-pH7-b IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 4 5 8 0.27% 22.70%
Mcanis-pH7-b | Carboxypeptidase S1 SCPA SPCA_NANOT 72'179.60 3 3 4 0.14% 5.84%
Mcanis-pH7-b | Aminopeptidase Y LAP1 LAP1_NANOT 52'839.50 24 32 301 10.30% 50.30%
Mcanis-pH7-b | 6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 62'598.10 11 14 33 1.13% 20.80%
Mcanis-pH7-b | Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 2 12 0.41% 5.95%
Mcanis-pH7-b | Nucleoside diphosphate kinase MCYG_01839 C5FI140_NANOT 16'989.90 5 22 0.75% 40.50%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_06389 C5FUI6_NANOT 38'003.10 2 2 0.07% 5.71%
Mcanis-pH7-b | Amidase MCYG_00475 C5FCQ3_NANOT 61'861.80 19 26 79 2.69% 34.20%
Mcanis-pH7-b Proteinase inhibitor 14 MCYG_03085 C5FKP4_NANOT 39'549.80 3 3 3 0.10% 10.20%
Mcanis-pH7-b | Secretory phospholipase A2 MCYG_00583 C5FD11_NANOT 16'687.00 2 2 0.07% 10.70%
Mcanis-pH7-b | Amidohydrolase MCYG_03185 C5FKZ4_NANOT 32'541.60 4 4 4 0.14% 17.20%
Mcanis-pH7-b | Glutathione S-transferase Gst3 MCYG_07941 C5FXT2_NANOT 40'867.60 1 1 0.03% 5.06%
Mcanis-pH7-b Endochitinase 1 MCYG_00676 C5FDA4_NANOT 44'249.10 5 6 14 0.48% 22.20%
Mcanis-pH7-b | Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 5 6 18 0.61% 25.80%
Mcanis-pH7-b | Multicopper oxidase MCYG_01191 C5FF09_NANOT 74'572.90 3 4 7 0.24% 6.65%
Mcanis-pH7-b | Putative uncharacterized protein MCYG_07611 C5FWV2_NANOT 29'064.80 6 6 0.27% 27.20%
Mcanis-pH7-b | Uricase MCYG_00197 C5FBX5_NANOT 33'902.40 4 4 7 0.24% 19.00%
Mcanis-pH7-b | Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 4 4 0.24% 7.55%
Mcanis-pH7-c Putative uncharacterized protein MCYG_07611 C5FWV2_NANOT 29'064.80 7 7 12 0.16% 27.20%
Mcanis-pH7-c Putative uncharacterized protein MCYG_08076 C5FZF4_NANOT 33'917.80 2 2 3 0.04% 6.67%
Mcanis-pH7-c | Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44'218.50 7 9 21 0.28% 22.80%
Mcanis-pH7-c | 4-hydroxyphenylpyruvate dioxygenase MCYG_00524 C5FCV2_NANOT 45'157.10 5 6 7 0.09% 15.50%
Mcanis-pH7-c Putative uncharacterized protein MCYG_03989 C5FMR7_NANOT 45'583.40 5 7 7 0.09% 19.00%
Mcanis-pH7-c LysM domain-containing protein MCYG_04646 C5FNX4_NANOT 28'076.50 3 4 20 0.27% 12.80%
Mcanis-pH7-c Glutathione S-transferase Gst3 MCYG_07941 C5FXT2_NANOT 40'867.60 5 5 5 0.07% 16.90%
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Mcanis-pH7-c Carbohydrate-binding protein MCYG_01090 C5FEG8_NANOT 41'707.10 12 20 66 0.89% 55.40%
Mcanis-pH7-c | Secretory phospholipase A2 MCYG_00583 C5FD11_NANOT 16'687.00 4 0.05% 16.00%
Mcanis-pH7-c | Aspartyl aminopeptidase MCYG_06746 C5FVJ3_NANOT 73'706.30 4 4 4 0.05% 7.43%
Mcanis-pH7-c | Alpha-mannosidase MCYG_06176 C5FTX3_NANOT 123'001.50 30 34 102 1.37% 34.70%
Mcanis-pH7-c Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 18'683.60 3 18 0.24% 30.10%
Mcanis-pH7-c | Alkaline proteinase MCYG_01476 C5FH27_NANOT 41'484.80 4 5 7 0.09% 16.20%
Mcanis-pH7-c | Putative uncharacterized protein MCYG_07025 C5FWC2_NANOT 32'427.90 8 10 18 0.24% 28.00%
Mcanis-pH7-c Putative uncharacterized protein MCYG_07328 C5FYB1_NANOT 20'833.50 2 3 5 0.07% 21.80%
Mcanis-pH7-c Dienelactone hydrolase family protein MCYG_02976 C5FKD5_NANOT 32'377.30 1 0.01% 2.75%
Mcanis-pH7-c Fumarate reductase flavoprotein subunit MCYG_02604 C5FGAO_NANOT 67'964.70 5 5 5 0.07% 8.39%
Mcanis-pH7-c | Alkaline phosphatase MCYG_04625 C5FNV3_NANOT 56'302.20 29 53 377 5.08% 73.10%
Mcanis-pH7-c G-protein complex beta subunit CpcB MCYG_01069 C5FEE7_NANOT 35'071.00 7 10 0.14% 31.60%
Mcanis-pH7-c Secreted protein MCYG_06024 C5FTK2_NANOT 21'961.50 2 2 2 0.03% 16.70%
Mcanis-pH7-c Putative uncharacterized protein MCYG_07164 C5FXU7_NANOT 48'942.20 10 12 26 0.35% 27.10%
Mcanis-pH7-c Putative uncharacterized protein MCYG_01574 C5FHL5_NANOT 27'690.30 7 9 13 0.18% 43.60%
Mcanis-pH7-c Polysaccharide deacetylase family protein MCYG_04253 C5FPB8_NANOT 30'019.90 6 7 14 0.19% 35.60%
Mcanis-pH7-c DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 60'979.20 8 10 13 0.18% 20.60%
Mcanis-pH7-c Carboxylesterase family protein MCYG_00869 C5FDU7_NANOT 62'320.30 2 2 0.03% 4.75%
Mcanis-pH7-c Probable neutral protease 2 homolog MCYG_05201 NPIIA_NANOT 40'199.70 1 1 2 0.03% 3.49%
Mcanis-pH7-c Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44'024.60 5 5 13 0.18% 17.50%
Mcanis-pH7-c Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 20'561.90 3 3 7 0.09% 31.20%
Mcanis-pH7-c Class Il aldolase/adducin domain MCYG_00391 C5FC80_NANOT 31'482.70 5 5 7 0.09% 26.10%
Mcanis-pH7-c Beta-glucosidase MCYG_00545 C5FCX3_NANOT 135'337.50 6 6 6 0.08% 6.99%
Mcanis-pH7-c Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 87'712.10 2 2 2 0.03% 2.89%
Mcanis-pH7-c Cell wall protein PhiA MCYG_00375 C5FC64_NANOT 19'726.70 4 4 9 0.12% 28.00%
Mcanis-pH7-c | Cutinase MCYG_05629 C5FSF7_NANOT 28'464.90 4 5 12 0.16% 21.00%
Mcanis-pH7-c GH17932p MCYG_04430 C5FNJ7_NANOT 22'552.00 3 3 3 0.04% 23.70%
Mcanis-pH7-c Uricase MCYG_00197 C5FBX5_NANOT 33'902.40 3 3 0.04% 18.00%
Mcanis-pH7-c Phosphoglycerate mutase family protein MCYG_08379 C5G0A7_NANOT 36'614.60 7 8 11 0.15% 28.40%
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Mcanis-pH7-c | Predicted protein MCYG_04553 C5FNN1_NANOT 27'810.60 5 8 52 0.70% 33.10%
Mcanis-pH7-c | Carboxypeptidase 2 MCPB MCPB_NANOT 59'765.20 26 33 127 1.71% 54.00%
Mcanis-pH7-c | Tripeptidyl-peptidase SED4 SED4_NANOT 65'895.80 15 0.20% 9.82%
Mcanis-pH7-c | Alanine-glyoxylate aminotransferase MCYG_08492 C5GOMO_NANOT 41'392.90 3 0.04% 10.70%
Mcanis-pH7-c Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 61'787.00 11 13 27 0.36% 27.00%
Mcanis-pH7-c 1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 55'930.00 14 20 50 0.67% 32.10%
Mcanis-pH7-c | Aminopeptidase P MCYG_01718 C5FHR9_NANOT 69'181.80 2 2 4 0.05% 4.65%
Mcanis-pH7-c | Aspartylglucosaminidase family protein MCYG_04957 C5FQI5_NANOT 44'887.40 6 15 0.20% 24.60%
Mcanis-pH7-c | Ecm33 MCYG_01225 C5FEL3_NANOT 41'117.10 4 4 11 0.15% 10.60%
Mcanis-pH7-c | Multicopper oxidase MCYG_01191 C5FF09_NANOT 74'572.90 9 12 25 0.34% 16.20%
Mcanis-pH7-c Subtilisin-like protease SUB4 SUB4_NANOT 42'052.90 1 1 1 0.01% 6.52%
Mcanis-pH7-c | Tripeptidyl-peptidase SED2 SED2_NANOT 64'826.30 7 7 19 0.26% 18.30%
Mcanis-pH7-c Extracellular metalloproteinase MEP3 MEP3_MI(;,\ICOA_\ILMEP3_NA 69'360.10 11 23 120 1.62% 36.00%
Mcanis-pH7-c ATP-dependent permease MCYG_02170 C5FJ21_NANOT 107'299.40 3 4 8 0.11% 3.92%
Mcanis-pH7-c IgE-binding protein MCYG_03081 C5FKPO_NANOT 20'333.70 3 3 0.09% 16.50%
Mcanis-pH7-c | Peptidase S8 and S53 MCYG_01699 C5FHQO_NANOT 75'193.00 3 4 7 0.09% 7.19%
Mcanis-pH7-c Glycerophosphoryl diester phosphodiesterase MCYG_05364 C5FRP2_NANOT 44'497.00 6 6 11 0.15% 16.40%
Mcanis-pH7-c FAD binding domain-containing protein MCYG_06815 C5FVR2_NANOT 63'164.50 6 6 6 0.08% 14.60%
Mcanis-pH7-c | Anthranilate synthase multifunctional enzyme MCYG_01660 C5FHC2_NANOT 82'113.70 1 1 0.01% 1.57%
Mcanis-pH7-c | Proteinase inhibitor 14 MCYG_03085 C5FKP4_NANOT 39'549.80 9 10 13 0.18% 33.90%
Mcanis-pH7-c Extracellular metalloproteinase MEP1 MEPl_MIC’:\ICOA%MEPl_NA 69'753.70 3 3 3 0.04% 10.10%
Mcanis-pH7-c | Beta-glucosidase 1 MCYG_00928 C5FE06_NANOT 93'578.70 21 35 75 1.01% 31.70%
Mcanis-pH7-c Putative uncharacterized protein MCYG_04951 C5FQH9_NANOT 15'009.70 3 5 11 0.15% 37.90%
Mcanis-pH7-c Phosphoribosylglycinamide formyltransferase MCYG_05959 C5FTD7_NANOT 24'230.10 2 2 0.03% 9.22%
Mcanis-pH7-c Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 62'565.80 4 4 0.05% 8.87%
Mcanis-pH7-c Glyoxalase family protein MCYG_00690 C5FDK6_NANOT 17'236.10 4 4 0.08% 20.90%
Mcanis-pH7-c Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42'269.30 2 2 0.04% 6.31%
Mcanis-pH7-c Fumarylacetoacetase MCYG_00527 C5FCV5_NANOT 47'213.90 11 14 39 0.53% 35.20%
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Mcanis-pH7-c | Secreted protein MCYG_00341 C5FC30_NANOT 22'728.10 7 8 15 0.20% 50.20%
Mcanis-pH7-c Superoxide dismutase [Cu-Zn] MCYG_02077 C5FI19_NANOT 15'965.90 3 3 0.04% 35.10%
Mcanis-pH7-c | HypA MCYG_01872 C5FI73_NANOT 51'308.20 5 5 0.09% 13.10%
Mcanis-pH7-c Citrate synthase MCYG_03094 C5FKQ3_NANOT 43'799.80 1 1 0.04% 2.99%
Mcanis-pH7-c Putative uncharacterized protein MCYG_03189 C5FKZ8 NANOT 46'783.50 6 7 0.11% 18.50%
Mcanis-pH7-c FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55'314.40 19 27 95 1.28% 53.50%
Mcanis-pH7-c Copper radical oxidase MCYG_08682 C5G160_NANOT 96'394.50 20 29 92 1.24% 32.70%
Mcanis-pH7-c Putative uncharacterized protein MCYG_01908 C5FIA9_NANOT 96'835.90 2 0.03% 3.51%
Mcanis-pH7-c Predicted protein MCYG_08251 C5FZX9_NANOT 17'591.50 2 0.04% 14.40%
Mcanis-pH7-c Proline iminopeptidase MCYG_04539 C5FNL7_NANOT 50'855.50 7 0.12% 22.60%
Mcanis-pH7-c | Arabinan endo-1,5-alpha-L-arabinosidase A MCYG_02777 C5FGS3_NANOT 36'492.80 6 7 15 0.20% 23.40%
Mcanis-pH7-c | Dipeptidase 1 MCYG_02918 C5FK77_NANOT 47'224.20 11 16 38 0.51% 39.30%
Mcanis-pH7-c | Aminopeptidase Y LAP1 LAP1_NANOT 52'839.50 31 47 798 10.70% 61.80%
Mcanis-pH7-c | Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38'232.20 3 4 9 0.12% 10.80%
Mcanis-pH7-c Hydrophobic surface binding protein B MCYG_01969 C5FIQ9_NANOT 19'243.20 10 64 0.86% 48.40%
Mcanis-pH7-c Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 45'896.90 9 22 0.30% 24.00%
Mcanis-pH7-c | Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 67'781.60 13 14 17 0.23% 30.90%
Mcanis-pH7-c Neutral ceramidase MCYG_06637 C5FV84_NANOT 83'246.50 15 21 67 0.90% 29.40%
Mcanis-pH7-c Dipeptidyl peptidase DPPIV AOSSVQ,—\:\:INCS_?’DPPLL— 87'901.80 27 36 90 1.21% 47.70%
Mcanis-pH7-c | Glucoamylase MCYG_06367 C5FUG4_NANOT 67'893.70 34 54 662 8.91% 59.60%
Mcanis-pH7-c Putative uncharacterized protein MCYG_02350 C5FJBO_NANOT 16'434.60 10 0.14% 47.30%
Mcanis-pH7-c Ser/Thr protein phosphatase MCYG_02775 C5FGS1_NANOT 68'425.90 6 6 7 0.09% 11.60%
Mcanis-pH7-c | Endochitinase 1 MCYG_00676 C5FDA4_NANOT 44'249.10 15 18 75 1.01% 59.40%
Mcanis-pH7-c | Aldose 1-epimerase MCYG_00654 C5FD82_NANOT 46'289.40 2 2 0.03% 4.45%
Mcanis-pH7-c FAD binding domain-containing protein MCYG_07459 C5FYP2_NANOT 54'460.30 2 2 0.03% 5.01%
Mcanis-pH7-c Putative uncharacterized protein MCYG_07766 C5FXA7_NANOT 23'998.90 2 2 7 0.09% 10.40%
Mcanis-pH7-c Putative uncharacterized protein MCYG_04556 C5FNN4_NANOT 50'223.20 6 6 11 0.15% 22.00%
Mcanis-pH7-c | Amidohydrolase MCYG_03185 C5FKZ4_NANOT 32'541.60 4 4 7 0.09% 19.50%
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Mcanis-pH7-c Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 56'747.70 3 3 0.05% 8.94%
Mcanis-pH7-c | Chitinase 4 MCYG_08403 C5GOD1_NANOT 38'958.30 3 4 0.05% 13.10%
Mcanis-pH7-c | Exochitinase 1 MCYG_05745 C5FSS3_NANOT 53'464.50 5 7 13 0.18% 13.70%
Mcanis-pH7-c Nucleoside diphosphate kinase MCYG_01839 C5FI140_NANOT 16'989.90 4 6 15 0.20% 34.60%
Mcanis-pH7-c Putative uncharacterized protein MCYG_03515 C5FLX4_NANOT 22'660.00 4 4 14 0.19% 21.00%
Mcanis-pH7-c Cyanate hydratase MCYG_03856 C5FMD4_NANOT 17'890.20 3 4 5 0.07% 25.00%
Mcanis-pH7-c Phosphatidylinositol transfer protein MCYG_02226 C5FFGO_NANOT 18'642.00 6 9 31 0.42% 38.90%
Mcanis-pH7-c | Dihydroorotase MCYG_02534 C5FG30_NANOT 38'833.00 6 6 8 0.11% 18.20%
Mcanis-pH7-c Subtilisin-like protease SUB7 SUB7_NANOT 41'362.20 3 4 19 0.26% 10.50%
Mcanis-pH7-c FAD binding domain-containing protein MCYG_08167 C5FZP5_NANOT 54'189.10 2 3 3 0.04% 5.20%
Mcanis-pH7-c | Alkaline phosphatase MCYG_05903 C5FT81_NANOT 66'451.10 5 6 7 0.09% 10.30%
Mcanis-pH7-c Polysaccharide deacetylase family protein MCYG_07538 C5FYX1_NANOT 32'868.80 7 12 142 1.91% 36.30%
Mcanis-pH7-c | Beta-mannosidase MCYG_06102 C5FTTO_NANOT 97'855.30 9 9 14 0.19% 11.00%
Mcanis-pH7-c Extracellular metalloproteinase MEP5 MEP5—M|(’:\]%A_‘|1MEP5—NA 69'529.10 1 1 1 0.01% 1.90%
Mcanis-pH7-c Putative uncharacterized protein MCYG_08685 C5G163_NANOT 79'189.30 5 5 5 0.07% 11.10%
Mcanis-pH7-c Putative uncharacterized protein MCYG_07934 C5FXS5_NANOT 33'703.60 0.01% 2.95%
Mcanis-pH7-c | Alpha-glucosidase MCYG_00092 C5FBMO_NANOT 100'911.70 11 13 17 0.23% 14.20%
Mcanis-pH7-c Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 33'625.30 17 0.23% 38.40%
Mcanis-pH7-c | Peptidase M28 MCYG_04217 C5FP82_NANOT 55'810.30 5 5 5 0.07% 10.40%
Mcanis-pH7-c Glutamate carboxypeptidase 2 MCYG_07431 C5FYL4_NANOT 78'351.90 10 17 39 0.53% 22.10%
Mcanis-pH7-c Superoxide dismutase MCYG_06348 C5FUE5_NANOT 25'212.90 4 6 7 0.09% 29.40%
Mcanis-pH7-c Peptidase S41 family protein MCYG_03610 C5FM69_NANOT 76'977.00 10 12 26 0.35% 18.20%
Mcanis-pH7-c Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21'011.20 3 3 3 0.04% 13.30%
Mcanis-pH7-c Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33'218.80 12 17 93 1.25% 47.20%
Mcanis-pH7-c Alkaline serine protease MCYG_02748 C5FGP4_NANOT 40'782.50 2 2 2 0.03% 14.70%
Mcanis-pH7-c | Cysteinyl-tRNA synthetase MCYG_01772 C5FHX3_NANOT 90'189.90 2 2 2 0.03% 2.99%
Mcanis-pH7-c 6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 62'598.10 16 24 82 1.10% 38.40%
Mcanis-pH7-c | Aconitase MCYG_03299 C5FLA8_NANOT 84'103.20 3 3 3 0.04% 4.77%
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Mcanis-pH7-c | Chitinase MCYG_04644 C5FNX2_NANOT 159'340.70 4 4 6 0.08% 3.32%
Mcanis-pH7-c Phosphoserine aminotransferase MCYG_05388 C5FRR6_NANOT 47'253.40 4 0.05% 6.02%
Mcanis-pH7-c | Amidase MCYG_00475 C5FCQ3_NANOT 61'861.80 26 40 211 2.84% 58.10%
Mcanis-pH7-c | Mucin MCYG_07854 C5FXJ5_NANOT 76'937.60 26 42 150 2.02% 43.80%
Mcanis-pH7-c Lysophospholipase MCYG_02652 C5FGE8_NANOT 68'263.40 3 3 3 0.04% 5.50%
Mcanis-pH7-c Extracellular metalloproteinase MEP4 MEP4—MI(’:\ICOA_‘|1MEP4—NA 71'233.30 13 20 148 1.99% 27.90%
Mcanis-pH7-c Metallocarboxypeptidase MCPA MCPA_NANOT 47'079.60 5 6 10 0.14% 17.80%
Mcanis-pH7-c Putative uncharacterized protein MCYG_06096 C5FTS4_NANOT 57'065.30 13 15 24 0.32% 36.80%
Mcanis-pH7-c | Thimet oligopeptidase MCYG_02264 C5FFJ8_NANOT 81'672.10 3 3 0.04% 5.45%
Mcanis-pH7-c Leucine aminopeptidase LAP2 LAP2_NANOT 40'524.20 13 26 0.35% 36.70%
Mcanis-pH7-c | Oxalate decarboxylase MCYG_02705 C5FGK1_NANOT 43'946.20 3 5 0.07% 17.90%
Mcanis-pH7-c Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 94'824.40 10 10 23 0.31% 14.60%
Mcanis-pH7-c Subtilisin-like protease SUB3 SUBS—MliI%A.‘IlSUBS—NA 40'837.10 18 30 202 2.72% 64.20%
Mcanis-pH7-c Serine proteinase MCYG_02070 C5FII2_NANOT 52'462.10 2 2 3 0.04% 3.88%
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Supplementary Table 1b: MS Protein report of A. benhamiae secretome in SP medium at pH 4.0 and pH 7.0.
Experiment: Abenhamiae-pH4-7_ 3 shotguns

Search Engine:

Database Name: the arthroderma_benhamiae_cbs 112371 proteins database

Number of Proteins: 7980
Mascot

Version: Mascot
Samples: All Samples

Fragment Tolerance: 0.50 Da (Monoisotopic)
Parent Tolerance: 10.0 PPM (Monoisotopic)
Fixed Modifications: +57 on C (Carbamidomethyl)
Variable Modifications: +1 on NQ (Deamidation), +16 on M (Oxidation), +42 on n (Acetyl)
Database: the arthroderma_benhamiae_cbs_112371 proteins database (unknown version, 7980 entries)

Digestion Enzyme: Trypsin
Max Missed Cleavages: 1

Scaffold Version: Scaffold_3_00_03

Peptide Thresholds: 90.0 % minimum

Protein Thresholds: 95.0 % minimum and 1 peptides minimum

. . Number | Number
Biological Protein of of Number |Percentage | Percentage
sample Protein name Protein accession n° . . of total of total sequence
Mw (Da) | unique | unique
name . spectra spectra coverage
peptides | spectra
Abenh-pH4 a | A. benhamiae CBS 112371 null (401 aa) ARB_06111 41'702.10 3 3 3 0.07% 9.25%
Abenh-pH4 a | A. benhamiae CBS 112371 null (607 aa) ARB_04499 66'514.90 3 3 0.07% 6.27%
Abenh-pH4 a | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 9 13 17 0.41% 37.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (250 aa) ARB_04619 27'122.70 5 7 8 0.20% 32.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 8 9 12 0.29% 23.50%
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Abenh-pH4 a | A. benhamiae CBS 112371 null (213 aa) ARB_06108 24'150.70 2 3 9 0.22% 16.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (644 aa) ARB_05919 68'907.10 8 9 11 0.27% 18.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 7 7 8 0.20% 24.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 5 8 33 0.80% 73.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 4 4 6 0.15% 19.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (546 aa) ARB_07487 58'808.10 4 4 4 0.10% 10.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 7 11 263 6.41% 59.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 17 21 46 1.12% 50.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (223 aa) ARB_03106 25'133.60 7 11 31 0.76% 42.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 7 9 18 0.44% 60.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 12 15 31 0.76% 25.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (351 aa) ARB_03276 38'765.00 5 5 6 0.15% 20.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 8 9 12 0.29% 31.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (336 aa) ARB_03491 37'530.20 9 9 11 0.27% 34.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 4 4 4 0.10% 6.59%
Abenh-pH4 a | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 13 20 83 2.02% 28.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 5 5 5 0.12% 13.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (634 aa) ARB_06472 69'823.90 9 9 11 0.27% 25.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 9 12 33 0.80% 54.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 3 5 11 0.27% 24.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (231 aa) ARB_01545 21'449.70 1 1 3 0.07% 10.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 13 14 15 0.37% 18.90%
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Abenh-pH4 a | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 14 0.34% 20.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (440 aa) ARB_05253 44'989.10 9 11 52 1.27% 26.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 6 8 15 0.37% 28.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (756 aa) ARB_05732 81'168.90 2 2 2 0.05% 5.83%
Abenh-pH4 a | A. benhamiae CBS 112371 null (211 aa) ARB_05178 21'524.00 3 3 3 0.07% 26.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 8 8 8 0.20% 18.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (187 aa) ARB_02741 18'247.20 3 6 10 0.24% 15.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (255 aa) ARB_03514 27'613.80 4 7 9 0.22% 29.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (509 aa) ARB_05721 57'153.20 6 6 6 0.15% 29.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (883 aa) ARB_07888 99'853.00 10 12 12 0.29% 14.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 3 3 4 0.10% 21.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 14 21 35 0.85% 39.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (408 aa) ARB_01032 42'987.80 4 4 4 0.10% 21.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 4 4 5 0.12% 11.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 3 3 3 0.07% 13.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (491 aa) ARB_00777 52'317.20 7 8 16 0.39% 23.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (214 aa) ARB_05177 22'933.00 3 3 3 0.07% 18.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 7 10 15 0.37% 44.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (395 aa) ARB_02015 42'491.90 10 10 10 0.24% 43.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (1055 aa) ARB_03719 114'777.50 3 3 3 0.07% 5.31%
Abenh-pH4 a | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 13 15 18 0.44% 20.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (496 aa) ARB_04170 51'840.90 4 6 6 0.15% 14.10%

158




Abenh-pH4 a | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 8 9 12 0.29% 14.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 11 14 23 0.56% 31.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 10 16 38 0.93% 39.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (198 aa) ARB_03673 21'021.70 4 6 18 0.44% 31.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (236 aa) ARB_05911 25'146.90 6 10 49 1.19% 40.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 9 12 26 0.63% 47.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (224 aa) ARB_03853 24'951.00 4 4 9 0.22% 20.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (910 aa) ARB_06590 102'291.70 6 6 6 0.15% 8.47%
Abenh-pH4 a | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'838.70 15 16 20 0.49% 26.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (409 aa) ARB_03431 44'385.60 2 2 2 0.05% 7.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (585 aa) ARB_02921 63'752.10 6 7 9 0.22% 17.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 4 6 13 0.32% 12.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 12 17 45 1.10% 33.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (657 aa) ARB_06019 72'360.20 7 7 7 0.17% 15.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 20 21 22 0.54% 36.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (197 aa) ARB_00926 20'992.40 5 7 12 0.29% 46.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 13 20 119 2.90% 55.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 4 4 9 0.22% 20.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 6 7 14 0.34% 23.00%
Abenh-pH4 a | A. benhamiae CBS 112371 null (481 aa) ARB_05360 52'728.10 17 22 25 0.61% 58.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 14 16 28 0.68% 47.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 25 33 41 1.00% 41.60%
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Abenh-pH4 a | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 7 7 7 0.17% 23.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (342 aa) ARB_07185 37'342.80 3 3 3 0.07% 18.80%
Abenh-pH4 a | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 7 8 23 0.56% 64.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (508 aa) ARB_01886 56'227.30 5 5 5 0.12% 13.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (292 aa) ARB_03620 32'033.60 2 2 2 0.05% 8.93%
Abenh-pH4 a | A. benhamiae CBS 112371 null (191 aa) ARB_05566 20'524.50 3 3 5 0.12% 24.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (157 aa) ARB_03576 16'148.80 2 2 2 0.05% 13.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 8 13 18 0.44% 39.60%
Abenh-pH4 a | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 36 45 177 4.31% 55.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (727 aa) ARB_06651 80'067.80 42 67 277 6.75% 72.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 18 26 48 1.17% 61.70%
Abenh-pH4 a | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 8 13 92 2.24% 61.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (667 aa) ARB_01864 75'175.40 19 27 50 1.22% 37.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 18 26 96 2.34% 55.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 9 14 49 1.19% 52.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (505 aa) ARB_06076 53'188.50 6 10 15 0.37% 33.10%
Abenh-pH4 a | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 20 28 48 1.17% 52.50%
Abenh-pH4 a | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 16 23 52 1.27% 61.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 20 27 46 1.12% 43.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 22 29 41 1.00% 40.90%
Abenh-pH4 a | A. benhamiae CBS 112371 null (717 aa) ARB_01345 79'290.90 18 25 74 1.80% 36.30%
Abenh-pH4 a | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 11 12 25 0.61% 34.90%
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Abenh-pH4 a | A. benhamiae CBS 112371 null (404 aa) ARB_05728 42'961.40 13 24 184 4.48% 49.40%
Abenh-pH4 a | A. benhamiae CBS 112371 null (597 aa) ARB_05765 64'844.70 18 25 73 1.78% 48.20%
Abenh-pH4 a | A. benhamiae CBS 112371 null (267 aa) ARB_00862 28'612.50 2 2 2 0.05% 9.77%
Abenh-pH4 a | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 10 17 101 2.46% 53.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (496 aa) ARB_04170 51'840.90 9 13 16 0.26% 27.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (401 aa) ARB_06111 41'702.10 2 2 3 0.05% 6.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (405 aa) ARB_06224 45'281.70 1 1 1 0.02% 2.72%
Abenh-pH4 b | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 5 8 16 0.26% 21.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 12 13 16 0.26% 32.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (418 aa) ARB_07536 47'017.10 4 5 5 0.08% 13.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 9 11 19 0.31% 22.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (546 aa) ARB_07487 58'808.10 5 5 5 0.08% 9.17%
Abenh-pH4 b | A. benhamiae CBS 112371 null (149 aa) ARB_04828 16'449.50 2 2 2 0.03% 16.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (601 aa) ARB_04101 65'387.00 4 4 4 0.06% 8.67%
Abenh-pH4 b | A. benhamiae CBS 112371 null (223 aa) ARB_03106 25'133.60 6 10 26 0.42% 40.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 6 8 21 0.34% 44.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 13 18 37 0.60% 26.70%
Abenh-pH4 b | A. benhamiae CBS 112371 null (351 aa) ARB_03276 38'765.00 9 11 11 0.18% 34.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 17 19 36 0.58% 20.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 5 7 10 0.16% 25.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (336 aa) ARB_03491 37'530.20 8 9 9 0.15% 33.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 12 13 15 0.24% 19.20%
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Abenh-pH4 b | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 12 16 54 0.87% 27.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 10 11 12 0.19% 25.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (634 aa) ARB_06472 69'823.90 10 13 16 0.26% 27.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 10 13 51 0.83% 54.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 4 4 7 0.11% 34.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 21 0.34% 20.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 5 8 33 0.53% 50.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (508 aa) ARB_01498 55'708.10 2 2 2 0.03% 4.54%
Abenh-pH4 b | A. benhamiae CBS 112371 null (440 aa) ARB_05253 44'989.10 9 12 56 0.91% 26.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 9 13 22 0.36% 50.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (388 aa) ARB_01751 42'248.00 5 6 6 0.10% 19.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (606 aa) ARB_07893 68'500.30 8 9 0.15% 19.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 17 20 24 0.39% 39.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 5 5 6 0.10% 23.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (342 aa) ARB_07185 37'342.80 2 2 3 0.05% 13.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 3 3 3 0.05% 10.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (191 aa) ARB_05566 20'524.50 4 8 19 0.31% 35.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (312 aa) ARB_02251 34'329.90 3 3 3 0.05% 11.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (509 aa) ARB_05721 57'153.20 9 12 14 0.23% 29.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (883 aa) ARB_07888 99'853.00 10 12 13 0.21% 15.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 2 2 2 0.03% 12.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 20 32 69 1.12% 60.60%
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Abenh-pH4 b | A. benhamiae CBS 112371 null (457 aa) ARB_05933 50'474.40 7 7 7 0.11% 24.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (491 aa) ARB_00777 52'317.20 2 2 2 0.03% 8.98%
Abenh-pH4 b | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 8 11 17 0.28% 54.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (395 aa) ARB_02015 42'491.90 9 13 15 0.24% 39.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (1055 aa) ARB_03719 114'777.50 8 9 9 0.15% 11.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 20 31 64 1.03% 63.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 12 15 21 0.34% 20.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 11 13 17 0.28% 19.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 13 18 36 0.58% 36.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (669 aa) ARB_01230 71'462.70 2 2 2 0.03% 4.49%
Abenh-pH4 b | A. benhamiae CBS 112371 null (644 aa) ARB_05919 68'907.10 6 7 7 0.11% 13.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 11 15 39 0.63% 46.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (198 aa) ARB_03673 21'021.70 4 6 12 0.19% 31.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (236 aa) ARB_05911 25'146.90 6 12 93 1.50% 45.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 5 6 22 0.36% 34.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (224 aa) ARB_03853 24'951.00 5 7 11 0.18% 27.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (910 aa) ARB_06590 102'291.70 2 2 2 0.03% 2.75%
Abenh-pH4 b | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'838.70 16 17 23 0.37% 23.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (409 aa) ARB_03431 44'385.60 7 7 8 0.13% 22.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (585 aa) ARB_02921 63'752.10 7 9 13 0.21% 22.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 6 8 13 0.21% 17.30%
Abenh-pH4 b | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 15 23 70 1.13% 38.40%
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Abenh-pH4 b | A. benhamiae CBS 112371 null (657 aa) ARB_06019 72'360.20 5 5 5 0.08% 11.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 20 24 28 0.45% 34.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (197 aa) ARB_00926 20'992.40 8 11 16 0.26% 52.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 13 20 178 2.88% 56.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 3 4 4 0.06% 11.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 6 6 11 0.18% 18.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (481 aa) ARB_05360 52'728.10 16 23 33 0.53% 56.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (538 aa) ARB_07085 57'758.90 2 2 2 0.03% 5.21%
Abenh-pH4 b | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 18 26 59 0.95% 52.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 5 9 218 3.53% 42.70%
Abenh-pH4 b | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 23 31 41 0.66% 39.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 14 20 27 0.44% 36.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 2 2 2 0.03% 6.52%
Abenh-pH4 b | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 4 6 11 0.18% 21.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (508 aa) ARB_01886 56'227.30 4 4 4 0.06% 14.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (292 aa) ARB_03620 32'033.60 4 4 5 0.08% 17.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (250 aa) ARB_04619 27'122.70 2 3 6 0.10% 14.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (527 aa) ARB_02407 58'544.90 6 8 8 0.13% 15.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (636 aa) ARB_02406 70'044.90 3 3 3 0.05% 13.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 6 9 11 0.18% 23.60%
Abenh-pH4 b | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 14 18 75 1.21% 46.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (717 aa) ARB_01345 79'290.90 18 30 114 1.84% 35.30%
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Abenh-pH4 b | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 16 31 142 2.30% 35.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (727 aa) ARB_06651 80'067.80 48 82 645 10.40% 76.20%
Abenh-pH4 b | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 13 20 169 2.73% 57.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (667 aa) ARB_01864 75'175.40 21 32 113 1.83% 39.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 18 28 66 1.07% 56.90%
Abenh-pH4 b | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 25 31 42 0.68% 47.40%
Abenh-pH4 b | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 15 25 52 0.84% 58.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (505 aa) ARB_06076 53'188.50 2 3 6 0.10% 8.13%
Abenh-pH4 b | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 12 21 135 2.18% 52.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 21 30 46 0.74% 60.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (267 aa) ARB_00862 28'612.50 2 2 2 0.03% 9.77%
Abenh-pH4 b | A. benhamiae CBS 112371 null (496 aa) ARB_00494 53'225.40 14 16 16 0.26% 31.50%
Abenh-pH4 b | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 10 15 112 1.81% 54.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 43 57 384 6.21% 59.00%
Abenh-pH4 b | A. benhamiae CBS 112371 null (597 aa) ARB_05765 64'844.70 18 29 153 2.47% 47.10%
Abenh-pH4 b | A. benhamiae CBS 112371 null (404 aa) ARB_05728 42'961.40 14 26 273 4.41% 57.80%
Abenh-pH4 b | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 15 24 51 0.83% 34.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 12 15 18 0.46% 42.30%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 13 0.33% 20.30%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 4 7 193 4.92% 36.80%
Abenh-pH4 c | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 18 22 37 0.94% 52.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (223 aa) ARB_03106 25'133.60 6 10 18 0.46% 40.50%
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Abenh-pH4 c | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 10 11 19 0.48% 22.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 16 18 22 0.56% 15.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 7 9 32 0.82% 39.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 4 5 7 0.18% 34.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (440 aa) ARB_05253 44'989.10 9 12 44 1.12% 26.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 7 7 7 0.18% 15.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 10 11 15 0.38% 17.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (255 aa) ARB_03514 27'613.80 4 6 6 0.15% 27.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 13 18 35 0.89% 30.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 3 3 6 0.15% 21.80%
Abenh-pH4 c | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 13 16 24 0.61% 21.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 9 14 20 0.51% 23.30%
Abenh-pH4 c | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 10 17 41 1.04% 39.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (236 aa) ARB_05911 25'146.90 6 10 51 1.30% 45.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 5 7 21 0.54% 34.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 10 13 46 1.17% 25.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'838.70 11 11 17 0.43% 14.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 9 14 32 0.82% 23.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 17 20 22 0.56% 32.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 8 14 33 0.84% 39.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 6 6 9 0.23% 21.80%
Abenh-pH4 c | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 14 16 29 0.74% 46.50%
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Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 21 25 31 0.79% 31.60%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 6 7 10 0.26% 16.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 4 5 8 0.20% 21.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 7 9 13 0.33% 32.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 2 3 4 0.10% 9.38%
Abenh-pH4 c | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 1 1 1 0.03% 3.40%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 5 6 7 0.18% 18.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (191 aa) ARB_05566 20'524.50 5 8 15 0.38% 43.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 10 11 51 1.30% 22.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (634 aa) ARB_06472 69'823.90 6 7 8 0.20% 15.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 15 22 39 0.99% 28.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (585 aa) ARB_02921 63'752.10 4 4 5 0.13% 8.56%
Abenh-pH4 c | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 8 8 9 0.23% 17.30%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (351 aa) ARB_03276 38'765.00 8 9 9 0.23% 26.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (667 aa) ARB_01864 75'175.40 17 25 73 1.86% 31.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (527 aa) ARB_02407 58'544.90 2 2 2 0.05% 4.94%
Abenh-pH4 c | A. benhamiae CBS 112371 null (224 aa) ARB_03853 24'951.00 5 5 9 0.23% 25.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 11 18 89 2.27% 54.90%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 23 27 108 2.75% 38.40%
Abenh-pH4 ¢ | A. benhamiae CBS 112371 null (246 aa) ARB_07466 26'212.40 2 2 2 0.05% 10.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (634 aa) ARB_05828 71'535.40 1 1 1 0.03% 2.53%
Abenh-pH4 c | A. benhamiae CBS 112371 null (312 aa) ARB_02251 34'329.90 2 2 2 0.05% 8.36%
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Abenh-pH4 c | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 8 9 16 0.41% 25.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 5 5 7 0.18% 18.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (491 aa) ARB_00777 52'317.20 2 2 2 0.05% 4.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (336 aa) ARB_03491 37'530.20 7 7 7 0.18% 27.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (342 aa) ARB_07185 37'342.80 2 2 2 0.05% 6.45%
Abenh-pH4 c | A. benhamiae CBS 112371 null (509 aa) ARB_05721 57'153.20 4 4 4 0.10% 11.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 17 24 30 0.77% 42.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (404 aa) ARB_05728 42'961.40 10 14 94 2.40% 39.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (630 aa) ARB_06361 69'690.80 2 2 2 0.05% 3.97%
Abenh-pH4 c | A. benhamiae CBS 112371 null (395 aa) ARB_02015 42'491.90 7 7 7 0.18% 25.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (457 aa) ARB_05933 50'474.40 2 2 2 0.05% 4.17%
Abenh-pH4 c | A. benhamiae CBS 112371 null (187 aa) ARB_02741 18'247.20 2 2 3 0.08% 9.14%
Abenh-pH4 c | A. benhamiae CBS 112371 null (644 aa) ARB_05919 68'907.10 8 9 12 0.31% 19.30%
Abenh-pH4 c | A. benhamiae CBS 112371 null (214 aa) ARB_02516 23'548.90 1 1 1 0.03% 4.23%
Abenh-pH4 c | A. benhamiae CBS 112371 null (1055 aa) ARB_03719 114'777.50 3 3 3 0.08% 2.94%
Abenh-pH4 c | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 14 21 37 0.94% 48.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 3 3 3 0.08% 15.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (606 aa) ARB_07893 68'500.30 3 3 3 0.08% 5.95%
Abenh-pH4 c | A. benhamiae CBS 112371 null (657 aa) ARB_06019 72'360.20 4 4 4 0.10% 9.45%
Abenh-pH4 c | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 17 21 25 0.64% 30.80%
Abenh-pH4 c | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 5 7 18 0.46% 37.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (546 aa) ARB_07487 58'808.10 2 2 2 0.05% 3.67%
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Abenh-pH4 c | A. benhamiae CBS 112371 null (717 aa) ARB_01345 79'290.90 15 19 53 1.35% 31.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (481 aa) ARB_05360 52'728.10 11 15 18 0.46% 32.30%
Abenh-pH4 c | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 9 15 180 4.59% 65.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 9 14 58 1.48% 52.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 3 4 4 0.10% 13.50%
Abenh-pH4 c | A. benhamiae CBS 112371 null (727 aa) ARB_06651 80'067.80 37 63 410 10.40% 62.80%
Abenh-pH4 c | A. benhamiae CBS 112371 null (198 aa) ARB_03673 21'021.70 4 6 12 0.31% 31.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 5 6 7 0.18% 6.82%
Abenh-pH4 c | A. benhamiae CBS 112371 null (366 aa) ARB_05022 40'280.20 2 3 3 0.08% 8.77%
Abenh-pH4 c | A. benhamiae CBS 112371 null (418 aa) ARB_07536 47'017.10 2 2 2 0.05% 7.19%
Abenh-pH4 c | A. benhamiae CBS 112371 null (496 aa) ARB_04170 51'840.90 6 6 6 0.15% 19.00%
Abenh-pH4 c | A. benhamiae CBS 112371 null (883 aa) ARB_07888 99'853.00 13 15 18 0.46% 18.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 4 4 6 0.15% 15.70%
Abenh-pH4 c | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 14 18 35 0.89% 41.90%
Abenh-pH4 c | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 4 6 9 0.23% 25.30%
Abenh-pH4 c | A. benhamiae CBS 112371 null (597 aa) ARB_05765 64'844.70 17 24 81 2.06% 46.60%
Abenh-pH4 c | A. benhamiae CBS 112371 null (388 aa) ARB_01751 42'248.00 4 4 4 0.10% 17.30%
Abenh-pH4 c | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 5 7 8 0.20% 15.20%
Abenh-pH4 c | A. benhamiae CBS 112371 null (496 aa) ARB_00494 53'225.40 2 2 2 0.05% 4.65%
Abenh-pH4 c | A. benhamiae CBS 112371 null (250 aa) ARB_04619 27'122.70 3 4 7 0.18% 18.10%
Abenh-pH4 c | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 6 9 14 0.36% 24.40%
Abenh-pH4 c | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 13 20 61 1.55% 41.90%
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Abenh-pH4 c | A. benhamiae CBS 112371 null (197 aa) ARB_00926 20'992.40 4 5 22 0.56% 23.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'338.70 27 34 92 1.35% 42.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 20 24 78 1.14% 39.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 13 17 24 0.35% 32.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (255 aa) ARB_03514 27'613.80 7 9 31 0.46% 40.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 5 5 10 0.15% 12.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (607 aa) ARB_04499 66'514.90 15 23 40 0.59% 44.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 14 16 24 0.35% 50.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 6 10 41 0.60% 48.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 10 11 18 0.26% 21.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (246 aa) ARB_07590 26'418.30 12 19 344 5.04% 66.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (688 aa) ARB_06334 75'021.90 21 26 57 0.84% 43.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 8 8 9 0.13% 15.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (762 aa) ARB_01232 83'795.80 18 27 58 0.85% 36.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 11 15 16 0.24% 18.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 11 13 20 0.29% 40.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 18 25 108 1.58% 40.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 5 7 10 0.15% 42.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 10 13 27 0.40% 24.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 5 7 71 1.04% 53.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 39 0.57% 20.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 5 9 80 1.17% 73.80%
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Abenh-pH7 a | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 5 5 5 0.07% 11.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 9 12 17 0.25% 28.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (565 aa) ARB_02369 61'369.70 18 24 62 0.91% 47.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 14 18 24 0.35% 44.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 12 17 31 0.46% 21.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 6 8 13 0.19% 39.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (210 aa) ARB_00107 22'728.10 10 16 203 2.98% 62.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (328 aa) ARB_06052 36'392.00 14 17 47 0.69% 63.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 16 23 38 0.56% 26.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 14 21 148 2.17% 59.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 9 12 19 0.28% 35.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 11 17 68 1.00% 81.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 9 12 21 0.31% 34.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (505 aa) ARB_06076 53'188.50 8 17 147 2.16% 45.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 5 5 8 0.12% 37.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 13 15 37 0.54% 51.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 3 3 4 0.06% 11.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (292 aa) ARB_03620 32'033.60 4 4 4 0.06% 17.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (491 aa) ARB_00777 52'317.20 4 4 4 0.06% 13.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 8 9 10 0.15% 32.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 5 8 11 0.16% 22.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (149 aa) ARB_02001 16'452.90 5 7 8 0.12% 50.00%
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Abenh-pH7 a | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 4 5 7 0.10% 11.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (360 aa) ARB_01765 41'235.10 3 3 3 0.04% 11.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (425 aa) ARB_01495 45'947.10 5 5 12 0.18% 17.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (413 aa) ARB_05307 42'717.30 6 6 10 0.15% 26.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 5 5 7 0.10% 10.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (644 aa) ARB_00762 70'670.60 14 21 96 1.41% 35.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (416 aa) ARB_05309 44'871.80 4 4 5 0.07% 18.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 7 9 19 0.28% 55.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (756 aa) ARB_05732 81'168.90 4 7 18 0.26% 9.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (501 aa) ARB_00532 56'090.50 6 8 8 0.12% 25.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (179 aa) ARB_07191 19'788.40 3 3 3 0.04% 19.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 30 45 118 1.73% 61.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (572 aa) ARB_02107 62'387.40 3 3 6 0.09% 9.81%
Abenh-pH7 a | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 19 29 81 1.19% 61.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (557 aa) ARB_01941 60'870.20 5 5 6 0.09% 14.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (306 aa) ARB_04618 33'949.20 4 4 4 0.06% 15.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 8 10 13 0.19% 43.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 19 28 70 1.03% 39.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (653 aa) ARB_05859 70'106.10 9 10 15 0.22% 18.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (354 aa) ARB_01995 38'818.80 6 6 7 0.10% 25.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 5 5 5 0.07% 9.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (513 aa) ARB_06983 55'982.70 8 9 10 0.15% 25.00%
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Abenh-pH7 a | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 7 10 26 0.38% 36.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (1066 aa) ARB_06053 116'804.20 12 15 15 0.22% 15.80%
Abenh-pH7 a | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 12 14 52 0.76% 51.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (585 aa) ARB_02921 63'752.10 2 2 3 0.04% 5.48%
Abenh-pH7 a | A. benhamiae CBS 112371 null (140 aa) ARB_06975 14'354.00 4 6 9 0.13% 34.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (527 aa) ARB_02407 58'544.90 5 6 8 0.12% 12.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (401 aa) ARB_06111 41'702.10 13 15 36 0.53% 51.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 7 7 10 0.15% 22.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (508 aa) ARB_01886 56'227.30 2 2 2 0.03% 6.31%
Abenh-pH7 a | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 5 7 11 0.16% 29.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (415 aa) ARB_02715 45'401.10 10 12 13 0.19% 36.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (496 aa) ARB_00494 53'225.40 30 48 595 8.72% 66.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (246 aa) ARB_04177 27'407.10 2 2 2 0.03% 12.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (302 aa) ARB_02990 32'356.50 1 1 1 0.01% 3.99%
Abenh-pH7 a | A. benhamiae CBS 112371 null (213 aa) ARB_00773 21'751.00 5 6 7 0.10% 40.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (250 aa) ARB_04619 27'122.70 5 6 6 0.09% 28.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (214 aa) ARB_05177 22'933.00 2 2 2 0.03% 12.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (319 aa) ARB_02306 36'287.30 3 3 3 0.04% 11.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 4 4 8 0.12% 24.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 3 4 5 0.07% 12.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 8 10 20 0.29% 24.30%
Abenh-pH7 a | A. benhamiae CBS 112371 null (583 aa) ARB_06380 64'167.10 2 2 2 0.03% 5.15%
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Abenh-pH7 a | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 5 7 15 0.22% 29.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (864 aa) ARB_00226 95'625.40 2 2 2 0.03% 2.32%
Abenh-pH7 a | A. benhamiae CBS 112371 null (383 aa) ARB_08028 41'339.10 3 3 4 0.06% 12.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (408 aa) ARB_01032 42'987.80 6 10 13 0.19% 29.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (923 aa) ARB_04703 104'542.40 5 5 5 0.07% 5.42%
Abenh-pH7 a | A. benhamiae CBS 112371 null (1102 aa) ARB_01379 121'034.60 4 6 8 0.12% 6.18%
Abenh-pH7 a | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 7 7 13 0.19% 32.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (617 aa) ARB_01353 70'350.90 24 34 84 1.23% 55.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (168 aa) ARB_03651 18'697.30 3 4 4 0.06% 24.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (300 aa) ARB_00059 32'799.20 5 6 11 0.16% 23.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 45 64 668 9.79% 64.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (453 aa) ARB_05164 50'673.80 10 12 22 0.32% 35.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (574 aa) ARB_01962 62'410.60 3 4 4 0.06% 7.85%
Abenh-pH7 a | A. benhamiae CBS 112371 null (224 aa) ARB_03853 24'951.00 3 3 3 0.04% 13.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (207 aa) ARB_04555 21'190.20 5 6 7 0.10% 30.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (308 aa) ARB_06706 33'150.80 2 2 2 0.03% 9.77%
Abenh-pH7 a | A. benhamiae CBS 112371 null (304 aa) ARB_07886 34'727.00 5 6 6 0.09% 17.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (728 aa) ARB_02390 79'180.00 7 8 11 0.16% 14.60%
Abenh-pH7 a | A. benhamiae CBS 112371 null (401 aa) ARB_02919 43'400.10 2 2 2 0.03% 7.50%
Abenh-pH7 a | A. benhamiae CBS 112371 null (1091 aa) ARB_00520 123'628.70 39 49 110 1.61% 42.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (208 aa) ARB_06407 23'067.90 5 6 0.09% 37.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (187 aa) ARB_02741 18'247.20 2 4 8 0.12% 9.14%
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Abenh-pH7 a | A. benhamiae CBS 112371 null (235 aa) ARB_02963 25'210.60 2 2 2 0.03% 19.70%
Abenh-pH7 a | A. benhamiae CBS 112371 null (193 aa) ARB_01932 20'469.70 2 2 6 0.09% 13.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 20 35 336 4.93% 66.90%
Abenh-pH7 a | A. benhamiae CBS 112371 null (776 aa) ARB_07441 84'044.80 2 2 2 0.03% 4.26%
Abenh-pH7 a | A. benhamiae CBS 112371 null (513 aa) ARB_04696 55'514.70 9 9 9 0.13% 28.10%
Abenh-pH7 a | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 21 29 64 0.94% 55.20%
Abenh-pH7 a | A. benhamiae CBS 112371 null (267 aa) ARB_00862 28'612.50 9 13 89 1.30% 38.00%
Abenh-pH7 a | A. benhamiae CBS 112371 null (336 aa) ARB_03491 37'530.20 6 6 6 0.09% 22.40%
Abenh-pH7 a | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 10 17 157 2.30% 48.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (688 aa) ARB_06334 75'021.90 19 23 37 0.49% 34.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 12 14 16 0.21% 41.70%
Abenh-pH7 b | A. benhamiae CBS 112371 null (328 aa) ARB_06052 36'392.00 13 16 43 0.57% 54.70%
Abenh-pH7 b | A. benhamiae CBS 112371 null (607 aa) ARB_04499 66'514.90 14 19 39 0.52% 35.50%
Abenh-pH7 b | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 4 5 22 0.29% 30.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 5 5 5 0.07% 10.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 20 29 75 1.00% 23.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 6 8 37 0.49% 35.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 4 6 19 0.25% 35.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 25 0.33% 20.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 4 7 50 0.67% 49.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 12 18 37 0.49% 35.50%
Abenh-pH7 b | A. benhamiae CBS 112371 null (210 aa) ARB_00107 22'728.10 10 17 211 2.81% 58.90%
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Abenh-pH7 b | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 15 22 43 0.57% 48.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 24 36 247 3.29% 43.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 5 5 7 0.09% 10.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (255 aa) ARB_03514 27'613.80 6 9 43 0.57% 37.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 6 7 9 0.12% 19.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 18 22 32 0.43% 29.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 25 32 203 2.70% 36.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (762 aa) ARB_01232 83'795.80 22 31 73 0.97% 34.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (246 aa) ARB_07590 26'418.30 12 18 254 3.38% 64.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 8 9 14 0.19% 33.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'838.70 35 50 161 2.14% 46.50%
Abenh-pH7 b | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 8 8 9 0.12% 11.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 5 5 8 0.11% 12.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 10 15 41 0.55% 46.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 10 10 19 0.25% 46.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 20 24 48 0.64% 52.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 6 10 106 1.41% 59.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 22 30 48 0.64% 36.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 11 14 27 0.36% 31.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (565 aa) ARB_02369 61'369.70 19 25 86 1.14% 45.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 9 12 52 0.69% 60.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 12 15 35 0.47% 47.00%
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Abenh-pH7 b | A. benhamiae CBS 112371 null (1102 aa) ARB_01379 121'034.60 2 2 2 0.03% 1.91%
Abenh-pH7 b | A. benhamiae CBS 112371 null (214 aa) ARB_05177 22'933.00 2 2 5 0.07% 12.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 27 35 66 0.88% 46.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (923 aa) ARB_04703 104'542.40 6 6 6 0.08% 6.83%
Abenh-pH7 b | A. benhamiae CBS 112371 null (404 aa) ARB_05728 42'961.40 4 4 5 0.07% 19.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 6 8 17 0.23% 26.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (513 aa) ARB_04696 55'514.70 11 13 13 0.17% 33.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 5 5 5 0.07% 21.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 3 3 4 0.05% 9.88%
Abenh-pH7 b | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 6 6 6 0.08% 31.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (728 aa) ARB_02390 79'180.00 11 12 15 0.20% 20.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 24 33 78 1.04% 62.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 4 4 7 0.09% 37.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (596 aa) ARB_00930 65'104.30 3 3 3 0.04% 5.55%
Abenh-pH7 b | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 5 8 19 0.25% 38.70%
Abenh-pH7 b | A. benhamiae CBS 112371 null (193 aa) ARB_01932 20'469.70 2 2 2 0.03% 13.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (505 aa) ARB_06076 53'188.50 5 10 39 0.52% 21.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (727 aa) ARB_06651 80'067.80 20 27 91 1.21% 45.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (401 aa) ARB_06111 41'702.10 2 2 2 0.03% 7.25%
Abenh-pH7 b | A. benhamiae CBS 112371 null (752 aa) ARB_07609 84'246.10 9 11 11 0.15% 20.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (453 aa) ARB_05164 50'673.80 11 13 21 0.28% 30.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (557 aa) ARB_01941 60'870.20 11 11 12 0.16% 29.30%
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Abenh-pH7 b | A. benhamiae CBS 112371 null (538 aa) ARB_07085 57'758.90 6 6 9 0.12% 16.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 9 14 66 0.88% 52.50%
Abenh-pH7 b | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 5 7 8 0.11% 15.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (208 aa) ARB_06407 23'067.90 5 5 5 0.07% 31.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (657 aa) ARB_02785 71'421.70 7 8 8 0.11% 15.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 4 4 4 0.05% 19.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 16 26 102 1.36% 37.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 4 5 9 0.12% 14.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (864 aa) ARB_00226 95'625.40 3 3 3 0.04% 3.36%
Abenh-pH7 b | A. benhamiae CBS 112371 null (172 aa) ARB_06080 19'252.10 5 5 7 0.09% 32.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 7 10 10 0.13% 17.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (306 aa) ARB_04618 33'949.20 2 2 2 0.03% 8.85%
Abenh-pH7 b | A. benhamiae CBS 112371 null (464 aa) ARB_07628 50'817.00 2 2 2 0.03% 4.97%
Abenh-pH7 b | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 17 24 43 0.57% 56.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (653 aa) ARB_05859 70'106.10 4 5 6 0.08% 7.52%
Abenh-pH7 b | A. benhamiae CBS 112371 null (667 aa) ARB_01864 75'175.40 1 1 1 0.01% 2.25%
Abenh-pH7 b | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 23 40 482 6.41% 69.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 6 7 8 0.11% 8.79%
Abenh-pH7 b | A. benhamiae CBS 112371 null (1091 aa) ARB_00520 123'628.70 39 54 176 2.34% 37.70%
Abenh-pH7 b | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 6 8 22 0.29% 19.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (292 aa) ARB_03620 32'033.60 4 4 6 0.08% 17.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 9 13 34 0.45% 42.20%
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Abenh-pH7 b | A. benhamiae CBS 112371 null (213 aa) ARB_00773 21'751.00 4 4 4 0.05% 36.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (496 aa) ARB_00494 53'225.40 35 59 777 10.30% 67.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (432 aa) ARB_04981 48'517.80 1 1 1 0.01% 2.32%
Abenh-pH7 b | A. benhamiae CBS 112371 null (179 aa) ARB_07191 19'788.40 2 2 2 0.03% 13.50%
Abenh-pH7 b | A. benhamiae CBS 112371 null (413 aa) ARB_05307 42'717.30 3 3 6 0.08% 11.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (527 aa) ARB_02407 58'544.90 8 9 12 0.16% 16.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (305 aa) ARB_01071 33'382.90 1 1 1 0.01% 4.61%
Abenh-pH7 b | A. benhamiae CBS 112371 null (501 aa) ARB_00532 56'090.50 2 2 2 0.03% 6.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (617 aa) ARB_01353 70'350.90 27 37 144 1.92% 54.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (267 aa) ARB_00862 28'612.50 9 15 61 0.81% 40.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (756 aa) ARB_05732 81'168.90 2 3 7 0.09% 3.84%
Abenh-pH7 b | A. benhamiae CBS 112371 null (644 aa) ARB_00762 70'670.60 17 24 92 1.22% 37.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (574 aa) ARB_01962 62'410.60 3 3 3 0.04% 12.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 8 12 22 0.29% 55.60%
Abenh-pH7 b | A. benhamiae CBS 112371 null (513 aa) ARB_06983 55'982.70 13 14 22 0.29% 44.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (597 aa) ARB_05765 64'844.70 3 3 4 0.05% 7.89%
Abenh-pH7 b | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 7 8 9 0.12% 30.80%
Abenh-pH7 b | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 8 8 18 0.24% 26.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (300 aa) ARB_00059 32'799.20 4 4 4 0.05% 20.10%
Abenh-pH7 b | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 38 50 358 4.76% 54.90%
Abenh-pH7 b | A. benhamiae CBS 112371 null (319 aa) ARB_02306 36'287.30 3 3 3 0.04% 11.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 4 5 11 0.15% 18.00%
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Abenh-pH7 b | A. benhamiae CBS 112371 null (149 aa) ARB_02001 16'452.90 4 4 8 0.11% 27.00%
Abenh-pH7 b | A. benhamiae CBS 112371 null (415 aa) ARB_02715 45'401.10 7 10 12 0.16% 25.40%
Abenh-pH7 b | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 5 5 6 0.08% 13.30%
Abenh-pH7 b | A. benhamiae CBS 112371 null (354 aa) ARB_01995 38'818.80 2 2 2 0.03% 7.08%
Abenh-pH7 b | A. benhamiae CBS 112371 null (1066 aa) ARB_06053 116'804.20 6 7 7 0.09% 9.20%
Abenh-pH7 b | A. benhamiae CBS 112371 null (121 aa) ARB_00658 12'788.00 1 2 3 0.04% 13.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (910 aa) ARB_01444 98'338.70 28 32 92 1.77% 43.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (821 aa) ARB_05654 88'821.60 14 21 78 1.50% 24.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (552 aa) ARB_00083 62'360.70 12 14 18 0.35% 32.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (210 aa) ARB_00107 22'728.10 9 16 172 3.30% 51.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (255 aa) ARB_03514 27'613.80 5 7 21 0.40% 34.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (530 aa) ARB_06414 59'403.00 3 3 7 0.13% 6.81%
Abenh-pH7 c | A. benhamiae CBS 112371 null (945 aa) ARB_06907 103'907.50 16 21 21 0.40% 22.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (607 aa) ARB_04499 66'514.90 12 15 27 0.52% 26.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (354 aa) ARB_06359 37'581.10 11 11 25 0.48% 34.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (175 aa) ARB_01325 18'707.50 3 4 17 0.33% 21.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (623 aa) ARB_05535 70'472.60 5 5 7 0.13% 10.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (246 aa) ARB_07590 26'418.30 11 17 173 3.32% 62.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (688 aa) ARB_06334 75'021.90 19 25 55 1.06% 34.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (771 aa) ARB_07629 85'022.20 15 17 18 0.35% 25.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (565 aa) ARB_02369 61'369.70 16 20 64 1.23% 36.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (762 aa) ARB_01232 83'795.80 20 28 47 0.90% 37.70%
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Abenh-pH7 c | A. benhamiae CBS 112371 null (512 aa) ARB_07056 55'227.80 16 22 29 0.56% 50.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (593 aa) ARB_02965 63'994.80 17 22 126 2.42% 36.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (196 aa) ARB_07637 20'530.80 3 3 5 0.10% 25.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (530 aa) ARB_03264 59'162.30 7 9 13 0.25% 17.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (172 aa) ARB_00344 18'201.10 4 7 29 0.56% 36.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (238 aa) ARB_07027 26'853.40 3 7 18 0.35% 20.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (131 aa) ARB_07026 14'085.60 5 7 29 0.56% 53.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (653 aa) ARB_04046 71'688.10 4 4 4 0.08% 9.05%
Abenh-pH7 c | A. benhamiae CBS 112371 null (501 aa) ARB_02372 54'522.30 8 9 15 0.29% 21.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (503 aa) ARB_05319 54'495.60 13 15 24 0.46% 40.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (925 aa) ARB_07867 99'074.10 14 17 24 0.46% 23.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (206 aa) ARB_05304 21'463.10 6 8 20 0.38% 39.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (328 aa) ARB_06052 36'392.00 5 5 10 0.19% 20.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113'054.40 18 22 39 0.75% 20.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (398 aa) ARB_00701 40'996.40 8 13 55 1.06% 43.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (374 aa) ARB_03568 40'712.70 8 10 15 0.29% 33.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (196 aa) ARB_00595 20'913.60 5 7 17 0.33% 28.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (405 aa) ARB_04859 43'686.00 8 8 19 0.37% 29.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (354 aa) ARB_01995 38'818.80 4 4 5 0.10% 15.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (230 aa) | ARB_03731,ARB_05393 | 25'773.70 3 3 3 0.06% 14.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (728 aa) ARB_02390 79'180.00 8 9 13 0.25% 17.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (342 aa) ARB_07185 37'342.80 2 2 4 0.08% 13.80%
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Abenh-pH7 c | A. benhamiae CBS 112371 null (572 aa) ARB_02107 62'387.40 2 2 2 0.04% 4.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (923 aa) ARB_04703 104'542.40 5 5 5 0.10% 5.21%
Abenh-pH7 c | A. benhamiae CBS 112371 null (453 aa) ARB_05164 50'673.80 9 12 22 0.42% 22.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (414 aa) ARB_04467 45'398.30 14 18 40 0.77% 45.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (243 aa) ARB_07186 26'586.30 5 6 8 0.15% 23.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (187 aa) ARB_00075 19'791.90 6 7 23 0.44% 44.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (408 aa) ARB_01032 42'987.80 5 5 5 0.10% 26.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (121 aa) ARB_00658 12'788.00 2 2 2 0.04% 21.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (699 aa) ARB_02220 77'510.00 41 52 424 8.14% 58.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (418 aa) ARB_05392 45'903.20 18 30 209 4.01% 60.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (491 aa) ARB_00777 52'317.20 1 1 1 0.02% 2.86%
Abenh-pH7 c | A. benhamiae CBS 112371 null (538 aa) ARB_07085 57'758.90 3 3 3 0.06% 9.31%
Abenh-pH7 c | A. benhamiae CBS 112371 null (426 aa) ARB_02208 46'364.90 5 5 8 0.15% 22.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (305 aa) ARB_01071 33'382.90 2 2 2 0.04% 8.22%
Abenh-pH7 c | A. benhamiae CBS 112371 null (566 aa) ARB_02478 61'777.10 9 11 15 0.29% 23.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (300 aa) ARB_00059 32'799.20 3 3 4 0.08% 13.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (172 aa) ARB_06080 19'252.10 1 1 1 0.02% 5.26%
Abenh-pH7 c | A. benhamiae CBS 112371 null (441 aa) ARB_05372 47'817.30 3 3 8 0.15% 8.86%
Abenh-pH7 ¢ | A. benhamiae CBS 112371 null (342 aa) ARB_03699 36'255.50 6 7 16 0.31% 28.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (727 aa) ARB_06651 80'067.80 6 6 12 0.23% 14.50%
Abenh-pH7 c | A. benhamiae CBS 112371 null (513 aa) ARB_06983 55'982.70 4 4 4 0.08% 10.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (866 aa) ARB_02101 98'073.30 5 5 6 0.12% 7.75%
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Abenh-pH7 c | A. benhamiae CBS 112371 null (224 aa) ARB_03853 24'951.00 2 2 2 0.04% 8.52%
Abenh-pH7 c | A. benhamiae CBS 112371 null (213 aa) ARB_00773 21'751.00 4 4 4 0.08% 36.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (653 aa) ARB_05859 70'106.10 5 5 7 0.13% 11.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (634 aa) ARB_05085 69'232.20 7 10 18 0.35% 22.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (403 aa) ARB_03790 42'110.30 5 5 6 0.12% 15.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (417 aa) ARB_03789 45'801.80 4 4 5 0.10% 14.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (415 aa) ARB_02715 45'401.10 8 9 12 0.23% 27.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (309 aa) ARB_02797 32'960.20 10 18 56 1.07% 48.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (864 aa) ARB_00226 95'625.40 3 3 3 0.06% 3.36%
Abenh-pH7 c | A. benhamiae CBS 112371 null (207 aa) ARB_04555 21'190.20 2 3 4 0.08% 14.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (1066 aa) ARB_06053 116'804.20 5 6 8 0.15% 7.98%
Abenh-pH7 c | A. benhamiae CBS 112371 null (149 aa) ARB_02001 16'452.90 4 5 13 0.25% 23.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (574 aa) ARB_01962 62'410.60 4 4 4 0.08% 12.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (425 aa) ARB_01495 45'947.10 4 4 8 0.15% 12.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (413 aa) ARB_01347 44'166.80 3 3 3 0.06% 8.25%
Abenh-pH7 c | A. benhamiae CBS 112371 null (140 aa) ARB_06975 14'354.00 2 3 11 0.21% 20.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (319 aa) ARB_02306 36'287.30 2 2 2 0.04% 5.35%
Abenh-pH7 c | A. benhamiae CBS 112371 null (336 aa) ARB_03491 37'530.20 2 2 2 0.04% 6.87%
Abenh-pH7 c | A. benhamiae CBS 112371 null (505 aa) ARB_06076 53'188.50 7 13 69 1.32% 38.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (298 aa) ARB_07540 32'564.70 2 2 2 0.04% 14.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (168 aa) ARB_03651 18'697.30 3 3 3 0.06% 23.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (257 aa) ARB_03024 25'239.30 3 4 10 0.19% 17.20%
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Abenh-pH7 c | A. benhamiae CBS 112371 null (617 aa) ARB_01353 70'350.90 22 30 81 1.55% 41.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (214 aa) ARB_05177 22'933.00 3 3 3 0.06% 20.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (557 aa) ARB_01941 60'870.20 6 6 7 0.13% 14.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (226 aa) ARB_01979 25'408.90 7 8 11 0.21% 32.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (395 aa) ARB_00047 44'081.90 2 3 3 0.06% 7.36%
Abenh-pH7 c | A. benhamiae CBS 112371 null (413 aa) ARB_05307 42'717.30 2 2 3 0.06% 7.77%
Abenh-pH7 c | A. benhamiae CBS 112371 null (510 aa) ARB_00035 56'275.40 20 25 56 1.07% 51.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (779 aa) ARB_06110 88'383.60 24 34 70 1.34% 41.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (496 aa) ARB_00494 53'225.40 27 46 536 10.30% 61.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (1091 aa) ARB_00520 123'628.70 31 36 81 1.55% 33.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (513 aa) ARB_04696 55'514.70 6 6 6 0.12% 20.50%
Abenh-pH7 c | A. benhamiae CBS 112371 null (459 aa) ARB_05157 49'026.40 1 1 1 0.02% 1.75%
Abenh-pH7 c | A. benhamiae CBS 112371 null (250 aa) ARB_04619 27'122.70 2 3 5 0.10% 14.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (267 aa) ARB_00862 28'612.50 9 14 112 2.15% 39.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (292 aa) ARB_03620 32'033.60 3 3 3 0.06% 14.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (354 aa) ARB_00204 38'505.10 8 10 22 0.42% 21.20%
Abenh-pH7 c | A. benhamiae CBS 112371 null (630 aa) ARB_06361 69'690.80 3 3 3 0.06% 6.36%
Abenh-pH7 c | A. benhamiae CBS 112371 null (527 aa) ARB_02407 58'544.90 10 10 10 0.19% 22.60%
Abenh-pH7 c | A. benhamiae CBS 112371 null (383 aa) ARB_08028 41'339.10 1 1 1 0.02% 3.40%
Abenh-pH7 c | A. benhamiae CBS 112371 null (306 aa) ARB_04618 33'949.20 2 2 2 0.04% 8.85%
Abenh-pH7 c | A. benhamiae CBS 112371 null (388 aa) ARB_01751 42'248.00 2 2 2 0.04% 7.75%
Abenh-pH7 c | A. benhamiae CBS 112371 null (134 aa) ARB_05536 15'101.60 3 5 7 0.13% 29.30%
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Abenh-pH7 c | A. benhamiae CBS 112371 null (179 aa) ARB_07191 19'788.40 3 3 3 0.06% 19.10%
Abenh-pH7 c | A. benhamiae CBS 112371 null (388 aa) ARB_01627 41'241.10 7 8 29 0.56% 28.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (644 aa) ARB_00762 70'670.60 15 18 70 1.34% 35.50%
Abenh-pH7 c | A. benhamiae CBS 112371 null (756 aa) ARB_05732 81'168.90 4 5 8 0.15% 9.80%
Abenh-pH7 c | A. benhamiae CBS 112371 null (242 aa) ARB_04889 26'743.60 4 5 7 0.13% 19.90%
Abenh-pH7 c | A. benhamiae CBS 112371 null (208 aa) ARB_06407 23'067.90 3 3 3 0.06% 20.30%
Abenh-pH7 c | A. benhamiae CBS 112371 null (401 aa) ARB_06111 41'702.10 7 8 19 0.37% 24.00%
Abenh-pH7 c | A. benhamiae CBS 112371 null (879 aa) ARB_02077 93'825.10 13 20 51 0.98% 25.70%
Abenh-pH7 c | A. benhamiae CBS 112371 null (596 aa) ARB_00930 65'104.30 2 2 2 0.04% 4.54%
Abenh-pH7 c | A. benhamiae CBS 112371 null (315 aa) ARB_06966 34'730.00 4 6 9 0.17% 17.80%
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Supplementary Table 2a: Shotgun MS analysis of M. canis grown in SP medium at pH 4.0 and pH 7.0.

Identified Proteins (196) Accession Molecular | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis-
Number Weight pH4-a | pH4-b | pH4-c | pH7-a pH7-b pH7-c

Tripeptidyl-peptidase SedB SED2_NANOT 65 kDa 157 221 247 2 0 19
Probable neutral protease 2 homolog MCYG_07155 NPIID_NANOT 38 kDa 201 61 152 12 12 9
Putative uncharacterized protein MCYG_07328 C5FYB1_NANOT 21 kDa 168 1 148 1 12 5
Tripeptidyl-peptidase SedD SED4_NANOT 66 kDa 153 128 113 4 7 15
Subtilisin-like protease 3 Sub3 SUB3_MICCA 41 kDa 59 6 100 169 59 202
Aspartic endopeptidase Pepl PEPF_NANOT 41 kDa 206 19 97 6 0 0
Peptidase S41 MCYG_03610 C5FM69_NANOT | 77 kDa 44 53 94 5 13 26
Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33 kDa 99 92 90 29 40 93
Metallocarboxypeptidase A-like protein MCYG_01475 MCPAL_NANOT 46 kDa 117 6 84 33 4 22
Sulphydryl oxidase Sox MCYG_02499 C5FFZ5_NANOT 44 kDa 28 19 81 4 5 13
Polysaccharide deacetylase family protein

MCYG_07538 C5FYX1_NANOT 33 kDa 41 3 73 78 18 142
FAD binding domain-containing protein MCYG_04968 C5FQJ6_NANOT 55 kDa 42 12 68 75 50 95
Putative uncharacterized protein MCYG_05599 C5FSC7_NANOT 21 kDa 55 71 63 9 1 7
Dipeptidyl-peptidase 5 DPPV DPP5_NANOT 80 kDa 52 0 61 0 11 1
Putative uncharacterized protein MCYG_03713 C5FJN3_NANOT 26 kDa 43 59 60 0 8 4
Carboxypeptidase cpdS MCYG_07753 C5FX94_NANOT | 58 kDa 36 36 56 0 2 1
Laccase-1 MCYG_08571 C5GOU9_NANOT | 65 kDa 44 31 56 0 0 0
Putative uncharacterized protein MCYG_02207 C5FJ58 NANOT 61 kDa 28 0 55 0 0 0
1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 56 kDa 38 13 54 15 7 50
Glucoamylase MCYG_06367 C5FUG4_NANOT 68 kDa 35 0 53 388 174 662
Extracellular metalloproteinase 3 Mep3 MEP3_MICCA 69 kDa 22 2 50 38 33 120
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Carboxypeptidase S1 homolog A SCPA SPCA_NANOT 72 kDa 33 27 47 0 4

Peptidase M28 MCYG_04217 C5FP82_NANOT 56 kDa 19 16 44 0 0

Extracellular cell wall glucanase Crf1/allergen Asp F9

MCYG_04874 C5FQA2_NANOT | 45kDa 56 18 40 0 0 0
Metallocarboxypeptidase A MCPA MCPA_NANOT 47 kDa 44 13 39 8 1 10
Extracellular metalloproteinase 5 Mep5 MEP5_MICCA 70 kDa 21 0 34 0 0 1
Ecm33 MCYG_01225 C5FEL3_NANOT 41 kDa 35 8 32 13 7 11
Ser/Thr protein phosphatase MCYG_06525 C5FUX2_NANOT 72 kDa 41 14 32 0 0 0
Carbohydrate-binding protein MCYG_01090 C5FEG8_NANOT 42 kDa 10 6 30 5 0 66
IgE-binding protein MCYG_03081 C5FKPO_NANOT 20 kDa 43 44 29 11 8 7
Oxalate decarboxylase oxdD MCYG_04379 C5FNE6_NANOT 44 kDa 17 0 29 19 16 21
Putative uncharacterized protein MCYG_08572 C5G0OVO0_NANOT 33 kDa 18 2 27 0 0 1
Gamma-glutamyltranspeptidase MCYG_05524 C5FS52_NANOT 63 kDa 5 0 25 3 18 4
FAD binding domain-containing protein MCYG_06815 C5FVR2_NANOT 63 kDa 11 12 22 1 0 6
Aspartic protease MCYG_05372 C5FRQO_NANOT 50 kDa 12 5 21 0 0 0
6-hydroxy-D-nicotine oxidase MCYG_04909 C5FQD7_NANOT 56 kDa 10 15 20 0 0 0
6-hydroxy-D-nicotine oxidase MCYG_04127 C5FN72_NANOT 63 kDa 11 0 19 43 33 82
Acid phosphatase MCYG_07729 C5FX70_NANOT 31 kDa 12 4 19 0 0 0
Beta-1,3-glucanosyltransferase 3 MCYG_03246 C5FL55_NANOT 57 kDa 29 0 18 6 2 4
DUF1237 domain-containing protein MCYG_03876 C5FMF4_NANOT 61 kDa 4 3 18 9 1 13
Phytase MCYG_02670 C5FGG6_NANOT | 51kDa 19 0 17 0 0 0
Mucin MCYG_07854 C5FXJ5_NANOT 77 kDa 5 0 16 78 62 150
Putative uncharacterized protein MCYG_00366 C5FC55_NANOT 62 kDa 11 0 16 5 20 27
Phosphoglycerate mutase family protein MCYG_08379 | C5GOA7_NANOT 37 kDa 7 0 15 9 8 11
Carboxypeptidase Y MCYG_05486 C5FS14_NANOT 66 kDa 16 13 15 1 0 0
Cell wall protein PhiA MCYG_00375 C5FC64_NANOT 20 kDa 9 19 14 0 0 9
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Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 34 kDa 8 7 14 10 1 17
Beta-glucosidase 1 MCYG_00928 C5FEO6_NANOT 94 kDa 0 0 13 40 25 75
Lysophospholipase MCYG_02652 C5FGE8_NANOT 68 kDa 9 4 13 3 7 3
N,O-diacetylmuramidase MCYG_02645 C5FGE1_NANOT 25 kDa 9 4 13 0 0 0
Amidase MCYG_00475 C5FCQ3_NANOT 62 kDa 0 0 12 81 79 211
Putative uncharacterized protein MCYG_04152 C5FN97_NANOT 21 kDa 12 0 12 9 4 3
Carboxylesterase family protein MCYG_00869 C5FDU7_NANOT 62 kDa 22 0 12 0 0 2
Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT | 88 kDa 7 8 12 0 4 2
Carboxypeptidase S1 homolog B SCPB SCPB_NANOT 73 kDa 15 2 12 0 0 0
Putative uncharacterized protein MCYG_00562 C5FCZ0_NANOT 26 kDa 13 0 12 0 0 0
Carboxylesterase MCYG_01781 C5FHY2_NANOT 55 kDa 8 0 12 0 0 0
Carboxy-cis,cis-muconate cyclase MCYG_00595 C5FD23_NANOT 42 kDa 0 0 12 0 0 0
Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 95 kDa 0 0 11 9 4 23
1,3(4)-beta-glucanase MCYG_05925 C5FTA3_NANOT 49 kDa 18 5 11 0 0 0
Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42 kDa 5 6 10 0 1 3
Putative uncharacterized protein MCYG_06727 C5FVH4_NANOT 37 kDa 1 0 9 0 0 2
Extracellular metalloproteinase 1 Mep1 MEP1_MICCA 70 kDa 4 0 8 0 0 3
Glycosyl hydrolase family 3 N terminal domain-

co»rl1tair\1/ingyprotein MCYC\-I/_O7820 CSFXGI_NANOT 40kDa 1 4 / 2 0 !
Acid trehalase MCYG_02758 C5FGQ4_NANOT | 115 kDa 3 0 7 0 0 0
;%%GL_'SZZ‘;/ZACV'Mm'ase family protein CSFNI9_NANOT | 28 kDa 4 0 7 0 0 0
Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 68 kDa 0 0 6 16 9 17
Putative uncharacterized protein MCYG_03189 C5FKZ8_NANOT 47 kDa 7 0 6 0 0 8
Lcc2 MCYG_02578 C5FG74_NANOT 74 kDa 8 3 6 0 0 0
Alkaline proteinase MCYG_01476 C5FH27_NANOT 42 kDa 1 0 6 0 0 7
Putative uncharacterized protein MCYG_03822 C5FMAO_NANOT | 56kDa 2 0 6 0 0 0
Dipeptidyl peptidase 4 DPPIV A0S5V9_MICCA 88 kDa 0 0 5 54 39 90
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Phosphatidylglycerol/phosphatidylinositol transfer

orotein MCYG_02226 C5FFGO_NANOT 19 kDa 6 13 5 46 27 31
Putative uncharacterized protein MCYG_04951 C5FQH9_NANOT 15 kDa 0 24 5 0 3 11
Putative uncharacterized protein MCYG_03515 C5FLX4_NANOT 23 kDa 0 2 5 3 5 14
Predicted protein MCYG_01508 C5FHE9_NANOT 19 kDa 4 2 5 0 0 2
Probable leucine aminopeptidase MCYG_04170 LAP5_NANOT 38 kDa 8 0 5 0 0 0
Putative uncharacterized protein MCYG_04944 C5FQH2_NANOT 19 kDa 2 4 5 0 0 0
Tripeptidyl-peptidase SedC SED3_NANOT 65 kDa 0 0 5 0 0 0
ThiJ/Pfpl family protein MCYG_02762 C5FGQ8_NANOT | 25kDa 0 0 5 0 0 0
Alpha-glucosidase MCYG_00092 C5FBMO_NANOT | 101 kDa 4 0 4 9 14 17
Probable neutral protease 2 homolog MCYG_05201 NPIIA_NANOT 40 kDa 12 3 4 6 8 2
Glycerophosphoryl diester phosphodiesterase family

protein MCYG_05364 C5FRP2_NANOT 45 kDa 1 0 4 3 3 11
FAD binding domain-containing protein MCYG_08167 C5FZP5_NANOT 54 kDa 1 0 4 0 0 3
Feruloyl esterase B MCYG_06844 C5FVU1_NANOT 58 kDa 3 0 4 0 0 0
2,6-dihydropseudooxynicotine hydrolase MCYG_02065 | C5FIH7_NANOT 49 kDa 2 0 4 0 0 0
Copper radical oxidase MCYG_08682 C5G160_NANOT 96 kDa 4 1 3 56 32 92
Proteinase inhibitor 14 MCYG_03085 C5FKP4_NANOT 40 kDa 0 0 3 1 3 13
Alkaline serine protease MCYG_02748 C5FGP4_NANOT 41 kDa 2 0 3 0 8 2
FAD binding domain-containing protein MCYG_07459 C5FYP2_NANOT 54 kDa 0 0 3 1 0 2
Putative uncharacterized protein MCYG_01908 C5FIA9_NANOT 97 kDa 0 0 3 0 0 2
Endo-beta-1,3-glucanase MCYG_06694 C5FVE1_NANOT 74 kDa 1 0 3 0 0 0
Putative uncharacterized protein MCYG_05202 C5FR80_NANOT 19 kDa 1 0 3 0 0 0
Aminopeptidase Y Lap1 LAP1_NANOT 53 kDa 0 0 2 156 301 798
Leucine aminopeptidase 2 Lap2 LAP2_NANOT 41 kDa 1 1 2 10 24 26
Putative uncharacterized protein MCYG_00150 C5FBS8_NANOT 19 kDa 4 0 2 20 11 18
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Putative uncharacterized protein MCYG_06096 C5FTS4_NANOT 57 kDa 0 0 2 15 6 24
Subtilisin-like protease 7 Sub7 SUB7_NANOT 41 kDa 2 0 2 21 6 19
Putative uncharacterized protein MCYG_03637 C5FM96_NANOT 25 kDa 9 2 2 4 0 0
Oxalate decarboxylase MCYG_02705 C5FGK1_NANOT 44 kDa 2 0 2 3 5 5
ATP-dependent permease MCYG_02170 C5FJ21_NANOT 107 kDa 0 0 2 3 1 8
LysM domain-containing protein MCYG_08445 C5GOH3_NANOT 42 kDa 6 0 2 3 0 1
Extracellular matrix protein MCYG_07613 C5FWV4_NANOT| 23 kDa 6 2 2 0 0 0
Glucan 1,3-beta-glucosidase MCYG_05874 C5FT52_NANOT 46 kDa 0 0 2 0 7 1
Aldose 1-epimerase MCYG_00654 C5FD82_NANOT 46 kDa 0 1 2 0 2 2
LysM domain-containing protein MCYG_04103 C5FN48_NANOT 48 kDa 4 0 2 0 0 0
Predicted protein MCYG_04621 C5FNU9_NANOT 36 kDa 0 0 2 0 0 0
Endochitinase 1 MCYG_00676 C5FDA4_NANOT | 44 kDa 0 0 1 34 14 75
Predicted protein MCYG_04553 C5FNN1_NANOT 28 kDa 0 0 1 17 16 52
Glutamate carboxypeptidase 2 MCYG_07431 C5FYLA_NANOT 78 kDa 0 0 1 22 12 39
Putative uncharacterized protein MCYG_08685 C5G163_NANOT 79 kDa 1 0 1 2 3 5
Putative uncharacterized protein MCYG_04701 C5FP29_NANOT 27 kDa 6 0 1 0 0 0
Secreted protein MCYG_06024 C5FTK2_NANOT 22 kDa 0 0 1 1 0 2
HMF1 MCYG_06048 C5FTM6_NANOT 13 kDa 0 2 1 0 0 0
Ili/r:é:l;)(r;\ijg;e;;e/exonuclease/phosphatase family protein CSEMG5_NANOT | 33 kDa 0 0 1 0 0 0
Alkaline phosphatase MCYG_04625 C5FNV3_NANOT 56 kDa 0 0 0 358 64 377
Carboxypeptidase 2 MCPB MCPB_NANOT 60 kDa 0 0 0 64 51 127
Extracellular metalloproteinase 4 Mep4 MEP4_MICCA 71 kDa 0 0 0 37 45 148
Alpha-mannosidase MCYG_06176 C5FTX3_NANOT 123 kDa 0 0 0 72 13 102
Hydrophobic surface binding protein B MCYG_01969 C5FIQ9_NANOT 19 kDa 0 2 0 17 27 64
Neutral ceramidase MCYG_06637 C5FV84_NANOT 83 kDa 0 0 0 25 18 67
Fumarylacetoacetase MCYG_00527 C5FCV5_NANOT 47 kDa 0 0 0 27 21 39
Dipeptidase 1 MCYG_02918 C5FK77_NANOT 47 kDa 2 0 0 15 21 38
LysM domain-containing protein MCYG_04646 C5FNX4_NANOT 28 kDa 0 0 0 29 15 20
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Nucleoside diphosphate kinase MCYG_01839 C5FI40_NANOT 17 kDa 0 0 0 14 22 15
Secreted protein MCYG_00341 C5FC30_NANOT 23 kDa 0 0 0 27 6 15
Putative uncharacterized protein MCYG_07164 C5FXU7_NANOT 49 kDa 0 0 0 10 2 26
Multicopper oxidase MCYG_01191 C5FF09_NANOT 75 kDa 0 0 0 7 7 25
Putative uncharacterized protein MCYG_01574 C5FHL5_NANOT 28 kDa 0 0 0 20 5 13
/Jgsgj‘gz‘;';‘;o 1,5-alpha-L-arabinosidase A CS5FGS3_NANOT | 37kDa 0 0 0 8 9 15
Aspartylglucosaminidase family protein MCYG_04957 C5FQI5_NANOT 45 kDa 0 0 0 6 7 15
Aconitase MCYG_03299 C5FLA8_NANOT 84 kDa 0 0 0 4 16 3
Cutinase MCYG_05629 C5FSF7_NANOT 28 kDa 0 0 0 7 4 12
Putative uncharacterized protein MCYG_04556 C5FNN4_NANOT 50 kDa 0 0 0 4 7 11
Putative uncharacterized protein MCYG_07025 C5FWC2_NANOT | 32kDa 0 0 0 3 2 18
4-hydroxyphenylpyruvate dioxygenase MCYG_00524 C5FCV2_NANOT 45 kDa 0 0 0 8 7 7
Beta-mannosidase MCYG_06102 C5FTTO_NANOT 98 kDa 0 0 0 3 5 14
G-protein complex beta subunit CpcB MCYG_01069 C5FEE7_NANOT 35 kDa 0 0 0 9 5 10
Exochitinase 1 MCYG_05745 C5FSS3_NANOT 53 kDa 0 0 0 3 4 13
Putative uncharacterized protein MCYG_07611 C5FWV2_NANOT | 29 kDa 0 0 0 1 8 12
Superoxide dismutase [Cu-Zn] MCYG_02077 C5FII9_NANOT 16 kDa 0 0 0 18 1 3
:/Iocl‘\’(sgf;z;gge deacetylase family protein C5FPB8_NANOT | 30 kDa 0 0 0 1 4 14
Putative uncharacterized protein MCYG_02350 C5FJBO_NANOT 16 kDa 0 0 0 0 4 10
HypA MCYG_01872 C5F173_NANOT 51 kDa 0 0 0 6 4

Superoxide dismutase MCYG_06348 C5FUE5_NANOT 25 kDa 0 0 0 9 2

Fumarate reductase flavoprotein subunit MCYG_02604 | C5FGAO_NANOT 68 kDa 0 0 0 6 5 5
E/II:Z\:?GII_ZI(():I;QIise/adducm domain-containing protein C5FC80_NANOT 37 kDa 0 0 0 3 5 5
Uricase MCYG_00197 C5FBX5_NANOT 34 kDa 0 0 0 2 7

Putative uncharacterized protein MCYG_07766 C5FXA7_NANOT 24 kDa 0 0 0 5 3
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Putative uncharacterized protein MCYG_03989 C5FMR7_NANOT | 46 kDa 0 0 0 5 3 7
Glutathione S-transferase Gst3 MCYG_07941 C5FXT2_NANOT 41 kDa 0 0 0 5 1 5
Aminopeptidase P MCYG_01718 C5FHR9_NANOT 69 kDa 0 0 0 4 4 4
GH17932p MCYG_04430 C5FNJ7_NANOT 23 kDa 0 0 0 5 4 3
Amidohydrolase MCYG_03185 C5FKZ4 _NANOT 33 kDa 0 0 0 1 4 7
Proline iminopeptidase MCYG_04539 C5FNL7_NANOT 51 kDa 0 0 0 1 2 9
Dienelactone hydrolase family protein MCYG_02976 C5FKD5_NANOT 32 kDa 0 0 0 3 3 1
Cyanate hydratase MCYG_03856 C5FMD4_NANOT| 18kDa 0 0 0 4 1 5
Dihydroorotase MCYG_02534 C5FG30_NANOT 39 kDa 0 0 0 1 1 8
Ser/Thr protein phosphatase MCYG_02775 C5FGS1_NANOT 68 kDa 0 0 0 1 1 7
Alkaline phosphatase MCYG_05903 C5FT81_NANOT 66 kDa 0 0 0 1 0 7
PBSP domain-containing protein MCYG_01682 C5FHE4_NANOT 33 kDa 0 0 0 2 3 2
Dihydrolipoamide dehydrogenase MCYG_08327 C5G055_NANOT 46 kDa 0 0 0 4 4 0
Beta-glucosidase MCYG_00545 C5FCX3_NANOT 135 kDa 0 0 0 0 3 6
Chitinase MCYG_04644 C5FNX2_NANOT 159 kDa 0 0 0 0 4 6
Citrate synthase MCYG_03094 C5FKQ3_NANOT 44 kDa 0 0 0 4 0 3
Predicted protein MCYG_08251 C5FZX9_NANOT 18 kDa 0 0 0 2 2 3
Secretory phospholipase A2 MCYG_00583 C5FD11_NANOT 17 kDa 0 0 0 3 2 4
LysM domain-containing protein MCYG_02074 C5FII6_NANOT 22 kDa 4 0 0 5 0 0
Peptidase S8 and S53 MCYG_01699 C5FHQO_NANOT | 75 kDa 0 0 0 1 0 7
Alanine-glyoxylate aminotransferase MCYG_08492 C5GOMO_NANOT| 41kDa 0 0 0 2 1 3
Thimet oligopeptidase MCYG_02264 C5FFJ8_NANOT 82 kDa 0 0 0 2 0 3
Chitinase 4 MCYG_08403 C5GOD1_NANOT | 39kDa 0 0 0 3 0 4
Chitinase 3 MCYG_07133 C5FWNO_NANOT 24 kDa 2 1 0 1 0 2
Aspartyl aminopeptidase MCYG_06746 C5FVIJ3_NANOT 74 kDa 0 0 0 3 0 4
Putative uncharacterized protein MCYG_08076 C5FZF4_NANOT 34 kDa 0 0 0 1 0 3
Glyoxalase family protein MCYG_00690 C5FDK6_NANOT 17 kDa 0 0 0 0 0 6
Serine proteinase MCYG_02070 C5FII2_NANOT 52 kDa 0 0 0 0 1 3
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Actin MCYG_05457 C5FRY5_NANOT 42 kDa 4 0 0 0 0 0
Subtilisin-like protease 4 Sub4 SUB4_NANOT 42 kDa 0 0 0 0 2 1
Phosphoserine aminotransferase MCYG_05388 C5FRR6_NANOT 47 kDa 0 0 0 0 0 4
II?/T(c:);gE((;;;J;);yIglyc|namlde formyltransferase CSFTD7_NANOT 54 kDa 0 0 0 1 1 5
Glycoprotein X MCYG_08739 C5G1B7_NANOT 98 kDa 0 0 0 3 0

Putative uncharacterized protein MCYG_06389 C5FUI6_NANOT 38 kDa 0 0 0 0 2
IS\u;cIrCeYs(ss_rgszgigswe A/B barrel domain-containing protein CSFFI3_ NANOT 12 kDa 0 0 0 0 ) 1
Extracellular serine-threonine rich protein

Méféio:; Ose e-threonine rich prote C5FQ38_NANOT | 93 kDa 0 0 0 4 0 0
Esterase MCYG_01130 C5FEU8_NANOT 60 kDa 0 0 4 0
N-carbamoyl-L-amino acid hydrolase MCYG_03207 C5FL16_NANOT 50 kDa 0 0 1
,:Ang:(\(rszirgllastg;ynthase multifunctional enzyme CSFHC2_NANOT 82 kDa 0 0 0 0 1 1
Chitinase MCYG_04741 C5FPW9_NANOT | 130kDa 0 0 0 0 3 0
Cysteinyl-tRNA synthetase MCYG_01772 C5FHX3_NANOT 90 kDa 0 0 0 0 0 2
Peptidyl-prolyl cis-trans isomerase D MCYG_08316 C5G044 _NANOT 38 kDa 0 0 0 0 1 0
Lactoylglutathione lyase MCYG_08655 C5G133_NANOT 36 kDa 0 0 0 1 0 0
Peroxisomal matrix protein MCYG_00580 C5FD08_NANOT 18 kDa 0 0 0 0 1 0
Putative uncharacterized protein MCYG_07934 C5FXS5_NANOT 34 kDa 0 0 0 0 0 1
Calnexin MCYG_01115 C5FEJ3_NANOT 62 kDa 0 0 0 0 1 0
Putative uncharacterized protein MCYG_01528 C5FHG9 _NANOT | 251 kDa 0 0 0 1 0 0
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Supplementary Table 2b: Shotgun MS analysis of A. benhamiae grown in SP medium at pH 4.0 and pH 7.0.

Identified Proteins (175) Ar(\:lﬁfnssie?n M\R/I:i(;ﬂ? " | Atonh-a | Atenib | Atenb-c | Abenh-a | Abenb | Abenh-c Predicted fonction
. benhamiae CBS 112371 null (727 aa) ARB_06651 80 kDa 277 645 410 0 91 12 DPPV
. benhamiae CBS 112371 null (172 aa) ARB_00344 18 kDa 263 218 193 71 106 29 GPI anchored cell wall protein
. benhamiae CBS 112371 null (404 aa) ARB_05728 43 kDa 184 273 94 0 5 0 Pepl
. benhamiae CBS 112371 null (699 aa) ARB_02220 78 kDa 177 384 108 668 358 424 peptidase S41 protein family
. benhamiae CBS 112371 null (398 aa) ARB_00701 41 kDa 119 178 33 148 41 55 subtilisin-like protease SUB3
. benhamiae CBS 112371 null (309 aa) |  ARB_02797 33 kDa 101 169 89 157 34 56 S;'(Eamhmed cell wall beta-1,3-endoglucanase
. benhamiae CBS 112371 null (634 aa) ARB_05085 69 kDa 96 142 61 20 22 18 metalloprotease
. benhamiae CBS 112371 null (187 aa) ARB_00075 20 kDa 92 112 180 19 19 23 cell wall protein PhiA
. benhamiae CBS 112371 null (653 aa) ARB_04046 72 kDa 83 54 46 5 7 4 carboxypeptidase S1
. benhamiae CBS 112371 null (717 aa) ARB_01345 79 kDa 74 114 53 0 0 0 extracelular serine carboxypeptidase
. benhamiae CBS 112371 null (597 aa) ARB_05765 65 kDa 73 153 81 0 4 0 tripeptidyl-peptidase (TppA)
. benhamiae CBS 112371 null (418 aa) ARB_05392 46 kDa 52 52 37 336 482 209 endochitinase
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. benhamiae CBS 112371 null (440 aa) ARB_05253 45 kDa 52 56 44 0 0 0 glycosyl hydrolase or cell wall glucanase

. benhamiae CBS 112371 null (667 aa) ARB_01864 75 kDa 50 113 73 0 1 1 Ser/Thr protein phosphatase family protein

. benhamiae CBS 112371 null (342 aa) ARB_03699 36 kDa 49 135 58 13 66 16 polysaccharide deacetylase family protein

. benhamiae CBS 112371 null (236 aa) ARB_05911 25 kDa 49 93 51 0 1 0 glycosyl hydrolase, putative

. benhamiae CBS 112371 null (510 aa) | ARB_00035 56 kDa 48 46 30 64 78 56 mannosyl-oligosaccharide 1,2-alpha-
mannosidase

. benhamiae CBS 112371 null (414 aa) ARB_04467 45 kDa 48 66 35 81 43 40 glucanase

. benhamiae CBS 112371 null (879 aa) ARB_02077 94 kDa 46 51 39 70 102 51 exo-beta-1,3-glucanase

. benhamiae CBS 112371 null (503 aa) ARB_05319 55 kDa 46 64 37 24 43 24 FAD-dependent oxygenase

. benhamiae CBS 112371 null (530 aa) ARB_06414 59 kDa 45 70 32 10 8 7 carboxypeptidase

. benhamiae CBS 112371 null (779 aa) ARB_06110 88 kDa 41 42 25 118 66 70 DPP IV

. benhamiae CBS 112371 null (945 aa) ARB_06907 104 kDa 41 41 31 16 48 21 hypothetical protein

. benhamiae CBS 112371 null (374 aa) ARB_03568 41 kDa 38 39 41 19 14 15 leucine aminopeptidase 2

. benhamiae CBS 112371 null (552 aa) ARB_00083 62 kDa 35 69 35 24 9 18 serine peptidase, family S28, putative

. benhamiae CBS 112371 null (131 aa) ARB_07026 14 kDa 33 33 7 80 50 29 carboxypeptidase Al
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. benhamiae CBS 112371 null (206 aa) ARB_05304 21 kDa 33 51 32 13 37 20 allergenic cerato-platanin Asp F13

. benhamiae CBS 112371 null (623 aa) ARB_05535 70 kDa 31 37 19 18 5 7 glutaminase, putative

. benhamiae CBS 112371 null (223 aa) ARB_03106 25 kDa 31 26 18 0 1 0 conserved hypothetical protein

. benhamiae CBS 112371 null (354 aa) ARB_06359 38 kDa 28 59 29 24 48 25 glycosyl hydrolase

. benhamiae CBS 112371 null (196 aa) ARB_07637 21 kDa 26 22 21 10 22 5 IgE-binding protein

. benhamiae CBS 112371 null (388 aa) ARB_01627 41 kDa 25 75 51 52 18 29 GPl-anchored cell wall protein Pst1, putative
. benhamiae CBS 112371 null (481 aa) ARB_05360 53 kDa 25 33 18 0 1 0 extracellular lipase, putative

. benhamiae CBS 112371 null (196 aa) ARB_00595 21 kDa 23 11 8 68 52 17 conserved hypothetical protein

. benhamiae CBS 112371 null (530 aa) ARB_03264 59 kDa 23 36 20 27 37 13 conserved hypothetical protein

. benhamiae CBS 112371 null (771 aa) ARB_07629 85 kDa 22 28 22 9 9 18 alpha-1,2-mannosidase, putative subfamily
. benhamiae CBS 112371 null (910 aa) ARB_01444 99 kDa 20 23 17 92 161 92 endo-1,3-beta-glucanase

. benhamiae CBS 112371 null (925 aa) ARB_07867 99 kDa 18 21 24 31 32 24 copper radical oxidase

. benhamiae CBS 112371 null (134 aa) ARB_05536 15 kDa 18 21 18 8 7 7 glutaminase

. benhamiae CBS 112371 null (403 aa) ARB_03790 42 kDa 18 11 14 11 9 6 alkaline serine protease
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A. benhamiae CBS 112371 null (198 aa) ARB_03673 21 kDa 18 12 12 0 0 0 predicted protein

A. benhamiae CBS 112371 null (417 aa) ARB_03789 46 kDa 17 16 7 10 9 5 secreted carboxypeptidase McpA

A. benhamiae CBS 112371 null (491 aa) ARB_00777 52 kDa 16 2 2 4 1 1 serine protease

A. benhamiae CBS 112371 null (505 aa) ARB_06076 53 kDa 15 6 1 147 39 69 subtilisin protease SUB7

A. benhamiae CBS 112371 null (1029 aa) ARB_02327 113 kDa 15 36 22 38 75 39 zinc-binding oxidoreductase, putative

A. benhamiae CBS 112371 null (242 aa) ARB_04889 27 kDa 15 17 9 15 22 7 GDSL Lipase/Acylhydrolase family protein

A. benhamiae CBS 112371 null (226 aa) ARB_01979 25 kDa 15 22 13 13 6 11 conserved hypothetical protein

A. benhamiae CBS 112371 null (238 aa) ARB_07027 27 kDa 14 21 13 39 25 18 secreted carboxypeptidase McpA (maybe A1)
A. benhamiae CBS 112371 null (405 aa) ARB_04859 44 kDa 14 11 9 21 19 19 oxalate decarboxylase, putative

A. benhamiae CBS 112371 null (441 aa) ARB_05372 48 kDa 13 13 8 7 8 8 aldose 1-epimerase family protein, putative
A. benhamiae CBS 112371 null (821 aa) ARB_05654 89 kDa 12 17 15 78 203 78 beta-glucosidase, putative

A. benhamiae CBS 112371 null (512 aa) |  ARB_07056 55 kDa 12 16 18 20 16 29 Kﬁiﬁ?ﬁ'contai"mg isoamyl alcohol oxidase
A. benhamiae CBS 112371 null (315 aa) ARB_06966 35 kDa 12 10 7 11 17 9 conserved hypothetical protein

A. benhamiae CBS 112371 null (197 aa) ARB_00926 21 kDa 12 16 22 0 0 0 amidohydrolase (trés putative)
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. benhamiae CBS 112371 null (883 aa) ARB_07888 100 kDa 12 13 18 0 0 0 glycosyl hydrolase

. benhamiae CBS 112371 null (175aa) | ARB_01325 19 kDa 11 7 6 41 19 17 fr:cr’;’f’:fsi:’tf:zcerOI/ phosphatidylinositol
. benhamiae CBS 112371 null (336 aa) ARB_03491 38 kDa 11 9 7 6 0 2 GPI anchored protein, putative

. benhamiae CBS 112371 null (634 aa) ARB_06472 70 kDa 11 16 8 0 0 0 metalloprotease MEP5, putative

. benhamiae CBS 112371 null (644 aa) ARB_05919 69 kDa 11 7 12 0 0 0 lysophospholipase Plb2

. benhamiae CBS 112371 null (395 aa) ARB_02015 43 kDa 10 15 7 0 0 0 phosphogluconolactonase

. benhamiae CBS 112371 null (187 aa) ARB_02741 18 kDa 10 0 3 8 0 1 GPI anchored CFEM domain protein

. benhamiae CBS 112371 null (255 aa) ARB_03514 28 kDa 9 2 6 31 43 21 class Il chitinase ChiA2

. benhamiae CBS 112371 null (426 aa) ARB_02208 46 kDa 9 4 3 8 4 8 oxalate decarboxylase

. benhamiae CBS 112371 null (224 aa) ARB_03853 25 kDa 9 11 9 3 1 2 conserved hypothetical protein (DUF1349)
. benhamiae CBS 112371 null (585 aa) ARB_02921 64 kDa 9 13 5 3 0 0 gamma-glutamyltranspeptidase

. benhamiae CBS 112371 null (213 aa) ARB_06108 24 kDa 9 0 0 0 0 0 predicted protein

. benhamiae CBS 112371 null (593 aa) ARB_02965 64 kDa 8 24 7 108 247 126 amidase family protein

. benhamiae CBS 112371 null (413 aa) ARB_01347 44 kDa 8 19 16 10 6 3 ribonuclease T2 family, putative
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. benhamiae CBS 112371 null (250 aa) ARB_04619 27 kDa 6 7 6 1 5 secreted protein

. benhamiae CBS 112371 null (501 aa) ARB_02372 55 kDa 27 10 17 27 15 FAD dependent oxidoreductase, putative
. benhamiae CBS 112371 null (657 aa) ARB_06019 72 kDa 5 4 0 0 0 carboxypeptidase S1, putative

. benhamiae CBS 112371 null (243 aa) ARB_07186 27 kDa 6 6 4 4 8 extracellular lipase, putative

. benhamiae CBS 112371 null (496 aa) ARB_04170 52 kDa 16 6 0 0 0 aspartic-type endopeptidase (OpsB), putative
. benhamiae CBS 112371 null (351 aa) ARB_03276 39 kDa 11 9 0 0 0 endonuclease/exonuclease/phosphatase
. benhamiae CBS 112371 null (509 aa) ARB_05721 57 kDa 14 4 0 0 0 carboxypeptidase Y, putative

. benhamiae CBS 112371 null (910 aa) ARB_06590 102 kDa 2 1 0 0 0 dipeptidyl aminopeptidase

. benhamiae CBS 112371 null (354 aa) ARB_00204 39 kDa 2 1 37 35 22 chitinase

. benhamiae CBS 112371 null (566 aa) ARB_02478 62 kDa 12 9 7 10 15 FAD binding domain containing protein

. benhamiae CBS 112371 null (191 aa) ARB_05566 21 kDa 19 15 0 0 0 predicted protein

. benhamiae CBS 112371 null (508 aa) ARB_01886 56 kDa 4 1 2 0 0 xaa-Pro aminopeptidase

. benhamiae CBS 112371 null (257 aa) ARB_03024 25 kDa 2 4 26 11 10 extracellular serine-rich protein

. benhamiae CBS 112371 null (866 aa) ARB_02101 98 kDa 15 7 5 8 6 alpha-glucosidase AgdA, putative
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A. benhamiae CBS 112371 null (408 aa) ARB_01032 43 kDa 0 13 0 5 subtilisin-like protease SUB4

A. benhamiae CBS 112371 null (546 aa) ARB_07487 59 kDa 2 0 0 0 1,3-beta-glucanosyltransferase

A. benhamiae CBS 112371 null (607 aa) ARB_04499 67 kDa 0 40 39 27 alkaline phosphatase

A. benhamiae CBS 112371 null (401 aa) ARB_06111 42 kDa 1 36 2 19 alkaline serine protease (oryzin)

A. benhamiae CBS 112371 null (395 aa) ARB_00047 44 kDa 4 5 5 3 conserved hypothetical protein

A. benhamiae CBS 112371 null (342 aa) ARB_07185 37 kDa 2 3 1 4 carboxylesterase

A. benhamiae CBS 112371 null (214 aa) ARB_05177 23 kDa 1 2 5 3 predicted protein

A. benhamiae CBS 112371 null (1055 aa) ARB_03719 115 kDa 3 0 0 0 glycosyl hydrolase

A. benhamiae CBS 112371 null (231 aa) ARB_01545 21 kDa 0 0 0 0 extracelular proline-glycine rich protein
A. benhamiae CBS 112371 null (211 aa) ARB_05178 22 kDa 0 0 0 0 prp 6 CRoW domain containing protein
A. benhamiae CBS 112371 null (267 aa) ARB_00862 29 kDa 1 89 61 112 hydrophobic surface binding protein B

A. benhamiae CBS 112371 null (756 aa) ARB_05732 81 kDa 0 18 7 8 cysteine desulfurase (en partie...)

A. benhamiae CBS 112371 null (292 aa) ARB_03620 32 kDa 1 4 6 3 conserved hypothetical protein

A. benhamiae CBS 112371 null (409 aa) ARB_03431 44 kDa 0 0 0 0 extracellular sialidase/neuraminidase
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A. benhamiae CBS 112371 null (157 aa) ARB_03576 16 kDa 0 1 0 0 conserved hypothetical protein

A. benhamiae CBS 112371 null (246 aa) ARB_07590 26 kDa 0 344 254 173 secreted protein

A. benhamiae CBS 112371 null (140 aa) ARB_06975 14 kDa 0 9 3 11 hydrophobin, putative

A. benhamiae CBS 112371 null (574 aa) ARB_01962 62 kDa 0 4 3 4 beta-xylosidase, putative

A. benhamiae CBS 112371 null (193 aa) ARB_01932 20 kDa 1 6 2 1 GPI anchored cell wall protein, putative
A. benhamiae CBS 112371 null (207 aa) |  ARB_04555 21 kDa 1 7 3 4 :ﬁzl’;yo“t:ljdgﬂi dsr:)tlgf:“phate

A. benhamiae CBS 112371 null (457 aa) ARB_05933 50 kDa 7 0 0 0 phytase

A. benhamiae CBS 112371 null (246 aa) ARB_07466 26 kDa 2 0 0 0 hypothetical protein

A. benhamiae CBS 112371 null (496 aa) ARB_00494 53 kDa 16 595 777 536 Leucine aminopeptidase 1

A. benhamiae CBS 112371 null (210 aa) ARB_00107 23 kDa 0 203 211 172 secreted protein

A. benhamiae CBS 112371 null (1091 aa) ARB_00520 124 kDa 0 110 176 81 alpha-mannosidase

A. benhamiae CBS 112371 null (617 aa) ARB_01353 70 kDa 1 84 144 81 chitobiase , putative

A. benhamiae CBS 112371 null (644 aa) ARB_00762 71 kDa 0 96 92 70 metalloprotease (maybe Mep4)

A. benhamiae CBS 112371 null (565 aa) ARB_02369 61 kDa 0 62 86 64 lipase (or carboxylesterase, putative)
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A. benhamiae CBS 112371 null (762 aa) ARB_01232 84 kDa 58 73 47 neutral/alkaline non-lysosomal ceramidase
A. benhamiae CBS 112371 null (688 aa) ARB_06334 75 kDa 57 37 55 mucin

A. benhamiae CBS 112371 null (328 aa) ARB_06052 36 kDa 47 43 10 xylanase D (or xylosidase, putative)

A. benhamiae CBS 112371 null (453 aa) ARB_05164 51 kDa 22 21 22 conserved hypothetical protein

A. benhamiae CBS 112371 null (527 aa) ARB_02407 59 kDa 8 12 10 carboxypeptidase (27?)

A. benhamiae CBS 112371 null (415aa) | ARB_02715 45 kDa 13 12 12 ;nr;claocf;g;ill d?_f:ptidase or dipeptidy!

A. benhamiae CBS 112371 null (728 aa) ARB_02390 79 kDa 11 15 13 glutamate carboxypeptidase

A. benhamiae CBS 112371 null (513 aa) ARB_06983 56 kDa 10 22 4 aminopeptidase | zinc metalloprotease M18
A. benhamiae CBS 112371 null (149 aa) ARB_02001 16 kDa 8 8 13 secretory phospholipase A2

A. benhamiae CBS 112371 null (1066 aa) ARB_06053 117 kDa 15 7 8 ser/Thr protein phosphatase

A. benhamiae CBS 112371 null (653 aa) ARB_05859 70 kDa 15 6 7 FAD dependent oxidoreductase, putative

A. benhamiae CBS 112371 null (513 aa) ARB_04696 56 kDa 9 13 6 conserved hypothetical protein

A. benhamiae CBS 112371 null (557 aa) ARB_01941 61 kDa 6 12 7 fumarylacetoacetate hydrolase family protein
A. benhamiae CBS 112371 null (300aa) |  ARB_00059 33 kDa 11 4 4 class Il aldolase/adducin domain-containing

protein
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. benhamiae CBS 112371 null (213 aa) ARB_00773 22 kDa 0 0 0 7 4 4 Cu,Zn superoxide dismutase

. benhamiae CBS 112371 null (413 aa) ARB_05307 43 kDa 0 0 0 10 6 3 subtilisin-like protease SUB6

. benhamiae CBS 112371 null (425 aa) ARB_01495 46 kDa 0 0 0 12 0 8 subtilisin-like protease SUB2

. benhamiae CBS 112371 null (923 aa) ARB_04703 105 kDa 0 0 0 5 6 5 beta-mannosidase, putative

. benhamiae CBS 112371 null (538 aa) ARB_07085 58 kDa 0 2 0 0 9 3 tannase, putative

. benhamiae CBS 112371 null (208 aa) ARB_06407 23 kDa 0 0 0 6 5 3 conserved hypothetical protein

. benhamiae CBS 112371 null (354 aa) ARB_01995 39 kDa 0 0 0 7 2 5 FAD dependent oxidoreductase protein

. benhamiae CBS 112371 null (388 aa) ARB_01751 42 kDa 0 6 4 1 1 2 PAF acetylhydrolase family protein

. benhamiae CBS 112371 null (572 aa) ARB_02107 62 kDa 0 1 2 6 0 2 glutathione reductase

. benhamiae CBS 112371 null (606 aa) ARB_07893 69 kDa 0 9 3 0 0 0 hypothetical protein

. benhamiae CBS 112371 null (752 aa) ARB_07609 84 kDa 0 0 0 0 11 0 mycelial catalase Catl

. benhamiae CBS 112371 null (501 aa) ARB_00532 56 kDa 0 0 0 8 2 1 tyrosinase

. benhamiae CBS 112371 null (172 aa) ARB_06080 19 kDa 0 0 0 0 7 1 ssDNA binding protein, putative

. benhamiae CBS 112371 null (319 aa) ARB_02306 36 kDa 0 0 0 3 3 2 N-acetyltransferase family protein, putative
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A. benhamiae CBS 112371 null (1102 aa) ARB_01379 121 kDa 0 0 0 8 2 0 ABC transporter

A. benhamiae CBS 112371 null (306 aa) ARB_04618 34 kDa 0 0 0 4 2 2 conserved hypothetical protein

A. benhamiae CBS 112371 null (383 aa) ARB_08028 41 kDa 0 0 0 4 0 1 aminotransferase

A. benhamiae CBS 112371 null (179 aa) ARB_07191 20 kDa 0 0 0 3 2 3 conserved hypothetical protein

A. benhamiae CBS 112371 null (864 aa) ARB_00226 96 kDa 0 0 0 2 3 3 raffinose synthase protein Sip1, putative
A. benhamiae CBS 112371 null (168 aa) | ARB_03651 19 kDa 0 0 0 4 1 3 zi‘:?\/e;hy'“biq”mo“e'g 3-methyltransferase,
A. benhamiae CBS 112371 null (657 aa) ARB_02785 71 kDa 0 0 0 0 8 0 1-pyrroline-5-carboxylate dehydrogenase
A. benhamiae CBS 112371 null (121 aa) ARB_00658 13 kDa 0 0 0 0 3 2 hypothetical protein

A. benhamiae CBS 112371 null (312 aa) ARB_02251 34 kDa 0 3 2 0 0 0 hypothetical protein

A. benhamiae CBS 112371 null (418 aa) ARB_07536 47 kDa 0 5 2 0 0 0 hypothetical protein

A. benhamiae CBS 112371 null (304 aa) ARB_07886 35 kDa 0 0 0 6 1 0 lactoylglutathione lyase (Glo1), putative
A. benhamiae CBS 112371 null (596 aa) ARB_00930 65 kDa 0 0 1 0 3 2 beta-lactamase, putative

A. benhamiae CBS 112371 null (630 aa) ARB_06361 70 kDa 0 0 2 1 0 3 carboxypeptidase S1

A. benhamiae CBS 112371 null (416 aa) ARB_05309 45 kDa 0 0 0 5 0 1 asparaginase
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. benhamiae CBS 112371 null (246 aa)

ARB_04177

27 kDa

glycerophosphoryl diester phosphodiesterase

. benhamiae CBS 112371 null (366 aa)

ARB_05022

40 kDa

fucose-specific lectin FleA

. benhamiae CBS 112371 null (601 aa)

ARB_04101

65 kDa

serine protease, putative

. benhamiae CBS 112371 null (305 aa)

ARB_01071

33 kDa

peptidyl-prolyl cis-trans isomerase, putative

. benhamiae CBS 112371 null (459 aa)

ARB_05157

49 kDa

LysM domain protein, putative

. benhamiae CBS 112371 null (636 aa)

ARB_02406

70 kDa

metalloprotease

. benhamiae CBS 112371 null (230 aa)

ARB_03731

26 kDa

polyubiquitin UbiD/Ubi4, putative

. benhamiae CBS 112371 null (308 aa)

ARB_06706

33 kDa

PBSP domain-containing protein

. benhamiae CBS 112371 null (464 aa)

ARB_07628

51 kDa

methylcitrate synthase

. benhamiae CBS 112371 null (401 aa)

ARB_02919

43 kDa

aspartyl proteinase (vacuolar protease A)

. benhamiae CBS 112371 null (508 aa)

ARB_01498

56 kDa

carboxylesterase, putative

. benhamiae CBS 112371 null (583 aa)

ARB_06380

64 kDa

general amidase GmdA, putative

. benhamiae CBS 112371 null (298 aa)

ARB_07540

33 kDa

hydrolase, carbon-nitrogen family, putative

. benhamiae CBS 112371 null (405 aa)

ARB_06224

45 kDa

thioredoxin reductase
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. benhamiae CBS 112371 null (634 aa)

ARB_05828

72 kDa

diphenol oxidase

. benhamiae CBS 112371 null (432 aa)

ARB_04981

49 kDa

prolyl peptidase

. benhamiae CBS 112371 null (360 aa)

ARB_01765

41 kDa

spermidine synthase

. benhamiae CBS 112371 null (669 aa)

ARB_01230

71 kDa

kelch repeat protein

. benhamiae CBS 112371 null (235 aa)

ARB_02963

25 kDa

ThiJ/Pfpl family protein

. benhamiae CBS 112371 null (149 aa)

ARB_04828

16 kDa

cytochrome ¢

. benhamiae CBS 112371 null (776 aa)

ARB_07441

84 kDa

aconitase

. benhamiae CBS 112371 null (214 aa)

ARB_02516

24 kDa

D-tyrosyl-tRNA(Tyr) deacylase

. benhamiae CBS 112371 null (302 aa)

ARB_02990

32 kDa

ubiquinol-cytochrome c reductase iron-sulfur
subunit
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Supplementary Table 3a: M. canis hydrolases identified by MS in SP medium at pH 4.0 and pH 7.0.

Glycosidases

Identified Proteins Accession Mole_cular Mcanis- | Mcanis- | Mcanis-| Mcanis- | Mcanis-| Mcanis-
Number Weight pH4-a | pH4-b | pH4-c | pH7-a | pH7-b | pH7-c
Beta-glucosidase 4 MCYG_01527 C5FHG8_NANOT 33 kDa 99 92 90 29 40 93
1,2-alpha-D-mannosidase MCYG_00423 C5FCK1_NANOT 56 kDa 38 13 54 15 7 50
Glucoamylase MCYG_06367 C5FUG4_NANOT 68 kDa 35 0 53 388 174 662
E;I(E?éig:g:ell wall glucanase Crfl/allergen Asp F9 C5FQA2_ NANOT 45 kDa 56 18 40 0 0 0
Exo-beta-1,3-glucanase Exg0 MCYG_06600 C5FV47_NANOT 34 kDa 8 7 14 10 1 17
Beta-glucosidase 1 MCYG_00928 C5FEO6_NANOT 94 kDa 0 0 13 40 25 75
N,O-diacetylmuramidase MCYG_02645 C5FGE1_NANOT 25 kDa 9 4 13 0 0 0
Amidase MCYG_00475 C5FCQ3_NANOT 62 kDa 0 0 12 81 79 211
Glycosyl hydrolase MCYG_03093 C5FKQ2_NANOT 88 kDa 7 8 12 0 4 2
1,3(4)-beta-glucanase MCYG_05925 C5FTA3_NANOT 49 kDa 18 5 11 0 0 0
e v o™ ™" Jesmoimvor| we | 1 | | 2 |2 [ o |
Acid trehalase MCYG_02758 C5FGQ4_NANOT | 115kDa 3 0 7 0 0 0
Beta-hexosaminidase MCYG_02200 C5FJ51_NANOT 68 kDa 0 0 6 16 9 17
Alpha-glucosidase MCYG_00092 C5FBMO_NANOT | 101 kDa 4 0 4 9 14 17
Endo-beta-1,3-glucanase MCYG_06694 C5FVE1_NANOT 74 kDa 1 0 3 0 0 0
Glucan 1,3-beta-glucosidase MCYG_05874 C5FT52_NANOT 46 kDa 0 0 2 0 7 1

207




Endochitinase 1 MCYG_00676 C5FDA4_NANOT 44 kDa 0 0 1 34 14 75
Alpha-mannosidase MCYG_06176 C5FTX3_NANOT 123 kDa 0 0 0 72 13 102
Arabinan endo-1,5-alpha-L-arabinosidase A MCYG_02777 | C5FGS3_NANOT 37 kDa 0 0 0 8 9 15
Aspartylglucosaminidase family protein MCYG_04957 C5FQI5_NANOT 45 kDa 0 0 0 6 7 15
Beta-mannosidase MCYG_06102 C5FTTO_NANOT 98 kDa 0 0 0 3 5 14
Exochitinase 1 MCYG_05745 C5FSS3_NANOT 53 kDa 0 0 0 3 4 13
Beta-glucosidase MCYG_00545 C5FCX3_NANOT | 135kDa 0 0 0 0 3 6
Chitinase MCYG_04644 C5FNX2_NANOT | 159 kDa 0 0 0 0 4 6
Chitinase 4 MCYG_08403 C5G0OD1_NANOT 39 kDa 0 0 0 3 0 4
Chitinase 3 MCYG_07133 C5FWNO_NANOT| 24 kDa 2 1 0 1 0 2
Chitinase MCYG_04741 C5FPWS9_NANOT | 130kDa 0 0 0 0 3 0
Lipases
Identified Proteins Accession Mole_cular Mcanis-|Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis-
Number Weight pH4-a | pH4-b | pH4-c | pH7-a | pH7-b | pH7-c
Lysophospholipase MCYG_02652 C5FGE8_NANOT 68 kDa 9 4 13 3 7 3
GDSL Lipase/Acylhydrolase family protein MCYG_04422 C5FNI9_NANOT 28 kDa 4 0 7 0 0 0
Neutral ceramidase MCYG_06637 C5FV84_NANOT 83 kDa 0 0 0 25 18 67
Secretory phospholipase A2 MCYG_00583 C5FD11_NANOT 17 kDa 0 0 0 3 2 4

Phosphatases
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Identified Proteins Accession Molecular | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis-
Number Weight pH4-a | pH4-b | pH4-c | pH7-a | pH7-b | pH7-c
Ser/Thr protein phosphatase MCYG_06525 C5FUX2_NANOT 72 kDa 41 14 32 0 0 0
Acid phosphatase MCYG_07729 C5FX70_NANOT 31 kDa 12 4 19 0 0 0
Phytase MCYG_02670 C5FGG6_NANOT 51 kDa 19 0 17 0 0 0
HMF1 MCYG_06048 C5FTM6_NANOT 13 kDa 0 1 0 0 0
Endonuclease/exonuclease/phosphatase family protein
MCYG_03887 C5FMG5_NANOT | 33 kDa 0 0 1 0 0 0
Alkaline phosphatase MCYG_04625 C5FNV3_NANOT 56 kDa 0 0 0 358 64 377
Nucleoside diphosphate kinase MCYG_01839 C5FI40_NANOT 17 kDa 0 0 0 14 22 15
Ser/Thr protein phosphatase MCYG_02775 C5FGS1_NANOT 68 kDa 0 0 0 1 7
Alkaline phosphatase MCYG_05903 C5FT81_NANOT 66 kDa 0 0 0 7
Other hydrolases
Identified Proteins Accession Molecular | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis- | Mcanis-
Number Weight pH4-a | pH4-b | pH4-c | pH7-a | pH7-b | pH7-c
Gamma-glutamyltranspeptidase MCYG_05524 C5FS52 _NANOT 63 kDa 5 0 25 3 18 4
Carboxylesterase family protein MCYG_00869 C5FDU7_NANOT 62 kDa 22 0 12 0 0 2
Carboxylesterase MCYG_01781 C5FHY2_NANOT 55 kDa 8 0 12 0 0 0
Glutaminase GtaA MCYG_00814 C5FDF2_NANOT 95 kDa 0 0 11 9 4 23
Ribonuclease T2-like protein MCYG_02204 C5FJ55_NANOT 42 kDa 5 6 10 0 1 3
Glycerophosphoryl diester phosphodiesterase family
protein MCYG_05364 C5FRP2_NANOT 45 kDa 1 0 4 3 3 11
Feruloyl esterase B MCYG_06844 C5FVU1_NANOT 58 kDa 3 0 4 0 0 0
2,6-dihydropseudooxynicotine hydrolase MCYG_02065 C5FIH7_NANOT 49 kDa 2 0 4 0 0 0
Fumarylacetoacetase MCYG_00527 C5FCV5_NANOT 47 kDa 0 0 0 27 21 39
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Cutinase MCYG_05629 C5FSF7_NANOT 28 kDa 0 0 0 7 4 12
Amidohydrolase MCYG_03185 C5FKZ4_NANOT 33 kDa 0 0 0 1 4 7
Dienelactone hydrolase family protein MCYG_02976 C5FKD5_NANOT 32 kDa 0 0 0 3 3 1
Thimet oligopeptidase MCYG_02264 C5FFJ8_NANOT 82 kDa 0 0 0 2 0 3
Glyoxalase family protein MCYG_00690 C5FDK6_NANOT 17 kDa 0 0 0 0 0 6
Esterase MCYG_01130 C5FEU8_NANOT 60 kDa 0 0 0 0 4 0
N-carbamoyl-L-amino acid hydrolase MCYG_03207 C5FL16_NANOT 50 kDa 0 0 0 2 0 1
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Supplementary Table 3b: A. benhamiae hydrolases identified by MS in SP medium at pH 4.0 and pH 7.0.

Glucosidases

Identified Accession Molecular pH4 pH4 pH4 pH7 pH7 pH7
Proteins (from Number Weight Abenh- | Abenh- | Abenh- | Abenh- | Abenh- | Abenh- Predicted fonction
CBS 112371) a b c a b c
A. benh (309 aa) ARB_02797 33 kDa 101 169 89 157 34 56 | GPl-anchored cell wall beta-1,3-endoglucanase EgIC
A. benh (418 aa) ARB_05392 46 kDa 52 52 37 336 482 209 | endochitinase
A. benh (440 aa) ARB_ 05253 45 kDa 52 56 44 0 0 0 glycosyl hydrolase or cell wall glucanase
A. benh (236 aa) ARB_05911 25 kDa 49 93 51 0 1 0 glycosyl hydrolase, putative
A. benh (510 aa) ARB_00035 56 kDa 48 46 30 64 78 56 mannosyl-oligosaccharide 1,2-alpha-mannosidase
A. benh (414 aa) ARB_04467 45 kDa 48 66 35 81 43 40 glucanase
A. benh (879 aa) ARB_02077 94 kDa 46 51 39 70 102 51 exo-beta-1,3-glucanase
A. benh (623 aa) ARB_05535 70 kDa 31 37 19 18 5 7 glutaminase, putative
A. benh (354 aa) ARB_06359 38 kDa 28 59 29 24 48 25 | glycosyl hydrolase
A. benh (771 aa) ARB_07629 85 kDa 22 28 22 9 9 18 alpha-1,2-mannosidase, putative subfamily
A. benh (910 aa) ARB_01444 99 kDa 20 23 17 92 161 92 | endo-1,3-beta-glucanase
A. benh (821 aa) ARB_05654 89 kDa 12 17 15 78 203 78 | beta-glucosidase, putative
A. benh (883 aa) ARB_07888 100 kDa 12 13 18 0 0 0 glycosyl hydrolase
A. benh (395 aa) ARB_02015 43 kDa 10 15 7 0 0 0 phosphogluconolactonase
A. benh (593 aa) ARB_ 02965 64 kDa 8 24 7 108 247 126 | amidase family protein
A. benh (354 aa) ARB_00204 39 kDa 5 2 1 37 35 22 chitinase
A. benh (866 aa) ARB_02101 98 kDa 4 15 7 5 8 6 alpha-glucosidase AgdA, putative
A. benh (1055 aa) ARB_03719 115 kDa 3 9 3 0 0 0 glycosyl hydrolase
A. benh (1091 aa) ARB_00520 124 kDa 0 0 0 110 176 81 |alpha-mannosidase
A. benh (923 aa) ARB_04703 105 kDa 0 0 0 5 6 5 beta-mannosidase, putative
A. benh (864 aa) ARB_00226 96 kDa 0 0 0 2 3 3 raffinose synthase protein Sip1, putative
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A. benh (596 aa) ARB_00930 65 kDa 0 0 1 0 3 2 beta-lactamase, putative
A. benh (583 aa) ARB_06380 64 kDa 0 0 0 2 0 1 general amidase GmdA, putative
A. benh (255 aa) ARB_03514 28 kDa 9 2 6 31 43 21 class Il chitinase ChiA2
A. benh (409 aa) ARB_03431 44 kDa 2 8 0 0 0 0 extracellular sialidase/neuraminidase
A. benh (574 aa) ARB_01962 62 kDa 1 0 0 4 3 4 beta-xylosidase, putative
A. benh (617 aa) ARB 01353 70 kDa 0 1 1 84 144 81 chitobiase , putative
A. benh (328 aa) ARB_06052 36 kDa 0 0 0 47 43 10 | xylanase D (or xylosidase, putative)
A. benh (762 aa) ARB 01232 84 kDa 0 0 0 58 73 47 neutral/alkaline non-lysosomal ceramidase
Lipases
o g . pH4 pH4 pH4 pH7 pH7 pH7
\dentified Accession | Molecularf \} 1 Apenh- [ Abenh- | Abenh- | Abenh- | Abenh- Predicted fonction
Proteins Number Weight
a b c a b c
A. benh (481 aa) ARB_05360 53 kDa 25 33 18 0 1 0 extracellular lipase, putative
A. benh (242 aa) ARB_04889 27 kDa 15 17 9 15 22 7 GDSL Lipase/Acylhydrolase family protein
A. benh (644 aa) ARB_05919 69 kDa 11 7 12 0 0 0 lysophospholipase Plb2
A. benh (243 aa) ARB_07186 27 kDa 6 6 6 4 4 8 extracellular lipase, putative
A. benh (565 aa) ARB_02369 61 kDa 0 0 0 62 86 64 |lipase, putative
A. benh (149 aa) ARB_02001 16 kDa 0 0 0 8 8 13 | secretory phospholipase A2
Phosphatases
g . pH4 pH4 pH4 pH7 pH7 pH7
\dentified Accession | Molecular f \p o\ | A} enh-| Abenh- | Abenh- | Abenh- | Abenh- Predicted fonction
Proteins Number Weight a b c a b c
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A. benh (351 aa) ARB_03276 39 kDa 6 11 9 0 0 0 |endonuclease/exonuclease/phosphatase
A. benh (607 aa) ARB_04499 67 kDa 3 1 0 40 39 27 | alkaline phosphatase
A. benh (457 aa) ARB_05933 50 kDa 1 7 2 0 0 0  |phytase
A. benh (1066 aa) ARB_06053 117 kDa 0 0 0 15 7 8 ser/Thr protein phosphatase
A. benh (667 aa) ARB_ 01864 75 kDa 50 113 73 0 1 1 Ser/Thr protein phosphatase family protein
Other Hydrolases
o g . H4 H4 H4 H7 H7 H7
Ig(::tt:;:!: Al\tl:fl(:sblzrn M‘:,Ecgl:::r Atr:enh- AEenh- Algenh- Algenh- Alsenh- Alsenh- Predicted fonction
a b c a b c
A. benh (134 aa) ARB_05536 15 kDa 18 21 18 8 7 7 glutaminase
A. benh (197 aa) ARB_00926 21 kDa 12 16 22 0 0 0 amidohydrolase, putative
A. benh (585 aa) ARB_02921 64 kDa 9 13 5 3 0 0 gamma-glutamyltranspeptidase
A. benh (342 aa) ARB_07185 37 kDa 3 3 2 3 1 4 carboxylesterase
A. benh (207 aa) ARB_ 04555 21 kDa 1 1 1 7 3 4 deoxyuridine 5'-triphosphate nucleotidohydrolase
A. benh (557 aa) ARB_01941 61 kDa 0 0 0 6 12 7 fumarylacetoacetate hydrolase family protein
A. benh (538 aa) ARB_07085 58 kDa 0 2 0 0 9 3 tannase, putative
A. benh (501 aa) ARB_ 00532 56 kDa 0 0 0 8 2 1 tyrosinase
A. benh (416 aa) ARB_05309 45 kDa 0 0 0 5 0 1 asparaginase
A. benh (246 aa) ARB 04177 27 kDa 0 0 0 2 0 0 glycerophosphoryl diester phosphodiesterase
A. benh (508 aa) ARB_01498 56 kDa 0 2 0 0 0 0 carboxylesterase, putative
A. benh (298 aa) ARB_07540 33 kDa 0 0 0 1 0 2 hydrolase, carbon-nitrogen family, putative
A. benh (214 aa) ARB 02516 24 kDa 0 0 1 0 0 0 D-tyrosyl-tRNA(Tyr) deacylase
A. benh (388 aa) ARB_01751 42 kDa 0 6 4 1 1 2 PAF acetylhydrolase family protein
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Supplementary Table 4a: Ratio average of all secreted proteases from M. canis based on the Scaffold scoring. Data
associated to the figure 3A.

Identified . Molecular | Mcanis-a | Mcanis-b | Mcanis-c Mcanis-a | Mcanis-b | Mcanis-c

Proteases Accession Number Weight oH4 oH4 oH4 Average oH7 oH7 oH7 Average
SedB (S53) SED2_NANOT 65 kDa 6.47 19.13 8.61 11.41 0.08 0.00 0.38 0.15
NPIIA (M35) NPIID_NANOT 38 kDa 8.28 5.28 5.30 6.29 0.45 0.66 0.18 0.43
SedD (S53) SED4_NANOT 66 kDa 6.30 11.08 3.94 7.11 0.15 0.39 0.30 0.28
Sub3 (S8A) SUB3_MICCA 41 kDa 243 0.52 3.49 2.15 6.39 3.26 3.99 4.55
Pepl (A1) PEPF_NANOT 41 kDa 8.49 1.65 3.38 4.51 0.23 0.00 0.00 0.08
S41 C5FM69_NANOT 77 kDa 1.81 4.59 3.28 3.23 0.19 0.72 0.51 0.47
McpAl (M14) MCPAL_NANOT 46 kDa 4.82 0.52 2.93 2.76 1.25 0.22 0.43 0.63
DppV (S9) DPP5_NANOT 80 kDa 2.14 0.00 2.13 1.42 0.00 0.61 0.02 0.21
CpS5 (S10) C5FX94_NANOT 58 kDa 1.48 3.12 1.95 2.18 0.00 0.11 0.02 0.04
Mep3 (M36) MEP3_MICCA 69 kDa 0.91 0.17 1.74 0.94 1.44 1.83 2.37 1.88
CpS1 (S10) SPCA_NANOT 72 kDa 1.36 2.34 1.64 1.78 0.00 0.22 0.02 0.08
M28 C5FP82_NANOT 56 kDa 0.78 1.39 1.53 1.23 0.00 0.00 0.10 0.03
McpA (M14) MCPA_NANOT 47 kDa 1.81 1.13 1.36 1.43 0.30 0.06 0.20 0.19
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S28B C5FI58_NANOT 61 kDa 1.15 0.00 1.92 1.02 0 0 0 0.00
Mep5 (M36) MEP5_MICCA 70 kDa 0.87 0.00 1.19 0.68 0.00 0.00 0.02 0.01
OpsB (A1) C5FRQO_NANOT | 50kDa 0.49 0.43 0.73 0.55 0.00 0.00 0.00 0.00
CpS7 (S10) C5FS14_NANOT 66 kDa 0.66 1.13 0.52 0.77 0.04 0.00 0.00 0.01
CpS3 (S10) SCPB_NANOT 73 kDa 0.62 0.17 0.42 0.40 0.00 0.00 0.00 0.00
Mep1 (M36) MEP1_MICCA 70 kDa 0.16 0.00 0.28 0.15 0.00 0.00 0.06 0.02
Sub9 (S8A) C5FH27_NANOT | 42kDa 0.04 0.00 0.21 0.08 0.00 0.00 0.14 0.05
DpplV (S9B) AOS5V9_MICCA 88 kDa 0.00 0.00 0.17 0.06 2.04 2.16 1.78 1.99
Lap3 (M28E) LAP5_NANOT 38 kDa 0.33 0.00 0.17 0.17 0.00 0.00 0.00 0.00
SedC (S53) SED3_NANOT 65 kDa 0.00 0.00 0.17 0.06 0.00 0.00 0.00 0.00
NPIIB (M35) NPIIA_NANOT 40 kDa 0.49 0.26 0.14 0.30 0.23 0.44 0.04 0.24
Sub10 (S8A) C5FGP4_NANOT | 41kDa 0.08 0.00 0.10 0.06 0.00 0.44 0.04 0.16
Lap1 (M28E) LAP1_NANOT 53 kDa 0.00 0.00 0.07 0.02 5.90 16.65 15.76 | 12.77
Lap2 (M28A) LAP2_NANOT 41 kDa 0.04 0.09 0.07 0.07 0.38 1.33 0.51 0.74
Sub7 (S8A) SUB7_NANOT 41 kDa 0.08 0.00 0.07 0.05 0.79 0.33 0.38 0.50
Gltcp (M28) C5FYL4_NANOT 78 kDa 0.00 0.00 0.03 0.01 0.83 0.66 0.77 0.76
McpB (M14) MCPB_NANOT 60 kDa 0.00 0.00 0.00 0.00 2.42 2.82 2.51 2.58
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Mep4 (M36) MEP4_MICCA 71 kDa 0.00 0.00 0.00 0.00 1.40 2.49 2.92 2.27
Dppl (M19) C5FK77_NANOT | 47 kDa 0.08 0.00 0.00 0.03 0.57 1.16 0.75 0.83
ApP (M28*) C5FHR9_NANOT | 69 kDa 0.00 0.00 0.00 0.00 0.15 0.22 0.08 0.15
Pap (S33) C5FNL7_NANOT | 51kDa 0.00 0.00 0.00 0.00 0.04 0.11 0.18 0.11
Subl (S8*) C5FHQO_NANOT | 75 kDa 0.00 0.00 0.00 0.00 0.04 0.00 0.14 0.06
Aap (M18%) C5FVJ3_NANOT 74 kDa 0.00 0.00 0.00 0.00 0.11 0.00 0.08 0.06
Sub8 (S8A) C5FII2_NANOT 52 kDa 0.00 0.00 0.00 0.00 0.00 0.06 0.06 0.04
Sub4 (S8A) SUB4_NANOT 42 kDa 0.00 0.00 0.00 0.00 0.00 0.11 0.02 0.04

Sum 52.20 5299 | 4756 | 50.92 | 25.43 37.06 34.73 | 32.40
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Supplementary Table 4b: Ratio average of all secreted proteases from A. benhamiae based on the Scaffold scoring.

Data associated to the figure 3B.

Identified Proteases | Accession | Molecular | Abenh-a | Abenh-b | Abenh-c Abenh-a | Abenh-b | Abenh-c

(predictive fonction) Number Weight pH4 pH4 pH4 Average pH7 pH7 pH7 Average
DppV (727 aa) ARB_06651 80 kDa 9.18 14.40 15.58 13.05 0.00 1.74 0.33 0.69
Pepl (404 aa) ARB_05728 | 43 kDa 6.09 6.09 3.57 5.25 0.00 0.10 0.00 0.03
Peptidase S41 (699 aa) | ARB_02220 | 78 kDa 5.86 8.57 4.10 6.18 12.92 6.83 11.58 | 10.44
Sub3 (398 aa) ARB_00701 41 kDa 3.94 3.97 1.25 3.06 2.86 0.78 1.50 1.72
Mep3 (634 aa) ARB_05085 | 69 kDa 3.18 3.17 2.32 2.89 0.39 0.42 0.49 0.43
CpS1 (653 aa) ARB_04046 | 72kDa 2.75 1.21 1.75 1.90 0.10 0.13 0.11 0.11
S28 B (717 aa) ARB_01345| 79kDa 2.45 2.54 2.01 2.34 0.00 0.00 0.00 0.00
SedB (597 aa) ARB_05765 | 65kDa 2.42 3.42 3.08 2.97 0.00 0.08 0.00 0.03
CpS4 (530 aa) ARB_06414 59 kDa 1.49 1.56 1.22 1.42 0.19 0.15 0.19 0.18
DpplV (779 aa) ARB_06110 88 kDa 1.36 0.94 0.95 1.08 2.28 1.26 1.91 1.82
Lapl (374 aa) ARB_03568 41 kDa 1.26 0.87 1.56 1.23 0.37 0.27 0.41 0.35
S28 A (552 aa) ARB_00083 | 62kDa 1.16 1.54 1.33 1.34 0.46 0.17 0.49 0.38
McpA (131 aa) ARB_07026 | 14 kDa 1.09 0.74 0.27 0.70 1.55 0.95 0.79 1.10
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Sub9 (403 aa) ARB_03790 | 42 kDa 0.60 0.25 0.53 0.46 0.21 0.17 0.16 0.18
McpAl (417 aa) ARB_03789 | 46 kDa 0.56 0.36 0.27 0.40 0.19 0.17 0.14 0.17
Sub8 (491 aa) ARB_00777 | 52 kDa 0.53 0.04 0.08 0.22 0.08 0.02 0.03 0.04
Sub7 (505 aa) ARB_06076 | 53 kDa 0.50 0.13 0.04 0.22 2.84 0.74 1.88 1.82
McpA' (238 aa) ARB_07027 | 27 kDa 0.46 0.47 0.49 0.48 0.75 0.48 0.49 0.57
Mep5 (634 aa) ARB_06472 | 70kDa 0.36 0.36 0.30 0.34 0.00 0.00 0.00 0.00
CpS2 (657 aa) ARB_06019 | 72 kDa 0.23 0.11 0.15 0.17 0.00 0.00 0.00 0.00
OpsB (496 aa) ARB_04170 | 52 kDa 0.20 0.36 0.23 0.26 0.00 0.00 0.00 0.00
CpS6 (509 aa) ARB_05721 | 57 kDa 0.20 0.31 0.15 0.22 0.00 0.00 0.00 0.00
Dpp (910 aa) ARB_06590 | 102 kDa 0.20 0.04 0.04 0.09 0.00 0.00 0.00 0.00
Peptidase D (508 aa) ARB_01886 | 56 kDa 0.17 0.09 0.04 0.10 0.04 0.00 0.00 0.01
Sub4 (408 aa) ARB_01032 | 43 kDa 0.13 0.00 0.00 0.04 0.25 0.00 0.14 0.13
Sub11 (401 aa) ARB_06111 | 42kDa 0.10 0.07 0.04 0.07 0.70 0.04 0.52 0.42
Lap2 (496 aa) ARB_00494 | 53 kDa 0.00 0.36 0.08 0.14 11.50 14.83 14.63 13.65
Mep4 (644 aa) ARB_00762 | 71 kDa 0.00 0.00 0.00 0.00 1.86 1.76 1.91 1.84
McpB (527 aa) ARB_02407 | 59 kDa 0.00 0.18 0.08 0.08 0.15 0.23 0.27 0.22
Dppl (415 aa) ARB_02715 | 45kDa 0.00 0.00 0.00 0.00 0.25 0.23 0.33 0.27
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Gltcp (728 aa) ARB_02390 | 79 kDa 0.00 0.00 0.00 0.00 0.21 0.29 0.35 0.28
Aap (513 aa) ARB_06983 | 56 kDa 0.00 0.00 0.00 0.00 0.19 0.42 0.11 0.24
Sub6 (413 aa) ARB_05307 | 43 kDa 0.00 0.00 0.00 0.00 0.19 0.11 0.08 0.13
Sub2 (425 aa) ARB_01495 | 46 kDa 0.00 0.00 0.00 0.00 0.23 0.00 0.22 0.15
CpS3 (630 aa) ARB_06361 | 70kDa 0.00 0.00 0.08 0.03 0.02 0.00 0.08 0.03
SedD (601 aa) ARB_04101 | 65kDa 0.00 0.09 0.00 0.03 0.00 0.00 0.00 0.00
Mep1 (636 aa) ARB_02406 | 70 kDa 0.00 0.07 0.04 0.03 0.00 0.00 0.00 0.00
Pep2 (401 aa) ARB_02919 | 43 kDa 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.01
Pap (432 aa) ARB_04981 | 49 kDa 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01

sum 46.47 52.30 41.60 46.79 40.84 32.38 39.15 37.45
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Supplementary Table 5: Homologous proteases with a sighal sequence in Aspergillus
fumigatus, Arthroderma. benhamiae and Microsporum canis.

Family/
Sub-family Protein A. fumigatus' | M. canis® | A. benhamiae®

Al Aspartic endopeptidase PEP2 | AFUA_3G11400 | MCYG_05527 ARB_02919
(Vacuolar protease A) 042630 C5FS55 D4B385

Al Aspartic endopeptidase PEP1 | AFUA 5G13300 | MCYG_00144 ARB_05728
(Aspergillopepsin I) P41748 C5FBS2 D4ANC3

Al Aspartic-type endopeptidase AF%’Z—V‘\‘,ﬁ%MO MCYG_01216 | ARB_01619
ctsD C5FEK4 D4AZK1

Al Putative aspergillopepsin A- AFU&V%/(ZBégQSO MCYG_07979 ARB_07403
like aspartic endopeptidase C5FZ57 D4AT39

Probable aspartic-type AFUA_6G05350

Al . — MCYG_05372 ARB_04170
endopeptidase (opsB) Q4WDN4 C5FRQO DAAIS3

Al ASpa’t'c'typﬁtgg\‘/’gpept'dase' ] MCYG_06955 | ARB_04018
P C5FW52 D4AICA
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M12 ADAM family of AFUA_4G11150 | MCYG_06406 ARB_02289
metalloprotease ADM-B Q4WQO08 C5FUKS D4B1GO
M14 Metallocarboxypeptidase, AFUA_2G08790 MCgSZTDOF?g 93 ARB_04942
putative Q4X1U0 D4AKU7
M14 Metallocarboxypeptidase A MCYG_06789 (I8 (070D |
(MCPA) - C5FVNG AR Olezy
D4AS12
M14 Metallocarboxypeptidase A- ) MCYG_01475 ARB_03789
like protein (MCPAL) C5FH26 D4B5NO
Carboxypeptidase 2
U Metallocarboxypeptidase B - MC(\:(EF_\? j;’ 14 ARDE—BOfSA'GO?
(MCPB)
M19 Dipeptidase 1 ) MCc\:(S:_KO7279 18 ARB_02715
D4B2N2
M20A Probable peptidase AFUA_6G06800 | MCYG_07204 ARB_01041
pep Q4WNC9 C5FXY7 D4AXX2
M24 Aminopeptidase P AFUA_5G08050 MCYG_01718 ARB_06742
(AMPP) Q4WuUD3 C5FHR9 D4ARJ9
M24
Methionine aminonentidase AFUA_4G06930 | MCYG_01318 ARB_02691
Pep Q4WNT9 C5FF46 D4B2G3
M24
Pentidase D AFUA_1G14920 | MCYG_06503 ARB_01886
P Q4WRV9 C5FUV0 D4B0B2
M28A Aminopeptidase Y (Leucine AFUA_3G00650 | MCYG_06199 ARB_00494
aminopeptidase 2) Q4WFX9 C5FTZ6 D4AWC9

M28E

Leucine aminopeptidase 1

AFUA_4G04210
Q4W9P4

MCYG_02286
C5FFMO

ARB_03568
D4B528
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M28E Probable leucine i MCYG_03459 ARB_01443
aminopeptidase C5FLR8 D4AZ23
M28E Probable leucine i MCYG_08380 ARB_03492
aminopeptidase C5G0A8 D4B4V2
M28E Probable leucine i MCYG_04170 ARB_00576
aminopeptidase C5FNB5 D4AWLO
. . . MCYG_04217 ARB_04732
M28 Peptidase family M28 protein - C5EP8? DAAMA2
M28 Pentidase familv M28 protein AFUA_1G05960 | MCYG_00832 ARB_05554
P yNeop Q4WJIH4 C5FDHO D4AMV1
M28
Putative glutamate i MCYG_07431 ARB_02390
carboxypeptidase C5FYL4 D4B1RO
M28
Glutaminyl-peptide AFUA 4G08280 | MCYG_05716 ARB_00230
cyclotransferase Q4WP74 C5FSP4 D4AVL6
M35 Probable neutral protease 2 AFUA 4G13750 | MCYG_01991 ARB_00849
homolog Q4WQR6 C5FIT1 D4AXC1
M35 Probable neutral protease 2 i MCYG_07155 ARB_03949
homolog C5FWQ2 D4B639
Probable neutral protease 2
! MCYG_00239 ARB_05817
M35 homolog (Deuterolysin B) - C5ECA7 DAANL2
M35 Probable neutral protease 2 AFUA _4G02700 | MCYG_04257 ARB_04769
homolog (Deuterolysin A) Q4WA45 C5FPC2 D4AM79
M35 Probable neutral protease 2 i MCYG_05201 ARB 04336
homolog C5FR79 D4AJ87
M36 Extracellular metalloproteinase i MCYG_07415 ARB_02406
1 (Fungalysin MEP1) C5FYJ8 D4B1S5
M36 Extracellular mgtalloprotemase _ MCYG_02168 ARB_01382
C5FJ19 D4AYWS3

(Fungalysin MEP2)
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Extracellular metalloproteinase

M36 - ) MCYG_04620 ARB_05085
(Fungalysin MEP3) CaAlE DRALEE

36 Extracellular mitalloprotelnase _ MCYG_02088 ARB_00762
(Fungalysin MEP4) CFY DAV

M36 Extracellular mgta""pmte'”ase AFUA_8G07080 | MCYG_07688 |  ARB_06472
(Fungalysin MEPS5) P46075 C5FX29 D4AQG5

M43 Probable metalloproteinase AFUA_1G07730 MCYG_04966 ARB_05317
P Q4WJo1 C5FQJ4 D4ALW9

S Probable metalloproteinase - HIETE, DEZEs AR e
P C5FL47 D4ATD1

S8A Subitilisin-like protease 1 i MCYG_04495 ARB 04944
(SUB1) C5FPS1 D4AKU9

S8A S”b“"s'”('gteBg;mease 2 AFUA_4G11800 | MCYG_08690 ARB_01495
P28296 C5G168 D4AZT75

S8A Subtilisin-like protease 3 i MCYG_04040 ARB_00701
(SUB3) C5FMY5 D4AWY5

S8A Subtilisin-like protease 4 i MCYG_07213 ARB 01032
(SUB4) C5FXZ6 D4AAXW3

S8A Subtilisin-like protease 5 i MCYG_08753 ARB_02223
(SUBb) C5G1D1 D4B194

S8A Subtilisin-like protease 6 i MCYG_04955 ARB_05307
(SUB6) C5FQI3 D4ALV9

S8A Subtilisin-like protease 7 i MCYG_02345 ARB_06076
(SUBY) C5FJA5 D4APA9

S8A Subtilisin-like protease 8 AFUA 5G09210 MCYG_02070 ARB_00777
(SUBS8) P87184 C5FlI2 D4AX50

S8A Subtilisin-like protease 9 i MCYG_01476 ARB_03790
(SUB9) C5FH27 D4B5N1
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S8A Probable alkaline serine i MCYG_02748 i
protease C5FGP4
S8A Subtilisin-like protease 10 i MCYG_07696 ARB_06467
(SUB10) C5FX37 D4AQGO
S8A Subtilisin-like protease 11 i MCYG_07961 ARB 06111
(SUB11) C5FZ39 D4APE3
S8A Subtilisin-like protease 12 i i A';EKOQ%S;LB
(SUB12)
S8B Pheromone processing AFUA_4G12970 | MCYG_01100 ARB_00131
endoprotease (KexB) Q4wWQI8 C5FEH8 D4AVC2
S8B Pheromone processing i M(CI:::(zgﬁ:) :r?[?o ARB_07953
endoprotease (KexB-like) C5GOVS D4AUNG
S8 Alkaline serine protease AFUA_ 7G04930 : :
(PR1)/allergen F18-like QAWGG2
S9B Dipeptidvl peptidase 4 AFUA_4G09320 | MCYG_02383 ARB_06110
peptidyl pep Q4WPH9 C5FJE3 D4APE2
S9B Dipeptidyl aminopeptidase AFUQA ZV?/?(%SSO MCYG_07560 ARB_06590
C5FYZ3 D4AQTO
S9 Dipeptidvl-neptidase 5 AFUA_2G09030 | MCYG_01626 ARB_06651
peptdyl-pep POC959 C5FH88 D4ARB1
S9
Oligopentidase familv protein AFUA_8G04730 | MCYG_07650 ARB_06511
gopep yp Q4WCE3 C5FWZ1 D4AQK4
S10 Carboxypeptidase S1 homolog | AFUA 5G07330 | MCYG_06933 ARB_04046
A Q5VJK9 C5FW30 D4AIF1
S10 Carboxypeptidase S1 homolog | AFUA _8G04120 | MCYG_02825 ARB_06019
B Q4WCK3 C5FGX1 D4AP52
S10 Carboxypeptidase S1 homolog ARGA L0020

Q4WL26
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MCYG_07817

S10 . ARB_06361
Carboxypeptidase S1 homolog - C5FXF8 DAAQ54
MCYG_04298
S10 : = ARB_04807
Carboxypeptidase S1 homolog - C5FPG3 DAAKGA
S10 Carboxvpentidase Y homolo AFUA_6G13540 | MCYG_07094 ARB_01491
ypep 9 Q5VJIGY C5FWJ1 D4AZT71
S10 Carboxvpentidase Y homolo AFUA_5G14610 | MCYG_00135 ARB_05721
ypep 9 QAWW68 C5FBR3 D4ANB6
S10 Carboxypeptidase Y homolo - HISE) 05159 ARELI
ypep 9 C5FS14 D4ASE6
s10 AFUA_5G01200
Carboxypeptidase Y homolog Q4wWDZ3 - -
S10 AFUA_3G12210
Carboxypeptidase Y homolog Q4WY91l - -
s10 Carboxypeptidase cpdS AFUA 6G00310 | MCYG_00613 ARB 02032
homolog Q4W8Y5 C5FD41 D4B0Q6
S10 Carboxypeptidase cpdS AFUA_2G03510 | MCYG_07753 ARB_ 06414
homolog Q5VJG7 C5FX94 D4AQA7
S10 Carboxypeptidase cpdS AFUA_4G07270 | MCYG_01181 ARB_01587
homolog Q4WNX3 C5FEZ9 D4AZG9
s10 Pheromone processing AFUA 1G08940 | MCYG_06129 ARB_ 03758
carboxypeptidase Kex1 Q4WTK9 C5FTV7Y D4B5L8
S26 Microsomal signal peptidase AFUA_3G12840 | MCYG_04817 ARB_05208
subunit Q4WYF4 C5FQ45 D4ALLO
S28 Serine peptidase, family S28, AFUA_2G01250 : _
putative Q4WIN2
S28 Serine peptidase, family S28, AFUA_4G03790 | MCYG_00366 ARB_00083
putative Q4W9T5 C5FC55 D4AV74
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S28 Serine peptidase, family S28, AFUA 2G17330 | MCYG_02207 ARB_01345
putative Q4wWzD5 C5FJ58 D4AYS6
S41 . . . MCYG_03610 ARB_02220
Peptidase S41 family protein - C5EMB9 D4B191
S41 . . . MCYG_08247 ARB_02997
Peptidase S41 family protein - C5EZX5 DAB3GO
S41 . . . ARB_07195
Peptidase S41 family protein - - DAASIO
S41 : ; . AFUA 1G17400
Peptidase S41 family protein Q4WRG3 - -
S53 Tripeptidyl-peptidase SED1 AFUA 6G10250 | MCYG_01559 i
(Sedolisin-A) Q70DX9 C5FHKO
S53 Tripeptidyl-peptidase SED2 AFUA 4G03490 | MCYG_00184 ARB_05765
(Sedolisin-B) Q70359 C5FBW2 D4ANGO
S53 Tripeptidyl-peptidase SED3 AFUA 3G08930 | MCYG_06077 ARB_04677
(Sedolisin-C) Q70GH4 C5FTQ5 D4AK75
s53 Tripeptidyl-peptidase SED4 AFUA 4G14000 | MCYG_05446 ARB_04101
(Sedolisin-D) Q4wWQUO C5FRX4 D4AIK6
. . . AFUA_7G06220
S53 Peptidase S53 family protein QIWGU1 - -
S53 Peptidase S53 family protein ARSI OIIAED - -

Q6MYZ3

L A. fumigatus complete genome of strain Af293/CBS 101355/ FGSCA1100 (Nierman et al., 2005)

2 M. canis complete genome sequenced strain CBS 113480 (Cuomo et al., Submitted to GenBank/EMBL in, 2008)

® A. benhamiae complete genome sequenced strain CBS 112371 (Burmester et al., 2011)

1,23

Proteins are from UniprotKB database (http://www.uniprot.org/). UniProtKB accession numbers are indicated below

the gene name. Closest homologs were identified by Blast search using the A. fumigatus and/or M. canis proteins as query.

Colour code: White - found in all species; Yellow - dermatophyte-specific proteases (found in dermatophytes, but not in
Aspergillus); Purple - Aspergillus-specific;
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The methylotrophic yeast Pichia pastoris is widely used for the expression of heterologous enzymes. While the
purity of the desired expression product is of major importance for many applications, we found that
recombinant enzymes produced in methanol medium were contaminated by a 37-kDa endogenous yeast
protease. This enzyme was completely inhibited by phenylmethanesulfonyl fluoride (PMSF) but not by 1,10-
phenanthroline, EDTA, and pepstatin A, suggesting the nature of a serine protease. Its secretion was abolished
in P. pastoris strains GS115 and KM71 by specific mutagenesis of a subtilisin gene (SUB2) but not by
inactivation of the gene encoding vacuolar proteinase B (PRB). Bioinformatic comparisons of Sub2 protein
with subtilisins from other fungal genomes and phylogenetic analyses indicated that this enzyme is not an
orthologue of the vacuolar protease cerevisin generally present in yeasts but is more closely related to another
putative subtilisin found in a small number of yeast genomes. During growth of P. pastoris, Sub2 was produced
as a secreted enzyme at a concentration of 10 pg/ml of culture supernatant after overexpression of the
full-length SUB2 gene. During fermentative production of recombinant enzymes in methanol medium, 1 ml of
P. pastoris culture supernatant was found to contain approximately 3 ng of Sub2, while the enzyme was not
detected during growth in a medium containing glycerol as a carbon source. The mutant strain GS115-sub2 was
subsequently used as a host for the production of recombinant proteases without endogenous subtilisin

contamination,

The methylotrophic yeast Pichia pastoris has been used suc-
cessfully to express a wide range of heterologous proteins.
Pichia pastoris has two genes that encode alcohol oxidase,
AOX! and AOX2. The transcription of the former gene is
tightly regulated by methanol, while the latter is expressed in
small quantities (7, 11). Alcohol oxidase is not found in the cell
when P. pastoris grows in the presence of glycerol, glucose, or
ethanol, but in the presence of methanol, alcohol oxidase en-
zyme 1 (Aoxl) amounts to 5% of total cellular proteins in
shake-flask cultures and over 30% of total cellular proteins in
fermenter cultures (6). The procedure for producing a secreted
recombinant protein by using P. pastoris consists of cloning the
c¢DNA encoding the protein of interest downstream of a signal
sequence under the control of the AOX! promoter in a P.
pastoris expression vector. In general, the P. pastoris acid phos-
phatase gene (PHOI) signal sequence or the a-factor signal pep-
tide sequence is used for entry of the secretory pathway of the
yeast (19). The construct, which carries in addition to the cloned
coding sequence of interest a gene for selection after transforma-
tion of P. pastoris, is inserted into the P. pastoris genome at the
AOXT locus via homologous recombination. Selected transfor-
mants are screened for recombinant protein production after
induction in a medium containing methanol,

A fundamental objective of our research on fungi (Aspergil-
lus spp. and dermatophytes) is to gain a comprehensive view of

* Corresponding author. Mailing address: Service de Dermatologie
et Vénéréologie, Centre Hospitalier Universitaire Vaudois, BT422,
1011 Lausanne, Switzerland. Phone: 41 21 3140376. Fax: 41 21
3140378, E-mail: Michel. Monod@chuv.ch.

" Published ahead of print on 14 May 2010.
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the enzymes that allow the digestion of an insoluble protein
structure, such as keratinized tissues, into oligopeptides and
free amino acids (32, 33). Highly purified proteases are needed
to analyze the different steps in protein and peptide digestions.
However, purification of an individual protease from fungal
culture supernatant and cell extract is a laborious process,
especially when the protease of interest is produced in small
amounts and simultaneously with other proteases. Therefore,
P. pastoris is a powerful tool for individual production of nu-
merous secreted proteases as recombinant proteins in substan-
tial amounts for further characterization and applications (1, 2,
4, 24, 31, 34, 41).

During assays of sequential digestion of large peptides by
exoproteases, we realized that purified fractions of recombi-
nant leucine aminopeptidases, dipeptidyl peptidases, and trip-
eptidyl peptidases of the sedolisin family after gel filtration and
ion-exchange chromatography had additional endoproteolytic
activities that were similar in all trials. In the present study, we
identified and characterized a contaminating protease of the
subtilisin family which is secreted in minor amounts by P.
pastoris during growth in methanol medium. A strain deficient
in this endogenous secreted subtilisin activity was constructed
for further heterologous gene expression experiments.

MATERIALS AND METHODS

Strains and plasmids. Pichia pastoris GS115 and KM71 (Invitrogen, Carlsbad,
CA), pPICZA, and previously constructed plasmids pKJ113-LAP2 and pKJ113-
DPPIV for expression of the genes encoding Aspergillus fumigatus DpplV
(AfuDppIV) and A. fumigatus Lap2 (AfuLap2), respectively, were used (2, 31).
Escherichia coli LE3Y2 was used for the propagation of the bacteriophage
AEMBL3 (Promega, Madison, WI). Direct cloning of PCR products in the
pDrive vector was performed using a PCR cloning kit (Qiagen, Hombrechtikon,
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Switzerland). All plasmid subcloning experiments were performed with E. coli
XLI1-Blue with plasmids pUC19 and pPICZA (Invitrogen).

Cloning of the P. pastoris gene encoding PrB. A P. pastoris genomic AEMBL3
library was constructed as previously described for Candida parapsilosis (10).
Saccharomyces cerevisiae DNA encoding vacuolar proteinase B (PrB) was used as
a probe for cloning of the orthologous gene in P. pastoris. Recombinant plaques
(2 % 10%) of the genomic library were immobilized on GeneScreen nylon mem-
branes (NEN Life Science Products). The filters were hybridized with 2P-
labeled probe under low-stringency conditions (30). All positive plagues were
purified, and the associated bacteriophage DNAs were isolated as described
previously (16). Agarose gel electrophoresis of restricted recombinant bacterio-
phage AEMBL3 DNA, Southern blotting, and subcloning of hybridizing frag-
ments from bacteriophages into pUC19 were performed using standard proto-
cols (36). DNA was sequenced by Microsynth (Balgach, Switzerland).

Pichia pastoris transformation. Pichia pastoris strains were transformed by
electroporation with 5 to 10 pg of linearized plasmid DNA. Using pPICZA
construct DNA, transformants were selected on YPDS medium containing 100
g ml~" Zeocin (Invitrogen). His* GS115 and GS115-sub2 transformants were
selected on histidine-deficient medium (1 M sorbitol, 1% [wt/vol] dextrose,
1.34% [wi/vol] yeast nitrogen base [YNB] without amino acids, 4 % 107°%
[wt/vol] biotin, 5 % 1073% amino acids [i.e., 5 > 107% {wt/vol} each 1.-glutamic
acid, L-methionine, L-lysine, 1-leucing, and L-isoleucing], 2% [wt/vol] agarose).
Subsequently, the transformants were screened for insertion of the construct at
the AOXT site on minimal-methanol plates (1.34% [wt/vol] YNB without amino
acids, 4 > 107% [wt/vol] biotin, 0.5% [vol/vol] methanol, 2% [wt/vol] agarose).
Transformants unable to grow on media containing only methanol as a carbon
source were retained for further investigations. They were assumed to contain
the construct at the correct yeast genomic location by integration events in the
ACXT locus displacing the AOX1 coding region.

Native secreted subtilisin and heterologous enzyme production in P. pastoris.
Pichia pastoris G5115 and KM71 as well as P. pastoris transformants were grown
to near saturation (optical density [OD] of 20 at 600 nm) at 30°C in 10 ml of
glycerol-based yeast media (0.1 M potassium phosphate buffer at pH 6.0, con-
taining 1% [wt/vol] yeast extract, 2% [wt/vol] peptone, 1.34% [wt/vol] YNB
without amino acids, 1% [volivol] glycerol, and 4 < 107°% [wt/vol] biotin). Cells
were harvested by centrifugation and resuspended in 2 ml of the same medium
with 0.5% (vol/vol) methanol instead of glycerol and incubated for 2 days.
Thereafter, the culture supernatants were separated from the yeast cells by
centrifugation and retained for protein analysis. Salts and low-molecular-weight
solutes were removed from 2.5 ml of P. pastoris culture supernatant by passing
through a PD10 column (Amersham Pharmacia, Buckinghamshire, United King-
dom) by using 20 mM Tris-HCl buffer (pH 7.5) before testing for proteolytic
activity. Protein concentrations were measured by the Bradford method with a
commercial reagent (Bio-Rad, Hercules, CA) and by densitometry on SDS-
PAGE gels with the aid of Adobe Photoshop software (Adobe Systems Inc., San
Jose, CA) with different amounts of bovine serum albumin as standards.

Protein gel electrophoresis. Extracts were analyzed by SDS-PAGE (25) with a
separation gel of 129 polyacrylamide. To detect proteolytic activity of culture
supernatant, gelatin at a concentration of (0.1% was added to the gel. In this case,
10 wl of P. pastoris culture supernatant was simply added to an equal volume of
SDS-PAGE sample buffer without B-mercaptoethanol (125 mM Tris, pH 6.8, 4%
SDS, 20% glycerol, 0.002% bromophenol blue) and the mixture was loaded
without heating onto SDS-PAGE gels. Samples were pretreated with phenyl-
methanesulfonyl fluoride (PMSF) or EDTA at a concentration of 10 or 200 mM,
respectively, during 10 min at room temperature before the samples were loaded
for the characterization of proteolytic activities. After electrophoresis, the gels
were incubated twice for 15 min at room temperature in 10 volumes of 2.5%
Triton X-100 under constant agitation. The gels were then incubated overnight
(16 h) with 10 mM sodium phosphate buffer, pH 7.0 or pH 4.0, in the presence
of or in the absence of PMSF or EDTA when the samples had been treated with
these proteolytic inhibitors before loading. The gels were stained for 30 min with
0.1% Coomassie brilliant blue R-250 (Bio-Rad) in ethanol-acetic acid-water
(40:10:50) and destained with the same solvent,

Proteolytic activity. Proteolytic activity was assayed using resorufin-labeled
casein as previously described (5) and the chromogenic substrate N-succinyl-Ala-
Ala-Pro-Phe-p-nitrounilide (V-Suc-Ala-Ala-Pro-Phe-pNA), (Sigma) (8, 28). So-
dium acetate buffer (pH 3 to 6.5), Tris-HCl buffer (pH 7 to 9), and glycine-NaOH
buffer (pH 9 to 11) were used. With N-Suc-Ala-Ala-Pro-Phe-pNA, a substrate
stock solution was prepared at a 20 mM concentration (12 mg/ml) in dimethyl
sulfoxide (DMSO) and stored at —20°C. The reaction mixture contained a
concentration of 1.0 mM substrate and enzyme preparation (between 0.1 to 1.0
g per assay) in 100 pl of 50 mM buffer, at different pH values. After incubation
at 37°C for 60 min, the reaction was terminated by the addition of 5 pl of glacial
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acetic acid followed by the addition of 0.9 ml of water to the mixture. The
released pNA was measured by spectrometry as the change in A5, A control
with a blank substrate and blank culture broth was carried out in parallel. The
enzyme activities were expressed in mU (nmol of released pNA/min at pH 7.0)
with N-Suc-Ala-Ala-Pro-Phe-pNA as a substrate.

Inhibitors were from a protease inhibitor set (Roche Diagnostics, Rotkreuz,
Switzerland), and stock solutions were prepared as recommended by the sup-
plier. Sub2 (0.1 pg) in 0.2 ml of 20 mM Tris-HCI buffer (pH 7.0) was incubated
for 10 min at 37°C either with PMSF (10 wg/ml) or with antipain (50 pg/ml),
bestatin (40 pg/ml), chymostatin (6 pg/ml), E64 (10 pg/ml), leupeptin (5 pg/ml),
pepstatin (0.7 pg/ml), phosphoramidon (330 pg/ml), EDTA (0.2 mg/ml), or
aprotinin (2 pg/ml), following the recommendations of the supplier. The mixture
was incubated for 10 min at 37°C, and assays were subsequently performed after
the addition of the substrate to the mixture. An appropriate control without
inhibitor was assayed simultaneously.

Protein identification by liquid chromatography-tandem mass spectrometry
(LC-MS-MS). Coomassie blue-stained bands were excised from the SDS-PAGE
gels and in-gel digested with sequencing-grade trypsin (Promega) as previously
described (37, 40). Extracted peptides were analyzed on a hybrid linear trap LTO
Orbitrap mass spectrometer (Thermo Fisher, Bremen, Germany) interfaced via
a TriVersa Nanomate (Advion Biosciences, Norwich, United Kingdom) to an
Agilent 1100 nano-high-performance-liquid-chromatography (nano-HPLC) sys-
tem (Agilent Technologies, Waldbronn, Germany). Solvents used for the mobile
phase were 95:5 H,O-acetonitrile (vol/val) with 0.19 formic acid (solvent A) and
5:95 HyO-acetonitrile (volivol) with 0.1% formic acid (solvent B).

Peptides were loaded onto a ZORBAX 300SB C, g trapping microcolumn (5 mm
by 300 pwm, with an inner diameter of 5 wm; Agilent) in HyO-acetonitrile at 97:3
(volivol) plus 0,19 formic acid at a flow rate of 10 pl/min. After 5 min, they were
back-flush eluted and separated on a reversed-phase nanocolumn, a ZORBAX
300SB C,4 column (75 wm inner diameter by 15 cm, 3.5 um; Agilent), at a flow rate
of 300 nl/min with a gradient from 5 to 85% acetonitrile in 0.19% formic acid as
follows: 5 min at 07 solvent B, from 0 to 25% solvent B in 35 min, 25 to 50% solvent
B in 15 min, 50 to 90% solvent B in 5 min, 90% solvent B during 10 min, 90 to 0%
solvent B in 5 min, and 0% for 15 min (total time, 90 min).

For spraying, a 400-nozzle ESI (electrospray ionization) chip (Advion Bio-
sciences) was used with a voltage of 1.65 kV, and the mass spectrometer capillary
transfer temperature was set at 200°C. In data-dependent acquisition controlled by
Xealibur 2.0.7 software (Thermo Fisher), the four most intense precursor ions
detected in the full MS survey performed in the Orbitrap (range, 350 to 1,500 m/z;
resolution, 60,000 at m/z 400) were selected and fragmented. MS-MS was triggered
by a minimum signal threshold of 10,000 counts and carried out at a relative collision
energy of 35%, with isolation width of 4.0 atomic mass units (amu). Only precursors
with a charge higher than 1 were selected for collision-induced dissociation (CID)
fragmentation and fragment ions were analyzed in the LTO linear trap. The m/z of
fragmented precursors was then dynamically excluded, with a tolerance of 0.01 amu,
from any selection during 120 s.

From raw files, MS-MS spectra were exported as mgf (Mascot generic file, text
format) files by using the extract_msn.exe script (Thermo Fisher) with the fol-
lowing settings: peptide mass range, 500 to 5,000; minimum total ion intensity
threshold, 500; minimum number of fragment ions, 15; minimum signal-to-noise
ratio needed for a peak to be written, 3.

Samples were analyzed using Mascot 2.2 (Matrix Science, London, United
Kingdom). Mascot was set up to search a custom-built database containing the
sequences of the vacuolar proteinase B (YscB) and of contaminants (enzymes
and keratins). Semispecific cleavage at K and R (not before P) was used as the
enzyme definition, with a maximum of one missed cleavage allowed. Mascot was
searched with a fragment ion mass tolerance of (0L50 Da and a parent ion
tolerance of 10 ppm. The iodoacetamide derivative of cysteine was specified in
Mascot as a fixed modification. Deamidation of asparagine and glutamine, oxi-
dation of methionine, and protein N acetylation were specified as variable mod-
ifications.

Phylogenetic analysis. Amino acid sequences of P. pastoris PrB and Sub2 were
used as a query to seek orthologous sequences in 54 available fungal genomes by
using the blastp algorithm. A total of 27 subtilisins from selected species and
showing a blast score of =200 were submitted to phylogenetic analyses. The
subset included sequences from yeasts (from the subphylum Saccharomycotina,
Saccharomyces cerevisiae, P. pastoris, Pichia guilliermondii, Candida albicans,
Candida tropicalis, and Yarrowia lipolytica), filamentous ascomycetes (from the
subphylum Pezizomycotina, Aspergillus fumigatus, Aspergillus clavatus, and Tricho-
phyton nbrim), and basidiomycetes (Ustilago maydis, Laccaria bicolor, and Cryp-
tacoceus neoformans). Proteinase K from Tritirachium albuwm was also included,
and the type sequence of S8 Merops peptidase family, subtilisin Carlsberg from
Bacillus licheniformis, was used as a potential outgroup.



Vor. 76, 2010

31

FIG. 1. Native secreted subtilisin produced by P. pastoris GS115,
KM71, and derivative strains in methanol medium. (Left panel) Ten
microliters of P. pastoris culture supernatant was loaded onto the gel
(lane 1, GS115-sub2; lane 2, KM71-sub2; lane 3, GSI115; lane 4,
KMT71). (Right panel) P. pastoris GS115 and KM71 were grown to near
saturation (OD of 20 at 600 nm) at 30°C in 10 ml of glycerol-based
yeast medium for 2 days. Cells were harvested by centrifugation and
resuspended in 2 ml of the same medium with 0.5% (vol/vol) methanol
instead of glycerol and incubated for 2 days. For lanes 5 (GS115) and
6 (KM71), 10 pl of 50>-concentrated culture supernatant in glycerol-
based yeast medium was loaded onto the gel. For lanes 7 (GS115) and
8 (KM71), 10 pl of 10:<-concentrated culture supernatant in methanol
medium as appropriate controls was loaded onto the gel. MM, molec-
ular mass.

Amino acid sequences were aligned using ClustalW as implemented in
BioEdit Sequence Alignment Editor software (18). Phylogenetic analyses were
performed using the following reconstruction methods and parameters: PhyML
(17) with Shimodaira-Hasegawa (SH)-like approximate likelihood ratio test, four
substitution rate categories, and estimation of gamma distribution parameter and
proportion of invariable sites; BIONJ (12), using a Dayhofl point accepted
mutation (PAM) substitution matrix; TNT (15) with sectorial search and tree
fusing options; MrBayes (35) with general time-reversible (GTR) likelihood
model and 100,000 Markov chain Monte Carlo generations. Phylogenetic trees
were edited by using Dendroscope (20).

Nucleotide sequence accession number. The SUB2 nucleotide sequence has
been deposited in the GenBank database with the accession number GU46877.

RESULTS

Endogenous proteolytic activity of P. pastoris GS115 and
KMT71. By use of SDS-PAGE gels containing gelatin as a sub-
strate, two different proteolytic activities were detected in the
supernatant of P. pastoris cultures in methanol medium. One
protease showed a distinct band with an apparent molecular
mass of 37 kDa (Fig. 1). A second activity was represented by
a large proteolytic zone with an apparent molecular mass be-
tween 55 and 80 kDa. The 37-kDa protease was completely
inhibited when the gel was incubated in the presence of 1 mM
PMSF but not in the presence of 1,10-phenanthroline or
EDTA, suggesting that it was a serine protease (data not
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shown). The 55- to 80-kDa protease was not inhibited by
PMSF or the aforementioned chelating agents. Gelatinolytic
activities of both strains were stronger at pH 7.0 than they were
at pH 4.0 (data not shown).

Cloning of a gene conferring native P. pastoris proteolytic
activity. Cloning experiments were performed before genome
sequences were available (9, 27). In a first attempt, we tried to
disrupt the gene encoding vacuolar protease B (PrB) in P.
pastoris strain GS115. Protease B is a serine protease of the
subtilisin family and was postulated to be secreted by P. pas-
toris (38). A gene encoding the putative P. pastoris PrB (PRB)
was cloned from a P. pastoris genomic library as described in
Materials and Methods. A central part of PRB was subse-
quently amplified using P1 and P2 as primers (Table 1) and
using genomic DNA of P. pastoris GS115 as a template. The
PCR product (785 bp) was digested by BamHI and Xhol re-
striction enzymes and ligated to the large fragment of P. pas-
toris expression vector pPICZA cut with Bglll and Xhol. The
resulting plasmid (pBL1263) corresponded to plasmid
pPICZA in which the AOX1 promoter was replaced by part of
PRB. Plasmid pBL1263 was cut by a unique BgllII restriction
site in the cloned fragment, and linearized DNA was used to
transform P. pastoris GS§115. Transformants resistant to Zeocin
were screened for gelatinolytic activities on SDS-PAGE and
verified for targeted integration of pBL1263 in GSI115 by
Southern blotting (3; data not shown). As a result, PRB-tar-
geted disruption did not abolish the gelatinolytic activity in the
P. pastoris cell culture supernatant. Therefore, we attempted to
clone another gene encoding a subtilisin for subsequent dis-
ruption.

Two primers, P3 and P4 (Table 1), were designed from an
alignment of genes encoding known fungal subtilisins. PCR
amplification of P. pastoris genomic DNA produced two
400-bp products which could be distinguished by BglII diges-
tion. The two fragments were separately cloned into the mul-
tiple cloning site of the pDrive vector by using a PCR fragment
cloning kit and sequenced. One fragment encoded part of PrB,
and the second fragment apparently encoded an amino acid
sequence from another subtilisin, which was called Sub2. The
latter fragment was recovered from the pDrive construct after
BamHI-Xhol digestion and ligated to the large fragment of P.
pastoris expression vector pPICZA digested with restriction
enzymes Bglll and Xhol. The resulting plasmid (pKS1) cut by
Bsu96I (Saul) at a unique restriction site was used to transform
P. pastoris GS115 and KM71 (Fig. 2). Transformants resistant
to Zeocin were screened on SDS-PAGE gels to which gelatin

TABLE 1. Primers used in this study

PCR product size (bp)

Primer” Oligonucleotide sequence (5'-3")" Location (cloning site)
P1 GTTGGATCCATCCAGCAGTTGCTTTCATTG P. pastoris PRB 785 (BamHI-Xhol)
P2 CTTCTCGAGAGTACCAGACAAGGTAGCAG Complement of PRB
P3 GGYCACGGXACXCACGTXGCXGGXAC Subtilisin genes 495
P4 GTGRGGXGTXGCCATXGAXGTXCC Complement of subtilisin genes
P35 GTTTTCGAAGAAATGAAAATTATCAGATTAGCATCA SUB2 1,455 (Sful-Xhol)
P6 CTTCTCGAGTTAATAATCCCAAAATTCAGT Complement of SUB2

“ P3 and P4 were designed on the basis of alignments of nucleotide sequences encoding A. fumigatus Alpl (GenBank CAATT660), Y. lipolytica secreted alkaline
protease (MEROPS000340), 8. cerevisiae PrB, C. albicans PrB (MEROPS137808), and C. albicans putative secreted subtilisin (MEROPS16558).

b Restriction sites are indicated in italics.
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FIG. 2. Chromosomal integration of pKS1 in GS115 and KM71 transformants. SUB2, P. pastoris SUB2 gene coding for the secreted subtilisin;
BLE, Streptoalloteichus hindustanus BLE gene for resistance to Zeocin. The sequence of the 9-kb BgllI-BglIT fragment in GS115 and KM71

transformants is identical to the sequence of pKS2.

was added. One GS115 transformant out of 10 and 1 KM71
transformant out of 8 did not show any 37-kDa proteolytic
component in the supernatant after growth in methanol me-
dium (Fig. 1). These clones were designated GS115-sub2 and
KM71-sub2, respectively.

In order to clone the full-length SUB2 gene, 1-pg samples of
GS115-sub2 genomic DNA were separately digested by differ-
ent enzymes (Dral, Bglll, Clal, Pstl, and EcoRI) and religated,
and the products were then used to transform E. coli. Five
hygromycin-resistant clones obtained from DNA digested by
BglII were shown to harbor a 9-kb plasmid (pKS2; Fig. 2).
Plasmid sequencing revealed the beginning and the end of
SUB2 upstream and downstream of the pPICZA sequence,
respectively (Fig. 2). The SUB2 sequence was identical to that
encoding the protein with the GenBank accession number
CAY68404 [“Vacuolar proteinase B (yscB), a serine protease
of the subtilisin family”] in the Pichia pastoris chromosome 1
complete sequence (GenBank accession number FN3922319,
locus tag PAS_chrl-4_548) (9).

Sub2 was predicted to be encoded by 1,431 nucleotides start-

ing from the ATG codon and appeared to be synthesized as a
precursor in a preprotein form of 477 amino acids. Inspection
of the N-terminal amino acid sequence of the precursor be-
ginning from the Metl residue suggested the existence of a
signal peptide in the protease precursor polypeptide with a
hydrophobic core. Two putative signal peptidase cleavage sites
in accordance with the —3 —1 von Heijne’s rule (39) were
found after the Ala and Ser residues at positions 16 and 18,
respectively (Fig. 3). Based on alignment with different fungal
secreted subtilisins (28), the N-terminal amino acid sequence
of the mature Sub2 was apparently preceded by a precursor
protein peptide (prepropeptide) of 168 amino acids, and the
mature protein is 309 amino acids long, with a calculated
molecular mass of 34 kDa and an isoelectric point at pH 5.69.
In addition to Ser 402 (position relative to the Met1 residue of
the prepropeptide), the alignment of Sub2 with other sub-
tilisins revealed Asp and His residues of the catalytic triad in
position 212 and 244, respectively.

Biochemical characterization of Sub2 obtained from a
Sub2-overproducing strain of P. pastoris. DNA encoding Sub2

1 IMKI IRLASVATVATLAJ‘ITJLLI PSLDQLNIQLPFSLPHHTESPSLKLQGSN

51 PFESSTVRPDPIQIYSTGYKVIENSYIVTVDSSITDSELQQLYDYIKGGY
101 EFMLNNEDPFFVAMGIKRLPKHSLFEPFSIGDSMKGFVGFFPPRLVEKLA
151 SMDLPIVAIEADSVVHSTKEYAVDEHVTWGLARISQRQTLDTNRNYIYHV

201 DGGKNVTAYVIBTGIFVDHEQFEKRARWGATIPMDWKMN&GTWAG

251 TIGSAKYGVAKQTSLVAVKVLNSDGTGTLSDVIKGIEFVVKDHKSSRGKS

301 KGSVANMSLGGGLSVALTYAVNAAVDNGIHFAVAAGNDNANACSYSPANS

351 AKATITAAASTVEDERAFFSNWGTCVDVFAPGYLIESTYIGLPTSTRVLSG

401 TMSPMGLLS YYLSLOPGHESQYNSGDSLTPAQLKARILSFSTKDVL

451 DDSDLNYGTPNLLIYNSRDNITEFWDY

FIG. 3. Prepropeptide Sub2 amino acid sequence. Vertical arrows indicate putative signal sequence cleavage sites. The Asp, His, and Ser
residues of the catalytic triad are indicated by asterisks. Detected MS peptides generated by tryptic digestion of Sub2 secreted by P. pastoris are

underlined.
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FIG. 4. Overexpression of P. pastoris SUB2 in P. pastoris KMT71
(lane 2). Lane 1 shows the culture supernatant of KM71 as a negative
control. Ten microliters of P. pastoris culture supernatant was loaded
onto the gel.

was amplified using primers P5 and P6 (Table 1) and P. pastoris
genomic DNA as a target. The PCR product was digested with
restriction enzymes Sful and Xhol, for which a recognition site
was previously designed at the 5 extremity of the primers, and
ligated to pPICZA cut with the same restriction enzymes.
Linearized DNA of the generated plasmid was used to trans-
form Pichia pastoris KM71, and Zeocin-resistant transformants
were screened for Sub2 overproduction in the culture super-
natant. One clone out of 10 was found to secrete Sub2 at a rate
of 10 pg/ml. This clone was called KM71-SUB2 (Fig. 4).

Sub2 produced by gene overexpression had the same elec-
trophoretic mobility as the enzyme secreted by strain GS115
with an estimated mass of 37 kDa (Fig. 5). Identification of the
heterologously produced Sub2 was also confirmed using ESI-
LC-MS-MS on tryptic digestion of the detected 37-kDa protein
in a gel slice (Fig. 3). MS analysis allowed the detection of
several different peptides which matched from residues 169 to
468 but not from residues 1 to 168 of the prepropeptide Sub2
amino acid sequence. These results confirmed that cleavage of
the prosequence occurred after residue 168 or few residues
before, as it was suggested from alignment with other sub-
tilisins.

Purification assays of recombinant Sub2 were attempted by

MM
(kDa)

97

66

45

31
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ion-exchange chromatography. However, we observed that
Sub2 underwent self-digestion at high concentrations. There-
fore, further characterization of Sub2 was performed using
enzyme from desalted culture supernatant. The enzyme was
found to be active between pH 4.0 and 11.0, with a broad peak
of optimum activity between pH 6.0 and 8.0 on resorufin-
labeled casein and N-Suc-Ala-Ala-Pro-Phe-pNA. The specific
activity of Sub2 and that of proteinase K used for comparison
for N-Suc-Ala-Ala-Pro-Phe-pNA as a substrate at a pH of 7.0
were measured as 6.0 U and 26 mU/pg protein, respectively.
Like other subtilisins (29), recombinant Sub2 was totally in-
hibited by PMSF, antipain, and chymostatin. Aprotinin and
leupeptin inhibited the enzymatic activity by 15 to 20% at a
concentration of 2 to 5 pg/ml. The enzyme was not inhibited by
pepstatin, E64, bestatin, EDTA, and phosphoramidon.

Amount of Sub2 secreted by P. pastoris GS115. Resorufin-
labeled casein substrate as well as N-Suc-Ala-Ala-Pro-Phe-
pNA was not sensitive enough to detect proteolytic activity in
P. pastoris culture supernatants. Therefore, proteolytic activi-
ties of GS115 and KM71 culture supernatants were compared
with serial dilutions of purified recombinant Sub2 extracts to
assess the amount of protease secreted by the yeast (Fig. 5).
One milliliter of culture supernatant was found to contain
approximately 3 ng of SubZ2.

SUB2 disruption in various P. pastoris strains producing
secreted proteases and use of GS115-sub2 for heterologous
protease production. Pichia pastoris GS115-DPPIV and GS115-
LAP2, producing AfuDppIV and AfuLap2, respectively, were
previously constructed (2, 29). Both strains were transformed
by pKS1 cut at its unique Bsu96I restriction site, and Zeocin-
resistant transformants were screened for SUB2 disruption.
One clone producing AtuDppIV and one clone producing
AfuLap2 which no longer produced Sub2 were retained and
called GS115-DPPIV-sub2 and GS115-LAP2-sub2, respectively
(Fig. 6). Identical results were obtained by transformation of P.
pastoris GS115-sub2 with previously used expression plasmids
encoding recombinant Afullap2 and AfuDpplV (2, 31).

Phylogenetic analyses. Most selected yeast sequences
branched into two derived phylogenetic groups (Fig. 7). Pichia
pastoris PrB could be unambiguously identified as the ortho-

FIG. 5. Assessment of the amount of Sub2 secreted by P. pastoris GS115. In lanes 1 to 6, 10 ng, 3 ng, 1 ng, 300 pg, 100 pg, and 30 pg recombinant
Sub2, respectively, were loaded on the gel. Lane 7, 10 pl of P. pastoris GS115 culture supernatant was loaded onto the gel.
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FIG. 6. Use of GS115-sub2 for heterologous protease production (lanes 3 and 6) and SUB2 disruption in P. pastoris strains producing secreted
proteases (lanes 4 and 7). Lane 1, GS115; lane 2, GS115-LAP2; lane 3, GS115-sub2 transformed with pKIJ113-LAP2; lane 4, GS115-LAP2
transformed with pKS1 (SUB2 disruption in an AfuLap2-producing strain); lane 5, GS115-DPPIV/; lane 6, GS115-sub2 transformed with pKJ113-
DPPIV; lane 7, GS115-DPPIV transformed with pKS1 (SUB2 disruption in a DpplV-producing strain); lane 8, GS115-sub2. Ten microliters of P.
pastoris GS115 culture supernatant was loaded onto the gel. The samples were analyzed by SDS-PAGE with a separation gel of 12% polyacryl-
amide stained with Coomassie blue (lower panel). To detect endoproteolytic activity of culture supernatant, gelatin at a concentration of 0.1% was

added to the gel (upper panel).

logue of cerevisin proteases from S. cerevisiae, Y. lipolytica, C.
albicans, and P. guilliermondii (clade 1; Fig. 7). Depending on
the tree reconstruction methods used, P. pastoris Sub2 showed
slight differences in branching. It formed a monophyletic group
(clade 2; Fig. 7) together with hypothetical subtilisins from
Candida spp. and P. guilliermondii in Bayesian (MrBayes) and
distance (BIONJ) analyses, whereas it branched at the base of
the group formed by clades 1 and 2 in maximum likelihood
(PhyML) and parsimony (TNT) analyses. Clade 2 also com-
prised single Sub2 orthologues from other yeasts, namely, De-
baryomyces hansenii, Lodderomyces elongisporus, Pichia stipitis,
and Clavispora lusitaniae (data not shown). Pichia pastoris Sub2
showed 44 to 46% identity similarity with putative orthologues
in other yeast species from clade 2. Both clades 1 and 2 are
clearly yeast specific: vacuolar and secreted subtilisins from
basidiomycetes and from filamentous ascomycetes (Aspergillus
spp. and Trichophyton rubrum) formed the basal groups of the
tree (Fig. 7).

DISCUSSION

The P. pastoris genome harbors two genes encoding serine
proteases of the subtilisin family, PRB coding for the vacuolar
proteinase B and SUB2 coding for the protease which gained
particular attention in the present work. We have shown that

Sub2 is secreted by P. pastoris in methanol medium in a high-
cell-density process but not in the same medium containing
glycerol as a carbon source instead of methanol (Fig. 1). While
P. pastoris PrB is clearly orthologous to other vacuolar pro-
teases (cerevisins) found in most yeast genomes, Sub2 belongs
to another group of proteases which contains other putative
yeast subtilisins (Fig. 7). Putative orthologues of Sub2 were
found in only 7 out of 17 yeast genomes (subphylum Saccha-
romycotina) available. Pichia pastoris Sub2 is believed to be the
first of these subtilisins identified in yeast culture supernatant.
The derived phylogenetic positions of most yeast subtilisins
compared to those of the basidiomycetes and of filamentous
ascomycetes suggest a relatively recent radiation through gene
duplication.

During the production of heterologous proteins in a high-
cell-density process, some of the secreted heterologous pro-
teins produced by P. pastoris were found to be subjected to
substantial proteolysis (21, 22, 38). The major store of proteo-
lytic activity in yeasts is located within the lumen of the vacu-
olar compartment (23), and previous reports disclosed that the
proteolytic degradation of secreted recombinant proteins in P.
pastoris was due to the release of proteases in the culture
medium caused by cell lysis (27, 38). While growth at high cell
density enables the production of heterologous proteins in
remarkably high yields, it also increases the level of vacuolar
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FIG. 7. Phylogenetic position of Pichia pastoris Sub2 (CAY68404) relative to other fungal proteases of the S8 family inferred from a Bayesian
analysis of amino acid sequences. The numbers at nodes represent clade credibility or bootstrap values (100 replicates) obtained with MrBayes/
PhyML/BIONIJ methods, respectively. Nodes with credibility values lower than 50 were collapsed. Subtilisin Carlsberg from Bacillus licheniformis
was used as a potential outgroup. Each sequence is identified by its GenBank or Merops accession number, species abbreviation, and protease
name (if any). The colors of the rectangles correspond to specific species or taxonomic groups. Clade | comprises all cerevisin sequences; clade
2 comprises Pichia pastoris (Ppas) Sub2 and its putative orthologues from other yeast species. The scale bar indicates the number of expected
changes per site. Scer, S. cerevisiae; Ylip, Y. lipolytica; Ctrop, C. tropicalis; Calb, Candida albicans; Pgui, P. guilliermondii; Aclav, A. clavatus; Afum,
A. fumigatus; Umay, U. maydis; Lbic, Laccaria bicolor; Cneo, C. neoformans; Trub, T. rubrum.

proteases in the fermentation media (14). Using P. pastoris as
an expression system to produce heterologous secreted pro-
tein, one should also be aware of the presence of secreted Sub2
in culture supernatant. The nature of the 55- to 80-kDa pro-
teolytic activity was not elucidated, but similar 55- to 80-kDa
activity was located in the periplasmic fraction of P. pastoris
(38). It is possible that the protease is released in the culture
supernatant either after cell lysis or by diffusion though the cell
wall.

Apparently, Sub2 was insensitive to 55- to 80-kDa proteo-
lytic activity. It is likely that an organism adapts to secrete
proteins which are immune to degradation by its own pro-
teases. For instance, in other fungi, such as Aspergillus spp. and
dermatophytes, multiple proteases are concomitantly secreted
in culture supernatant and are not degraded (13, 33). In addi-
tion, the acquisition of the correct three-dimensional structure
may protect secreted proteins from proteolysis. However, var-
ious attempts to suppress proteolytic degradation of secreted
recombinant proteins in the P. pastoris culture supernatant
were undertaken. For example, conditions under which recom-
binant strains are grown were modified so as to inhibit protease
activity. Adjusting the pH of the culture to 6.0 or lowering the
temperature of the medium allowed a substantial reduction of
proteolytic activity (21, 26). Determining the optimum induc-
tion time in methanol medium for recombinant protein pro-
duction was also found to be important (22). To inhibit pro-
teolysis in culture supernatant, vacuolar protease-deficient
strains of P. pastoris were also constructed (14). Although

vacuolar proteases are required for several developmental
transitions in the life cycle of yeast cells (e.g., sporulation), they
are dispensable for vegetative growth. The same is true for
Sub2, as SUB2 disruption does not alter the viability of P.
pastoris. Therefore, P. pastoris sub2-deficient strains could be
used to suppress one of the causes of secreted heterologous
enzyme proteolysis. Although secreted recombinant proteases
were not subject to proteolysis, GS115-sub2 was used as a tool
for the production of exoproteases without endogenous sub-
tilisin contamination.
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