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Summary

Invasive infections by the human pathogenic fungus Aspergillus fumigatus start with the outgrowth of
asexual, airborne spores (conidia) into the lung tissue of immunocompromised patients. The resident
alveolar macrophages phagocytose conidia, which end up in phagolysosomes. However, A. fumigatus
conidia resist phagocytic degradation to a certain degree. This is mainly attributable to the pigment 1,8-
dihydroxynaphthalene (DHN) melanin located in the cell wall of conidia, which manipulates the
phagolysosomal maturation and prevents their intracellular killing. To get insight in the underlying
molecular mechanisms, we comparatively analyzed proteins of mouse macrophage phagolysosomes
containing melanized wild-type (wt) or non-melanized pksP mutant conidia. For this purpose, a protocol
to isolate conidia-containing phagolysosomes was established and a reference protein map of
phagolysosomes was generated. We identified 637 host and 22 A. fumigatus proteins that were
differentially abundant in the phagolysosome. 472 of the host proteins were overrepresented in the
pksP mutant and 165 in the wt conidia-containing phagolysosome. Eight of the fungal proteins were
produced only in pksP mutant and 14 proteins in wt conidia-containing phagolysosomes. Bioinformatical
analysis compiled a regulatory module, which indicates host processes affected by the fungus. These
processes include vATPase-driven phagolysosomal acidification, Rab5 and Vamp8-dependent endocytic
trafficking, signaling pathways, as well as recruitment of the Lamp1 phagolysosomal maturation marker
and the lysosomal cysteine protease cathepsin Z. Western blot and immunofluorescence analyses
confirmed the proteome data and moreover showed differential abundance of the major metabolic
regulator mTOR. Taken together, with the help of a protocol optimized to isolate A. fumigatus conidia-
containing phagolysosomes and a potent bioinformatics algorithm, we were able to confirm A.
fumigatus conidia-dependent modification of phagolysosomal processes that have been described
before and beyond that, identify pathways that have not been implicated in A. fumigatus evasion

strategy, yet.

Mass spectrometry proteomics data are available via ProteomeXchange with identifiers PXD005724 and

PXD006134.
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Introduction

Infections with the opportunistic pathogen Aspergillus fumigatus pose a major threat to human health.
It is estimated that there are worldwide more than 200,000 cases of invasive aspergillosis per year
affecting patients with a severe underlying immune suppression due to hematologic diseases, genetic
immune deficiencies or solid organ or hematopoietic stem cell transplantation (1, 2). A. fumigatus
produces asexual spores (conidia) that are distributed via the air. Upon inhalation conidia reach the
lower airway tract of human individuals. In immunocompromised hosts, the impaired immune cell
function allows fungal colonization of the lung tissue and the establishment of a life-threatening

infection (3).

Resident alveolar macrophages belong to the first line of immune defense (4). They are activated by
fungal surface structures such as the B-1,3-glucans of the conidial cell wall which bind to the C-type
lectin receptor Dectin-1 and thereby inducing phagocytosis. Activated macrophages engulf conidia in a
phagosome, which gradually acquires biocidal properties from fusion with lysosomes to generate a
mature phagolysosome with acidic luminal pH due to vacuolar ATPase (vATPase) activity (4, 5). Small
Rab GTPases govern the dynamic fusion and fission processes required for generation of mature
phagolysosomes and thus belong to the targets of intracellular pathogens to interfere with the
maturation process (6-8). For example, Mycobacterium tuberculosis prevents the recruitment of Rab14

to the phagolysosome and thereby arrests its maturation (7).

The grey-green pigment of A. fumigatus conidia consists of 1,8-dihydroxynaphthalene (DHN) melanin
that represents an important virulence determinant (9). Due to melanin wt conidia are able to reduce
the production of and quench reactive oxygen species (ROS) and thus lower the amounts of ROS in the
phagolysosome. Furthermore, wt conidia inhibit apoptosis, survive in host cells, germinate and cause
damage to host cells (10-13). A mutant strain producing white conidia was shown to be defective in the
polyketide synthase gene pksP and, hence, unable to produce DHN melanin (12). Inside the
phagolysosome pksP conidia are faster degraded than wt conidia by luminal acidification and activity of
lytic enzymes (14). DHN melanin is the crucial and sufficient factor to block acidification as
demonstrated in experiments with melanin particles, i.e., ‘melanin ghosts’ (14). However, the molecular
mechanisms of the interference of the wt conidium with the phagosomal maturation are still not well
understood. Previous work of our group showed that A. fumigatus wt conidia-containing
phagolysosomes fused with vesicles of the endocytic compartment to a certain extent, but showed

reduced acidification required to establish the fungicidal environment for degradation of conidia (13).
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The activity of the vATPase is essential to drive the acidification of conidia-containing phagolysosomes

(14).

For several pathogenic microorganisms, proteomic studies unraveled the specific protein composition of
phagolysosomes for a better understanding of the phagosomal maturation process and its modulation
by pathogens (15-23). These studies demonstrated that the protein composition of the phagosome is
highly dynamic, specific for the ingested particle, depends on the stage of phagosomal maturation, the
type or cell line and the activation status of the phagocyte. Therefore, we set out to analyze the
phagolysosomal proteome after phagocytosis of wt and pksP mutant conidia in order to shed light on
processes inhibited by wt conidia during the maturation of phagosomes. In this study, a magnetic label-
based purification protocol for conidia-containing phagolysosomes and the application of a label-free
protein quantification method was developed. Bioinformatics was employed to determine the
regulatory modules of differentially abundant proteins of the macrophage phagolysosome. We
confirmed a differential regulation of vATPase subunits and apoptosis induction. These processes were
already identified by us in previous studies as targets of A. fumigatus for immune evasion. Moreover,
the combination of quantitative proteomics and bioinformatics led to the identification of A. fumigatus-
modulated processes and of macrophage intracellular functions. These processes include vesicle
trafficking and endocytosis, degradative and immune functions of the phagolysosome, NADPH oxidase
activity to produce ROS, MAPK and mTOR signaling as well as metabolic reprogramming of the

macrophage.



ASBMB

~~
,
o~
—

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Proteomics of conidia-containing phagolysosomes

Experimental procedures
Materials and chemicals

Primary antibodies were purchased from Abcam (Ndufb9 ab200198; Vamp8 ab76021), Santa Cruz
Biotechnology (Lamp1 sc-19992, Cathepsin D sc-10725), Cell Signaling Technologies (mTOR #2983; Rab5
#3547) and Thermo Fisher Scientific (Cathepsin Z PA5-47048; Rab7A PA5-22959). Secondary antibodies
for western blot analyses were goat anti-rabbit IgG-HRP (sc-2030), goat anti-rat IgG-HRP (sc-2031) from
Santa Cruz Biotechnology and rabbit anti-goat IgG-HRP (#31402) from Thermo Fisher Scientific.
Secondary antibody for immunofluorescence was goat anti-rabbit IgG-DyLight 633 (#35562, Thermo

Fisher Scientific).
Cells and A. fumigatus strains

Mouse RAW 264.7 macrophages (ATCC TIB-71) were cultured in DMEM (Biozyme, Germany) with FBS
(GE Healthcare, Germany), ultraglutamine (Biozyme) and gentamycin at 37 °C with 5 % (v/v) CO,. A.
fumigatus wt strain ATCC 46645 and pksP mutant (11, 12) strain were cultured on Aspergillus minimal
medium (AMM) agar plates. After 5 days of incubation at 37 °C, conidia were harvested in 10 ml of 0.9 %
(w/v) NaCl / 0.01 % (v/v) Tween 80 (Roth, Germany) using a cell scraper and filtered through a 40 um
cell strainer (BD, Germany) to remove mycelia. The number of conidia was counted using a

hemocytometer.
Magnetic labeling of conidia and purification of phagolysosomes

The protocol for isolation of conidia-containing phagolysosomes by magnetic separation was adapted
from Steinhauser et al. (24). 2x10° wt conidia were labeled with 10 mg/mL EZ link sulfo-NHS-LC biotin
(Thermo Fisher Scientific) in 50 mM Na,COs;. Initial experiments demonstrated that for the same
amount of pksP mutant conidia 10 pg/mL NHS-biotin linker yielded a comparable efficiency of magnetic
loading. Cells were incubated with the linker for 2 h at 4 °C on a rotator and then washed. 50 uL of the
streptavidin-coupled magnetic beads (Miltenyi, Germany) in the concentration provided by the supplier
(Thermo Fisher Scientific) were added in labeling buffer (PBS with 2 mM EDTA) to the conidia suspension
and incubated for 15 min at 4 °C on a rotator. Co-incubation was performed in 4-well plates. Each well

contained 4x10° RAW 264.7 macrophage cells.
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For infection, an MOI of 5 was used, which corresponds to 2x10” magnetically-labeled conidia. An MOI
of 5 yielded the required amount of protein needed for the analysis of the subcellular proteome. Co-
incubation was stopped after 2 h. The cells were washed with PBS, scratched off and collected in
homogenization buffer (3 mM imidazole, 250 mM sucrose, pH 7.4 and proteinase inhibitors (cOmplete,
Roche, Switzerland) and benzonase nuclease (Merck Millipore, Germany)). Cell lysis was achieved by
pressing the cell suspension 60 times through a needle (27G) and was monitored microscopically. DNase
(Epicentre, USA) was added and the lysate was incubated for 5 min at 37 °C. For sampling of the whole
cell proteome, proteins of the lysate were precipitated and processed as described below. To purify the
phagolysosomal fraction the Iysate was loaded onto a QuadroMACS separator (Miltenyi).
Phagolysosomes with magnetically labeled conidia were retained on the stand by magnetic force and
proteins were directly eluted from the column with 98 °C heated elution buffer (2 % (w/v) SDS, 100 mM
TEAB, 10 % (v/v) glycerol, 1 mM TCEP).

Processing of proteins

The eluted protein solution was reduced by evaporation in a SpeedVac at 60 °C to a volume of 100 pL.
Proteins were precipitated with methanol and chloroform as described elsewhere (25) and protein
concentrations determined using the Direct Detect Infrared Spectrometer (Merck Millipore). 100 ug of
the precipitated protein was resuspended in 100 mM TEAB buffer, proteins were reduced with 200 mM
TCEP, alkylated with 375 mM iodoacetamide and digested with 4 pg trypsin (SERVA) over night at 37 °C.
The reaction was stopped with formic acid and the sample was resuspended in acetonitrile, TFA for LC-

MS/MS analysis.
Western blot

16 and 8 pg of protein were loaded on a 4-12 % (w/v) Bis-Tris Protein Gel (NUPAGE, Thermo Fisher
Scientific) and separated by SDS-PAGE in 1x MES running buffer (Thermo Fisher Scientific). The protein
was blotted with a semi-dry blot device (Bio-Rad, Germany) onto a low fluorescent PVDF membrane (GE
Healthcare Life Sciences) using a Tris/glycine transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20 % (v/v)
methanol). The blot was incubated with specific primary antibodies as specified and horse reddish
peroxidase-coupled secondary antibodies were used for detection. The reaction mix of the Smart
Protein Layer Kit (NH DyeAGNOSTICS, Germany) was added to the sample prior to the experiment for a
fluorescent labeling of the total amount of proteins, which was used as a loading control (26).

Fluorescence and chemiluminescence were detected with the Fusion FX7 system (Vilber Lourmat,
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Germany) and signal intensities and quantifications were determined with the Bio-1D analysis software
(Vilber Lourmat) as described in the manufacturer’s instructions. Western blots were conducted for

each of the three replicates of conidia-containing phagolysosome purifications.
Experimental design and statistical rational

By using a quantitative label-free proteomics approach, we compared the subproteome of enriched
phagolysosomes containing melanized wt with non-melanized pksP mutant conidia. Three biological
replicates of wild-type and pksP conidia-containing phagolysosomes were measured each in three
analytical replicates. Analytical replicates were treated as fractions (merged together for database
searches) while biological replicates were analyzed independently of each other. Mean values and
standard deviations for biological replicates of each comparison group were -calculated.
Differentially abundant proteins were determined using a log, fold-change cut-off threshold of 1. By
the identification of regulatory modules an additional level of information was provided. A
regulatory module denotes a region in the organism-specific protein-protein interaction network,
which is significantly enriched with differentially abundant proteins. Proteins that are differentially
abundant but not within the module are disregarded since they are not well connected with other
differentially abundant proteins. Thus, confidence in the reliability of the measured fold-change is
gained by additional topological information from the protein-protein interaction network. For
evaluation of the enrichment of the phagolysosomal fraction, we further compared the
phagolysosome-enriched subcellular proteome with the whole cell proteome of macrophages,
which had ingested either wt or pksP conidia of A. fumigatus. The whole cell sample was generated

once and analyzed in three technical replicates.

LC-MS/MS analysis of protein samples

Two different methods were applied. For the sub-proteome analysis of the conidia-containing
phagolysosomal fraction an analytical method designated as method M#1 was used. For comparison of

the phagolysosomal sub-proteome with the whole cell proteome method M#2 was applied.

LC-MS/MS analysis was carried out on an Ultimate 3000 RSLC nano system coupled to a QExactive Plus
mass spectrometer (both Thermo Fisher Scientific). Peptides were enriched on a nano-trap column
(Acclaim PepMap 100, length 20 mm, diameter 75 um, particle size 3 um) at a flow rate of 5 uL/min.

Trapped peptides were separated after a valve switch on Acclaim PepMap RSLC nano columns with 150
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mm (M#1) or 500 mm (M#2) length (Thermo Fisher Scientific). The mobile phase consisted of eluent A)
0.1% (v/v) formic acid in H,0 and eluent B) 0.1% (v/v) formic acid in 90/10 ACN/H,0. We applied either

135 min (M#1) or 360 min (M#2) gradient elution using the following gradients:

M#1: 0-5 min at 4% B, 10 min at 6.5% B, 15 min at 7.5% B, 20 min at 8% B, 25 min at 8.6% B, 30 min at
9.2% B, 35 min at 9.9% B, 40 min at 10.6% B, 45 min at 11.3% B, 50 min at 12.2% B, 55 min at 13.4% B,
60 min at 14.9% B, 65 min at 17% B, 70 min at 19.1% B, 75 min at 22.4% B, 80 min at 26% B, 88 min at
32% B, 94 min at 40% B, 100 min at 52% B, 103 min at 68% B, 106-114 min at 96% B, 115-135 min at 4%
B.

M#2: 0-4 min at 4% B, 90 min at 9% B, 130 min at 12.5% B, 180 min at 17% B, 200 min at 20% B, 220 min
at 24% B, 250 min at 35% B, 260 min at 44% B, 265 min at 50% B, 270 min at 55% B, 275 min at 70% B,
280-290 min at 96% B, 291-360 min at 4% B.

Positively charged ions were generated with a stainless steel emitter at 2.2 kV spray voltage using a
Nanospray Flex lon Source (Thermo Fisher Scientific). The MS instrument was operated in Full MS / dd
MS? (TopN) mode. Precursor ions were measured in full scan mode within a mass range of either m/z
300-1600 (M#1) or m/z 300-1500 (M#2) at a resolution of 70k/140k FWHM (M#1/M#2) using a
maximum injection time of 120 ms and an AGC (automatic gain control) target of 10°. Up to 10 of the
most abundant precursor ions per scan cycle with an assigned charge state of z = 2-6 were selected for
data-dependent acquisition using an isolation width of m/z 2.0. HCD fragmentation was conducted at a
normalized collision energy of 30 V using N,. Dynamic exclusion of precursor ions was 35 s (M#1) or 40 s
(M#2). Fragment ions were monitored at a resolution of 17.5k (FWHM) using a maximum injection time
of 120 ms and an AGC target of 2x10°. The fixed first mass was set to m/z 120. The LC-MS/MS
instrument was operated by means of the Thermo/Dionex Chromeleon Xpress 6.8 software and the

Thermo QExactive Plus Tune / Xcalibur 3.0.63 software.
Protein database search and label-free quantitation

Thermo raw files were processed by the Proteome Discoverer (PD) software v1.4 (M#1) and v2.1 (M#2)
(Thermo Fisher Scientific). Tandem mass spectra were searched against databases (download date
21/09/2016) of Mus musculus (UniProt) and A. fumigatus (Aspergillus Genome Database, AspGD). It was
searched against 66,868 database entries (protein sequences) using the algorithms of Mascot v2.4.1
(Matrix Science, UK), Sequest HT (as integral part of the Thermo software suite Proteome Discoverer

1.4.0.288 (M#1) and 2.1.0.81 (M#2)) and MS Amanda (release version 1.0.0.4756). Two missed

10
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cleavages were allowed for tryptic peptides. The precursor mass tolerance was 10 ppm and the
fragment mass tolerance was 0.02 Da. Dynamic modification was oxidation of methionine. Static
modification was cysteine carbamidomethylation. Percolator node and a reverse decoy database was
used for g-value validation of the peptide spectral matches (PSMs) using a strict target false discovery
(FDR) rate of < 1%. At least 2 peptides per protein were required for positive protein hits. Label-free
quantification was performed with the precursor ions area - Top3 method included in PD. It compares
the 3 most abundant peptides of each protein by using the peak area of the respective precursor ion
(27). The mass tolerance was set to 2 ppm and the signal-to-noise ratio should be > 3. The abundance
values were normalized based on the total peptide amount. Only unique peptides were considered for
quantification. The significance threshold for differential protein regulation was set to factor > 2.0 (up-
or down-regulation). The mass spectrometry proteomics data were deposited at the ProteomeXchange
Consortium via the PRIDE (28) partner repository with the dataset identifiers PXD005724,
10.6019/PXD005724.

Identification of the regulatory module from LC-MS/MS data

Identification of the murine regulatory module was performed using ModuleDiscoverer (29) similar to
the approach described in (30). In brief, differentially abundant proteins were mapped onto the murine
protein-protein interaction network obtained from the STRING database. Identification of the regulatory
module was then performed by the extraction of network regions that are significantly enriched with
differentially abundant proteins. These sub-networks were analyzed regarding their biological function
using the GOstats package for R (31). Mapping of different protein identifiers was achieved by applying
the org.Mm.eg.db annotation package for R (32) as well as the Ensembl BioMarts resource (33) using the

biomaRt package for R (34). A detailed description is provided in the supplement.
Prediction of host-pathogen interactions

In order to predict the protein interactions of the M. musculus macrophages and A. fumigatus conidia
within the phagolysosome, the regulatory module and the detected fungal proteins were mapped to an
existing database of predicted host-pathogen interactions (HPI). The dataset HPI was calculated by using
experimental verified interactions from model organisms. These sources for interactions deliver the
backbone to predict interfacial interaction of host and pathogen (35). By using traits that characterize
the source interacting proteins, such as amino acid sequence, GO annotation, pathway membership,

expression level, or domain information, pairs of interacting proteins of host and pathogen could be set

11
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up, filtered and refined. The establishment of protein pairs, as well as the filtering was exhibited similar
to Remmele et al. (35), whereas the refinement steps involved a scoring system based on experimental
exchange of orthologs and analog prediction methods. Details about the prediction and scoring method

are given in the supplementary information.
Immunofluorescence

Conidia were stained with 0.1 mg/mL calcofluor white (CFW, Fluorescence Brightener 26, Sigma Aldrich,
Germany) for 25 min at room temperature or with 0.1 mg/mL fluorescein isothiocyanate (FITC, Sigma-
Aldrich) in 100 mM Na,CO; for 30 min at 37 °C. Cells were infected with conidia at an MOI of 2 and co-
incubated for 2 h at 37 °C with 5 % (v/v) CO,. After co-incubation, cells were fixed with 3.7 % (v/v)
formaldehyde for 10 min at room temperature. For immunofluorescence detection, cells were treated
with 0.25 % (v/v) Triton X-100 (VWR, Germany), blocked with 3 % (w/v) bovine serum albumin (Sigma-
Aldrich) and 3 % (v/v) goat serum (Santa Cruz Biotechnology) and then incubated overnight at 4 °C with
the primary antibody. Secondary antibody was added for 1 h at room temperature. All images were
acquired on a Zeiss LSM 780 confocal microscope with a Zeiss Plan-appochromat 63x/1.4 oil objective.
Three technical and two biological replicates were analyzed for each strain. Six images were taken per
technical replicate, which resulted in 36 images in total per strain. The total number of ingested conidia
per image was determined. The conidia-containing phagolysosomes with a specific fluorescence from
the target molecule, as indicated by a circular fluorescence signal around the conidium, were considered
positive for the desired marker. With the number of positive phagolysosomes and the total number of

ingested conidia the ratio of target-positive phagolysosomes was determined.

12
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RESULTS
Development of a protocol for isolation of conidia-containing phagolysosomes

To address the question, whether the manipulation of the phagosome maturation by wt conidia is
reflected in the phagolysosomal proteome, proteins were extracted from phagolysosomes containing
melanized wt and non-melanized pksP mutant conidia based on a protocol for the isolation of
Mycobacteria-containing phagolysosomes (24). Magnetic labeling of conidia enabled the isolation of the
phagolysosomal fraction after lysis of infected macrophages (Fig. 1). The concentration of NHS-biotin
linker was adjusted to the different surface properties (11) of the two types of conidia. Therefore, linker-
binding capacities of conidia of the two strains were monitored microscopically by the addition of
streptavidin-coupled Alexa-fluorophore (data not shown). Magnetic beads were bound to the conidia by
a streptavidin tag. To exclude effects of labeling on phagocytosis and intracellular processing of the
conidia, phagocytosis ratio and the ratio of acidified phagolysosomes of labeled and unlabeled wt and
pksP mutant conidia were determined. After 2 hours of co-incubation of conidia with macrophages, no
differences in phagocytosis of labeled and unlabeled conidia were detected (Fig. 2A). Furthermore,
16.8% and 20.8% of labeled and unlabeled wt conidia-containing phagolysosomes, respectively, and
68.4 % and 77.1 % of labeled and unlabeled pksP mutant conidia-containing phagolysosomes,
respectively, were acidified (Fig. 2B). Thus, the label on the conidial surface had no significant effect on

the acidification of the phagolysosome.

Wt and pksP conidia-containing phagolysosomes were isolated two hours after infection of RAW 264.7
macrophages, because at this time point acidified phagolysosomes had been formed (36). After co-
incubation of conidia and macrophages, shearing of cells provided the best method to ensure a
thorough cell lysis without affecting the integrity of the phagolysosomes. To determine the integrity and
quality of the isolated phagolysosomes, membranes were stained with the lipophilic dye DiD. The
localization of fluorescent microbeads (3000 MW Dextran beads, Thermo Fisher Scientific), which are
taken up by pinocytosis and transferred via lysosomes to the phagolysosome, was monitored
microscopically. A clear fluorescence signal of DiD and dextran beads surrounded the conidia indicating
the presence of a continuous and intact phagolysosomal membrane (Fig. 2C). The complete lysate was
loaded onto a magnetic column and washed extensively to remove contaminating cell debris. The
proteins of retained phagolysosomes were extracted on the column, and the flow-through was

collected, concentrated and processed for LC-MS/MS measurements (Fig. 1).

13
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Identification of differentially abundant proteins from LC-MS/MS data

LC-MS/MS measurement and protein identification resulted in a dual proteome set consisting of 2431
murine phagolysosomal and 65 A. fumigatus proteins (Table S1). 95 % of the proteins were detected in
both wt und pksP mutant conidia-containing phagolysosomes, suggesting that quantitative differences
predominate. To identify the differences, a label-free quantification was performed using the ‘Top
Three’ method (27) and the relative abundance of proteins in pksP mutant versus wt conidia-containing
phagolysosomes was calculated. Based on a log, fold-change cut-off threshold of 1, we identified 637
differentially abundant proteins in the phagolysosome and 22 differentially abundant proteins from A.
fumigatus. Of the 637 regulated proteins of the phagolysosome, 472 were overrepresented in the pksP
mutant conidia-containing phagolysosome and 165 in the wt conidia-containing phagolysosome. On the

fungal side, 8 proteins were found to be specific for pksP mutant conidia and 14 proteins for wt conidia.

For a quality control of the purification protocol the phagolysosomal proteome was compared to the
whole cell proteome, which was obtained by extraction of proteins directly from the lysate of
macrophages infected with wt or pksP mutant conidia. The whole cell proteome comprised 1986 murine
proteins (Table S2). 53 % of total phagolysosomal proteins and 39 % of differentially abundant proteins
in the phagolysosome were also detected in the whole cell proteome. Thus, a proportion of 47 % of total
phagolysosomal proteins and 61 % of differentially produced proteins was only found in the purified
sample, indicating, that the purification protocol of phagolysosomes allowed for enrichment of these
organelles. This assumption was further substantiated because proteins assigned to the gene ontology
(GO) ‘lysosome’ (count = 69, p-value = 5.3x10°) and ‘lysosomal membrane’ (count = 63, p-value =
3,2x10™°) showed a strong enrichment in the phagolysosomal fraction compared to the whole cell
proteome (count = 41, p-value 0.06 and count = 40, p-value = 1.8x10™). Further, the p-value for the GO-
term ‘cytosol’ is larger in the phagolysosomal fraction (8.5x10%, count = 362) compared to the p-value
in the whole cell sample (p-value = 4.2x10™, count = 359) indicating that the phagolysosomal fraction
contains less signal from the cytosol compared to the whole cell samples. Based on this evaluation, the

purification protocol clearly accomplished a concentration of the phagolysosomal fraction.
Regulatory module implies interaction of regulated proteins

To deduce regulated processes from the dataset of differentially abundant proteins, we used a
bioinformatics approach that identified regulatory modules within the protein-protein interaction (PPI)

network provided by the STRING database (37). This analysis was based on the projection of
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experimentally identified differentially abundant proteins. As a result, a host regulatory module was
defined that contained the regulated proteins but also non-regulated and non-detected proteins
depicted as knots and their connections visualized as edges. Within the network, submodules represent
groups of proteins with a higher connectivity based on STRING that are functionally or structurally

related.

The assembled host regulatory module is composed of 302 proteins connected by 3448 edges. 178 of
the 302 proteins were detected by LC-MS/MS. 109 of these 178 proteins were identified as differentially
abundant. 79 proteins were enriched in the pksP mutant and 30 in the wt conidia-containing
phagolysosome. In the host regulatory module 17 submodules were classified. 14 of these submodules
comprising five or more proteins were considered for further discussion and used in enrichment analysis
of GO and KEGG pathway terms (Table S3). The submodules representing vATPase-dependent vacuolar
acidification, signaling, endocytosis and vesicle transport, immune response, generation of ROS via
NADPH oxidase and electron transport chain were the focus for further validation experiments and
discussion (Fig. 3). In detail, these submodules include proteins with annotated functions in MAPK
signaling pathway, actin polymerization, SNARE-mediated membrane trafficking and Rab GTPase-

regulated vesicle fusion, hydrolytic activities and NADPH oxidase-dependent ROS production.

To verify the data obtained by LC-MS/MS analysis, label-free quantification and the regulatory module
analysis, the abundances of several representative proteins were quantified by western blot analyses or
immunofluorescence (Fig. 4). First, to exclude that magnetic labeling interferes with recruitment of
phagolysosomal proteins the localization of cathepsin D was monitored by immunofluorescence. Both,
labeled and unlabeled wt conidia reduced recruitment of cathepsin D to the phagolysosomal
membrane, whereas pksP conidia-containing phagolysosomes showed a typical pattern of cathepsin D
recruitment, independent of magnetic labeling (Fig. 4A). Representative proteins included proteins
enriched in pksP conidia-containing phagolysosomes: Cathepsin Z, a lysosomal protease, which was 2-
fold higher abundant; Lamp1l, a phagolysosomal marker protein represented in the ‘endocytosis’ module
with a 3.8-fold higher abundance; Nduf9, a component of the NADH dehydrogenase complex
represented in the module ‘electron transport chain’ with 5.9-fold higher abundance. The higher
abundance of selected proteins in pksP conidia-containing phagolysosomes was confirmed by western
blot analysis (Fig. 4B). Because we found LAMTOR, a regulator of the mTOR signaling pathway, enriched
in pksP conidia-containing phagolysosomes, and, secondly, the regulatory module indicated a regulation

of carboxylic acid metabolism and cellular respiration, we analyzed the abundance of the kinase mTOR.
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Both aforementioned processes are potentially controlled by mTOR. Although not detected by LC-
MS/MS, we could confirm a differential regulation of mTOR in conidia-containing phagolysosomes by
western blot (Fig. 4B). The vesicle trafficking protein 8 (Vamp8), which was assigned to the ‘vesicle
trafficking’ module and which was 2.8-fold enriched in pksP conidia-containing phagolysosomes, was
analyzed for its localization by immunofluorescence. A differential recruitment was clearly confirmed

(Fig. 4C).
Fungal proteins in the phagolysosome

The host regulatory module provided information about processes that are regulated in the macrophage
upon phagocytosis of A. fumigatus conidia. The dual proteome analysis allowed us to investigate
differentially abundant fungal proteins as potential effectors interfering with the host endocytic
pathway. It is likely that fungal proteins in the phagolysosome are either actively secreted or released
from the fungal cell surface. However, it needs to be considered that the two strains face different
conditions: While pksP mutant conidia are exposed to an acidic environment and tackled by
phagolysosomal degrading enzymes 2 h after phagocytosis, the wt conidia reside in more favorable
conditions in a phagolysosome with neutral pH. Accordingly, the fungal proteome enriched from pksP
mutant conidia-containing phagolysosomes was composed of proteins induced upon oxidative stress or
upon encounter with immune cells, e.g., a GTPase regulating vesicular transport, an RNA helicase,

alcohol dehydrogenases and a transaldolase of the pentose phosphate pathway (Table S4).

Proteins enriched in wt conidia-containing phagolysosomes included a catalase, drug response and
mitochondrial unfolded protein response elements and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Further proteins were histone H2A1, a component of ribosome biogenesis, transcription and
MRNA processing, the signaling protein 14-3-3 and a high abundant conidial protein with unknown

function that was found by Asif et al. (38) to be present on conidia (Table S5).
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DISCUSSION

Here, we set out to characterize the phagolysosomal proteome and to identify phagolysosomal proteins
and processes that are altered after phagocytosis of melanized A. fumigatus conidia to allow their
survival inside the macrophage. The phagolysosome is the place of the direct interaction between
conidia and the host, hence, it can be expected that modifications in its protein composition influence
its fungicidal activity. On the level of the whole cell, changes in abundance of proteins in specific
organelles like the phagolysosome might be masked e.g. by highly abundant cytosolic proteins.
Therefore, we analyzed the proteomes of both whole macrophage cells and phagolysosomes. Because
previously we showed that DHN melanin of the conidia interferes with the maturation of
phagolysosomes (14) we compared the phagolysosomal proteomes of macrophages, which were
infected either with wt or non-pigmented pksP mutant conidia of A. fumigatus. For this purpose, we
developed a method to purify conidia-containing phagolysosomes and analyzed their proteomes. By
bioinformatical analyses of differentially regulated phagolysosomal proteins we compiled a regulatory
module that represents the regulated proteins. By combining the different methods, we deduced a
model in which wt conidia modulate endosomal trafficking and fusion processes, intracellular signaling
and metabolic pathways to prevent acidification of the phagolysosome, delivery of degradative
enzymes, induction of autophagy, apoptosis and pro-inflammatory immune response to survive within

the phagolysosome.

Our analysis required the isolation of conidia-containing phagolysosomes. A common protocol to isolate
phagolysosomes makes use of the sedimentation properties of the ingested latex beads and was first
described by Wetzel et al. (39). However, due to the sedimentation properties of conidia-containing
phagolysosomes their separation on a sucrose gradient is difficult. Alternatively, Steinhduser et al.
described the purification of Mycobacterium tuberculosis bacteria-containing phagolysosomes based on
magnetic separation (24). The cell lysis was optimized such that the cytoplasmic membrane was
disrupted and at the same time the integrity of the phagolysosomal membrane was maintained. A
strategy of magnetic separation, protein extraction and concentration was developed to yield the

conidia-containing phagolysosomal proteome that could be measured by LC-MS/MS.

The outer phagolysosomal membrane is surrounded by a mesh of sticky actin fibers that trap organelles
in its proximity during the isolation procedure (40). The occurrence of proteins typically present in non-
phagosomal cell compartments such as the nucleus, ribosomes or mitochondria has been reported

earlier (15). Their frequency was especially high in cells with a high autophagocytic activity. This can be
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explained by the dynamic interaction and exchange between those two organelles (21, 41). Additionally,
mitochondria have been implicated in a broad number of cellular functions, including TLR-dependent
ROS production in response to intracellular pathogens (42) and induction of apoptosis via intrinsic and

extrinsic pathways (43).

The comparison of the protein abundances in the wt and pksP mutant conidia-containing
phagolysosomes is a challenging endeavor, because of the complexity of the experimental set-up and
high variations of the biological replicates. The results of studies on the phagolysosomal proteome vary
depending on different factors: (i) the usage of cell lines or primary cells (23), (ii) the ingested particles
e.g. latex beads, apoptotic cells, pathogen-associated structures or pathogens (16-18, 22), (iii) the age of
the phagolysosome (15, 17), (iv) the analyzed fraction e.g. entire phagolysosome or membrane domains
(detergent-resistant or detergent-soluble membranes) (15) and (v) the activation status of the cells, i.e.

stimulation with cytokines prior to the infection (19).

With the help of a label-free quantification, around 30 % of the identified proteins were classified as
significantly regulated. The differential regulation of cathepsin Z, Lampl and NADH dehydrogenase was
verified by western blotting and the differential recruitment of Vamp8 was confirmed by
immunofluorescence. Interestingly, the regulation of mTOR, which was not detected by the LC-MS
measurement, but was predicted from the interaction network, was found to be differentially regulated
by western blot analysis and thus confirmed the bioinformatics approach. The putative low abundance
of mTOR might explain why this protein was only detected by sensitive western blotting but not by LC-
MS/MS. The comprehensive LC-MS/MS analysis was based on a bottom-up data-dependent shotgun
approach, i.e., not only the general detection sensitivity of the tryptic peptides of a certain protein is
decisive. Much more important for highly complex peptide samples is the dynamic range of the analysis.
i.e., relative abundance of the tryptic peptides of mTOR in relation to all other peptides, since the 10
most abundant precursor ions per data-dependent scan cycle are selected for fragmentation. Since
murine mTOR is a large protein of about 289 kDa, which implicates numerous potentially detectable
peptides, it can be assumed that mTOR is of relative low abundance. At least the abundance of mTOR is
lower than for all proteins identified in our study.

Taken together, the bioinformatics compilation of the differentially abundant proteins into the
regulatory module allowed for an identification of processes that are modified in the phagolysosome

after ingestion of either wt or pksP conidia.

VATPase-dependent acidification
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Acidification of the phagolysosome is prerequisite for the degradation of phagocytosed material and is
driven by the vATPase, the vacuolar ATP-dependent proton pump (44). Activity of the enzyme complex
is regulated via assembly and disassembly of the membrane bound V4 and cytosolic V,; domain (45). In a
previous study, we showed that activity of the vATPase mainly drives the acidification of
phagolysosomes containing pksP conidia (14). Here, the proteomic data confirmed the increased

abundance of V; subunits in pksP conidia-containing phagolysosomes.
Lysosome-endosomal trafficking

The endocytic trafficking and transport system is also modulated in the wt conidia-containing
phagolysosome. We detected several proteins of the SNARE, SNAP and syntaxin family, which mediate
intracellular trafficking, docking and fusion processes (46). They were mainly down-regulated in
macrophages infected with wt conidia. Also, the small GTPase Rab5 and early endosomal antigen 1
(EEA1) were regulated. Rab5 and its effector EEA1 mediate homotypic fusion of the early phagosome
with early endosomes and are regarded as markers for an early stage of phagolysosomal maturation (47,
48). Rab5 had a lower abundance in wt conidia-containing phagolysosomes, whereas EEA1 was more
abundant. Likewise, EH domain-containing proteins, which control endocytic fusion and co-localize with
Rab5 and EEA1 were less abundant in wt conidia-containing phagolysosomes. This implies that wt
conidia-containing phagosomes are less fusogenic and arrest the maturation of the phagolysosome at an
early stage. This finding is in line with earlier observations when we determined the fusion of A.
fumigatus conidia-containing phagosomes with lysosomes by measuring the localization of the
phagolysosomal markers cathepsin D and Lamp1 (13). The reduced acquisitions of those markers by wt
conidia-containing phagosomes prompted us to speculate that A. fumigatus wt conidia interfere with
the endocytic pathway by preventing fusions of the phagosome with lysosomes. However, when we
analyzed the fusion rate of dextran beads-containing lysosomes with phagosomes (14), only a slight
delay in the delivery of the beads to wt conidia-containing phagosomes was observed. Thus, it is
conceivable that A. fumigatus conidia do not generally block endocytic fusions, but rather selectively
interfere with the delivery of proteins and enzymes required for the maturation of the phagolysosome
into a biocidal compartment. An interference with endosomal trafficking and fusions by targeting small
Rab GTPases has been reported for many pathogens such as Candida albicans, Mycobacterium
tuberculosis, Coxiella burnetii, Helicobacter pylori, Salmonella enterica, Chlamydia species and others

(reviewed in (49)).

Generation of energy
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Components of the oxidative phosphorylation (OXPHOS) system, i.e., protein complexes of the
mitochondrial electron transport chain, are enriched in the pksP conidia-containing phagolysosomal
sample. The occurrence of those components, although they are of non-phagolysosomal origin, might
represent a specific effect of mitochondrial involvement in phagolysosomal processes. We found
subunits of all four complexes of the electron transport chain as well as 3-ketoacyl-CoA thiolase and
acyl-CoA dehydrogenase of the fatty acid B-oxidation enriched in the pksP mutant conidia-containing
phagolysosome, indicating that wt conidia influence the host cell energy metabolism. In line with this
assumption, we found mTOR, a regulator of cellular metabolism (50), enriched in phagolysosomes of
macrophages that were challenged with pksP conidia. Furthermore, mitochondrial ROS, which are
generated by the electron transport chain, were described to contribute to the killing of intracellular

pathogens (42, 51).
Intracellular signaling

The proteomic data indicate a reduced presence of components of the Akt-mTOR pathway in the wt
conidia-containing phagolysosomal proteome. This signaling axis plays a major role in inducing
autophagy under starvation conditions to recycle nutrients from the phagosome. By targeting the
autophagy-activating pathways ingested wt conidia interfere with the generation of the biocidal
autophagosome (52). In line with this hypothesis, we found components of the autophagy machinery
such as Vamp8, Snap29 and Vtilb of the autophagosomal SNARE complex (53) and Rubicon (Run domain
Beclin-1-interacting and cysteine-rich domain-containing protein) (54) in the regulated modules
confirming a role of this specific intracellular degradation process in the clearance of A. fumigatus
conidia. Rubicon has recently been identified as the central switch from autophagy to Microtubule-
Associated Protein 1 Light Chain 3 (LC3)-associated phagocytosis (LAP), an Atg5-dependent autophagy
mechanism, where the LC3BI protein binds phosphatidylethanolamine (PE) to form the active, lipidated
LC3BII protein that binds to phagolysosomes (55, 56). Rubicon recruits the NADPH oxidase (NOX) and
activates its ROS producing activity, which in turn is required for LC3B lipidation (54). In line, Chamilos et
al. (52, 57) demonstrated that DHN melanin of A. fumigatus conidia blocks LAP activation in

macrophages.

Previous work of our lab showed that wt conidia of A. fumigatus block apoptosis of macrophages by
hijacking the PI3K/Akt signaling pathway (58). The sustained activation of Akt promotes cell survival and
inhibits induction of the apoptosis process and likely depicts a strategy of the pathogen to hide inside

the macrophage and evade further immune responses (58, 59). Among the differential abundant
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proteins were elements of the apoptosis or cell survival regulation pathways: MAPK, AKT, mTOR and Rac
signaling pathway, the ubiquitin-proteasome system, members of the 14-3-3 family proteins,
prostaglandin E synthase among others. Pro-apoptotic proteins such as Bak1 (60), Aifm2 and Praf2 were
higher abundant in pksP mutant conidia-containing phagolysosomes, whereas the anti-apoptotic

regulator Bcl2-like 13 protein was enriched in wt conidia-containing phagolysosomes.
Degradation and antigen processing capacity

Different studies demonstrated the requirement for ROS for an efficient fungal clearance (61, 62). ROS
are generated by the NOX complex which consists of five subunits. Our data suggest impaired NOX
assembly and, thus, reduced production of ROS after ingestion of wt conidia, because one of the five
NOX subunits, p47°"* (Ncfl) was less abundant in wt conidia-containing phagolysosomes. Also, up-
stream elements of the Rac GTP-binding protein family, which regulate NOX assembly, such as guanine
nucleotide exchange factors (GEFs) ArhGEFs and Rac GTPase activating protein (RacGAP1) showed low
levels in the wt sample. Langfelder et al. showed a ten-fold increase in ROS production of PMNs that
were challenged with A. fumigatus pksP mutant conidia compared to wt conidia (12). Jahn et al.
demonstrated that this increase can be attributed at least in part to the fact that pksP mutant conidia
lack ROS quenching by DHN melanin (63). Besides its fungicidal activity, signaling function was also
ascribed to ROS in mediating the induction of the autophagy machinery (64) and pro-apoptotic signaling
(58, 65). Consistently, Volling et al. hypothesized that DHN melanin inhibits apoptosis by quenching ROS
(58, 63).

Cathepsins, lysosomal peptidases and enzymes to degrade glycans and glycolipids were enriched in the
proteome of pksP mutant conidia-containing phagolysosomes indicating a reduced degradation capacity
of wt conidia-containing phagolysosomes. In line with this finding is the reduced antigen processing and
presentation machinery of those phagolysosomes. For example, phagolysosomes containing wt conidia
had lower levels of the macrophage activation marker CD68 or macrophage colony-stimulating factor

receptor 1 (CSFR1).

The interference of A. fumigatus with the described intracellular processes of macrophages is
conceivably due to an interaction of fungal proteins with host proteins. We performed an initial
bioinformatics analysis to predict potential interaction candidates on the basis of already described
host-pathogen protein interactions. This analysis suggests fungal heat shock proteins Hsp70 and 90, the

translation elongation factor Tefl and a 14-3-3 protein ArtA to interact with a range of host proteins
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involved in processes such as vATPase activity, endocytic trafficking and signaling (Fig. S1). Experiments
evaluating the prediction of these interactions, e.g. on a biochemical level or using immune cells with a
knock down of the genes of interest, are required to identify the role of protein-protein interactions for

the immune modulation by A. fumigatus.

Altogether, this study provides a detailed map of proteins and a comprehensive overview of
macrophage intracellular processes that are regulated upon ingestion of A. fumigatus conidia. It delivers
a protocol to obtain conidia-containing phagolysosomes, a bioinformatics method for integrating
guantitative LC-MS/MS data into the context of the entire protein-protein interaction network to
identify significantly regulated processes and confirms previous findings about the A. fumigatus immune
evasion strategy, i.e., inhibition of vATPase-dependent phagolysosomal acidification and the prevention
of apoptosis induction. Intriguingly, our data suggest an interference of wt conidia with endocytic vesicle
trafficking, MAPK and mTOR signaling, ROS production via NADPH oxidase, and degradative functions of
the phagolysosome. Further, the reprogramming of energy metabolism and activation of macrophage
immune responses, has not been reported before. These findings lay the basis for mechanistic studies

that will help to unravel the complexity of immune evasion strategies of A. fumigatus.
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Figures

Figure 1: Flowchart for the purification of conidia-containing phagolysosomes, proteome detection
and data analysis. The procedure starts with magnetic labeling of conidia that are then incubated with

macrophages for 2 h. The cell lysate is loaded onto a magnetic column to separate the magnetic fraction
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from the cell debris. The protein is extracted on-column, then precipitated and concentrated for LC-
MS/MS measurement. After label-free quantification the data was analyzed to identify regulated

proteins and modules.

Figure 2: Effect of magnetic labeling on characteristics of conidia. Magnetic labeling of conidia has no
effect on phagocytosis and acidification of phagolysosomes (PLs). A) The phagocytosis ratio was
determined after 2 h co-incubation of macrophages with magnetically labeled or unlabeled conidia of
the wt and the pksP mutant. B) The ratio of acidified phagolysosomes was determined 2 h post-infection
of macrophages with conidia. C) Integrity of the phagolysosomal membrane is not impaired by isolation
of conidia-containing phagolysosomes. Cells were loaded overnight with fluorescent dextran beads.
Conidia were labeled with CFW and added to the cells for 2 h. Cell lysis was performed by shearing the
cell suspension and the lysate stained with DiD, specific for eukaryotic cell membranes. Images show a

triple staining of particles with dextran, DiD and CFW indicating an intact phagolysosomal compartment.

Figure 3: Host regulatory module. A total of 302 proteins are connected by 3448 edges in the displayed
module. 178 proteins were detected in the LC-MS/MS analysis and 109 classified as differentially
regulated. The graph displays regions of the protein-protein interactome that are significantly enriched
and shown here to be differently regulated. The color scale from blue to yellow represents the log, fold
change of protein abundances, proteins in grey were not detected by mass spectrometry, but complete
the respective submodule due to their close connectivity to the neighboring partner. The edge size is

indicative of the confidence score of the interaction.

Figure 4: Recruitment of proteins to the phagolysosomal membrane. A) The effect of magnetic labeling
on recruitment of cathepsin D to the phagolysosomal membrane 2 h post infection was determined by
immunofluorescence. Columns represent mean values of the proportion of cathepsin D-positive
phagolysosomes (PLs) +/- SDs. B) Western blot analyses were performed to determine abundances of
selected proteins in the phagolysosomal fraction. 16 or 8 ug of protein extract from purified wt or pksP
mutant conidia-containing phagolysosomes were separated by SDS-PAGE. Antibodies against selected
candidate proteins from the proteome data were applied. Due to the lack of suitable house-keeping
proteins the samples were mixed with the Smart Protein Layer kit that enabled a normalization of the
bands to the total loaded protein. C) wt conidia-containing phagolysosomes fail to recruit Vamp8.
Images are representative of Vamp8 immunofluorescence staining of macrophages 2 h post infection

with wt or pksP mutant conidia at an MOI = 2. Scale bars refer to 10 um and arrows indicate Vamp8-
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positive phagolysosomes. Columns represent the mean values of the proportion of Vamp8-positive

phagolysosomes +/- SDs.
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Supplementary information and figures
Generation of the macrophage regulatory module

ModuleDiscoverer (1) was used for the identification of the regulatory module. The algorithm employs a
heuristic approach for the identification of the community structure (groups of densely connected
proteins) underlying the protein-protein interaction (PPl) network. In this study, a protein community
was defined as maximal clique, i.e. a group of proteins (i) where each protein is connected by an edge
and (ii) no protein exists in the PPl network that enlarges the clique. The identified maximal cliques were
tested for their significant enrichment with differentially expressed proteins derived from LC-MS/MS
high-throughput experiments. For this enrichment test a permutation-based p-value calculation was
employed. All significantly enriched maximal cliques were filtered based on a user defined p-value cutoff.
Finally, each of the significantly enriched maximal cliques that overlap in at least one protein could be
unified into a new, extended sub-graph. Thus, the union of all significantly enriched maximal cliques
forms the regulatory module that represents the molecular alterations underlying the respective

phenotype.

For the murine regulatory module, the PPl network provided by the STRING-database (version 10) (2)
was downloaded. Relations between proteins with a score above 0.7 were filtered retaining a high-
confidence PPl network composed of 15,787 proteins connected by 459,809 edges. Processing of the
high-confidence PPl network using ModuleDiscoverer with 2,000,002 iterations resulted in a total of
82,413 unique maximal cliques. All of the identified 82,413 protein communities were tested for their
enrichment with any of the 636 differentially expressed proteins. P-values for each clique were obtained
by permutation-based p-value calculation (3) based on 10,000 protein sets containing 636 proteins
randomly sampled from all 2,431 proteins identified in the LC-MS/MS analysis (the statistical
background). UniProt-IDs of the differentially expressed proteins, the sets of random proteins and the
statistical background were translated into Ensembl Protein-IDs using the org.Mm.eg.database (4)
package and Ensembl BioMart (version 86) (5). Based on this data 15,614 maximal cliques were
identified with (i) at least one differentially expressed protein and (ii) at least half of the proteins present
in the statistical background. Based on a p-value cutoff of 0.01 241 maximal cliques significantly enriched
with differentially expressed proteins were identified. These 241 significantly enriched cliques were then
merged based on their overlapping proteins. Stability of the regulatory module was tested using 100
bootstrap-samples (model-free re-sampling with replacement) of the clique database. Pairwise
comparison of the sampled regulatory modules showed that the average similarity in terms of the graph

edit distance for nodes and edges separately is above 95%.



Prediction of host-pathogen interaction

In favor of inferring the host—pathogen interaction (HPI) network, the template intraspecies interaction
data of Mus musculus, Arabidopsis thaliana, Saccharomyces cerevisiae, Drosophila melanogaster,
Caenorhabditis elegans, Candida albicans, Rattus norvegicus, Danio rerio and Homo sapiens were
downloaded from IntAct (6) and BioGRID (7) databases. In addition, the interologs that display the
backbone interactions for the HPI network were calculated based on the template networks (8). The
orthologs were determined according to Inparanoid8 (9). Besides browsing the databases containing all
protein-protein interactions with experimental evidence, traits were determined to characterize those
interactions, such GO association, domain interaction, sequence length, pathway membership, or amino
acid sequence. In turn, these traits were used to predict and classify protein interaction in the host

pathogen interface.

The Gene Ontology (GO) slim annotations, a subset of the GO dataset (10) were used to filter genes that
are relevant for the HPI, as well as to generate a GO correlation network within the interactome
considering the GO areas cellular compartment, biological process and molecular function. The GO slim
annotations for A. fumigatus proteins were retrieved from the Aspergillus Genome Database (11) and for
the murine host from Ensembl 76 (12). The phenotype data of A. fumigatus was retrieved from the
AspGD (11). The information about interacting domains was downloaded from DOMINE database (13).
Only the high scoring domain interactions were used. The local similarity scoring of protein interactions
presented in the HPIDB (14) were used to add similarities of interologs to the HPIDB interactions. The
Tmhmm annotation and the sequence data were retrieved from Uniprot (15). For each gene the longest

protein sequence was utilized.

The interaction score was taken from IntAct database. The Biogrid score was normalized by its median
and its quantils in order to make it comparable to the IntAct scoring. A global and a local score of amino
acid sequences were calculated. The local score was generated by Blast version 2.2.26, whereas the
global score was generated by the Needleman-Wunsch algorithm (16). Further, the number of source
interactions of each predicted interolog contributed to the overall source interaction score. A sequence
length score was generated by using median and quantils of sequence length and the pathway score
depends on the number of shared pathways and is also normalized by the median. Similarly, the GO
score depends on the number of shared GO terms and is also normalized by the median. Additionally,
the phagolysosome score, the domain score, the TMHMM score, the seed ortholog score and the HPIDB

score are binary scores and are stated for each protein. The orthology score calculates the strength of



orthology transfer. For both interaction partners it is calculated independently. In consequence, there
exists orthology scorel and orthology score2. The different scorings that contribute to the orthology
score are weighted. The final predicted interaction score is a composition of the source interaction

(intactscore) score, the orthology scores and the scores of the traits. All scores vary between 0 and 1.

orthology_score2

=(1-

(1- percentidentity2) *

(1-0.2 * bootstrap_as_seed2 /100 ) *
(1-0.1*(seq_length_score_int2 * seq_length_score_orth2) ) *
(1-0.5* pathway_score _orth2 ) *

(1-0.3*go _score_orth2)

)

The overall orthology score is calculated as follows:

orthology_score = orthology_scorel * orthology_score2

The predicted interaction score uses the source interactions score, the orthology score and further
feature scores that contribute to the characterization of interacting partners.
predicted_interaction_score

=(1-

(1-intactscore * orthology_score) *

(1-0.1* (seq_length_score_orthl * seq_length_score_orth2) ) *
(1-0.5* pathway_score_int) *

(1-0.4*go _score_int)*

(1-0.2* (domainl * domain2) ) *

(1-0.3*(basemean_scorel * basemean_score2) ) *

(1-0.3* (hpidbl * hpidb2))

)

The characterization of the intersection of proteins of murine host and fungal pathogen allows for

evaluating the relevance of interaction in pathogenesis. For this purpose, features that aid to figure out



the HPI relevance had to be evaluated and weighted manually. The HPI score gives evidence about the
propensity of an interaction to occur in the host pathogen interaction and to be relevant for

pathogenesis.

hpi_score

=(1-

(1-0.4*(0.5* phenotype_scorel + 0.5 * phenotype_score2 ) ) *
-0. phagol * phago
(1-0.4 * (phagol * phago2)) *
-0. . _scorel +0. _score
(1-04*(05*cCC 1+0.5*CC 2))*
(1-0.3*(0.5*BP_scorel +0.5* BP_score2)) *
(1-0.3*(0.5* degtimepointsl + 0.5 * degtimepoints2 ) ) *
(1-0.3*(0.5*tmhmm1+0.5*tmhmm2)) *
(1-0.3*(0.5* hpidbl + 0.5 * hpidb2))
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Figure S1: Host-pathogen protein interaction network. The cross-species network provides hypothesis
of protein-protein interactions that potentially influence the phagosomal maturation process and
activation of macrophages. Interactions of the host regulatory module (Fig. 3, Table S1) and fungal
proteins were predicted using an interaction prediction protocol. 85 proteins are interconnected via 119
predicted interactions in the network. Fungal Hsp90, Hsp70, Tefl and ArtA are encircled because of their
high interactivity with processes of the regulatory module. The color scale from blue to yellow represents
the log, fold change of abundance of proteins. Circles indicate murine phagolysosomal proteins and
squares A. fumigatus proteins. Edge size represents the interaction score.
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Table S3: List of macrophage regulatory module proteins. 1Iogz-fold change of protein quantities in pksP mutant versus wild-type conidia-containing phagolysosomes. Log, > 1, enriched on pksP
mutant and < -1 on wild-type conidia-containing phagolysosomes; ‘-‘ not detected in LC-MS/MS; most enriched GO or KEGG pathway terms of the module BP — biological process; CC — cellular

compartment, MF — molecular function.

A%ZEZE%TN GENE NAME DESCRIPTION log,FC* GO TERMS?
Submodule 1: Electron transport chain

P56391 Cox6b1 cytochrome c oxidase, subunit VIb polypeptide 1 1.82 oxidation-reduction process (BP)
A2RSV8 Cox4il cytochrome c oxidase subunit IV isoform 1 0.33 electron transport chain (BP)
Q9oCxV1 Sdhd succinate dehydrogenase complex, subunit D, integral membrane protein - respiratory electron transport chain (BP)
Q7JCZ3 mt-Cytb mitochondrially encoded cytochrome b -
P99028 Ugcrh ubiquinol-cytochrome c reductase hinge protein - NADH dehydrogenase activity (MF)
Q9CQ68 1700029P11Rik  RIKEN cDNA 1700029P11 gene - oxidoreductase activity (MF)
Q5NCI9 Uqcrl0 ubiquinol-cytochrome c reductase, complex Il subunit X - electron carrier activity (MF)
Q9CR68 Ugcrfsl ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 0.83
Q9oDB77 Ugcre2 ubiquinol cytochrome c reductase core protein 2 0.35 mitochondrial membrane (CC)
Q9Cz13 Uqgcrcl ubiquinol-cytochrome c reductase core protein 1 0.23
Q9oDOM3 Cycl cytochrome c-1 0.08  oxidative phosphorylation (KEGG)
Q9CQB4 Ugcrb ubiquinol-cytochrome c reductase binding protein -
P48771 Cox7a2 cytochrome c oxidase subunit Vlla 2 -
Q9CPX8 Ugcrll ubiquinol-cytochrome c reductase, complex Il subunit XI -
Q3UD06 AtpScl ,F’-)\l':;;\ér;?jzel, H+ transporting, mitochondrial F1 complex, gamma 027
Q9CZBO Sdhc succinate dehydrogenase complex, subunit C, integral membrane protein 1.73
G3X9L6 Gm10250 predicted pseudogene 10250 1.51
QoD881 Gm11273 predicted gene 11273 -
P12787 Cox5a cytochrome c oxidase subunit Va 1.47
Q78IK2 Usmg5 upregulated during skeletal muscle growth 5 1.33
Q9CPQ8 Atp5lI ATP synthase, H+ transporting, mitochondrial FO complex, subunit G -0.24

Q99LY9 Ndufs5 NADH dehydrogenase (ubiquinone) Fe-S protein 5 1.12



A%ZEZE%TN GENE NAME DESCRIPTION log,FC* GO TERMS?
Q9DB20 Atp50 ATP synthase, H* transporting, mitochondrial F1 complex, O subunit 0.61
J3QNM7 Gmb5426 predicted pseudogene 5426 -
P56135 Atp5j2 ATP synthase, H' transporting, mitochondrial FO complex, subunit F2 -
P17665 Cox7c cytochrome c oxidase subunit Vlic -2.09
F7C106 Cox5b cytochrome c oxidase subunit Vb -
Q9CQ69 Ugcrg ubiquinol-cytochrome c reductase, complex Il subunit VII 0.83
Q06185 Atp5k ATP synthase, H* transporting, mitochondrial F1FO complex, subunit E 0.21
Q9DCWS5 Cox6al cytochrome c oxidase subunit Vla polypeptide 1 -
Q9DCX2 Atp5h ATP synthase, H" transporting, mitochondrial FO complex, subunit D -
P97450 Atp5j ATP synthase, H' transporting, mitochondrial FO complex, subunit F -
Q545F5 Atp5e ATP synthase, H* transporting, mitochondrial F1 complex, epsilon subunit -0.03
QocprQl Cox6c¢ cytochrome c oxidase subunit Vic 0.49
Q4FK74 Atp5d ATP synthase, H* transporting, mitochondrial F1 complex, delta subunit 0.29
J3QPT4 Gm4076 predicted gene 4076 -

AOAOR4J275 Ndufal2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 12 0.85
Q5978 Ndufaf2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 2 0.04
Q9D6J6 Ndufv2 NADH dehydrogenase (ubiquinone) flavoprotein 2 1.10
Q9CQH3 Ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 1.39
Q9CPU2 Ndufb2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 -
009111 Ndufb11 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 -
Q9ERS2 Ndufal3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 1.34
A2AP31 Ndufb6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 -

AOAOR3P9C8 Ndufa9 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 1.12
Q7iCY4 mt-Nd6 mitochondrially encoded NADH dehydrogenase 6 -
Q9MD82 mt-Nd5 mitochondrially encoded NADH dehydrogenase 5 -1.07
Q7GIP5 mt-Nd3 mitochondrially encoded NADH dehydrogenase 3 -
Q9MD59 mt-Nd2 mitochondrially encoded NADH dehydrogenase 2 -
Q4JFN6 mt-Nd1 mitochondrially encoded NADH dehydrogenase 1 -
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Q9CQ91 Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 3.53
Q5M9P5 Ndufs8 NADH dehydrogenase (ubiquinone) Fe-S protein 8 0.61
Q9JKLA Ndufaf3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 3 0.19
Q9DCJ5 Ndufa8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 0.56
Q3U422 Ndufv3 NADH dehydrogenase (ubiquinone) flavoprotein 3 -
Q9DCS9 Ndufb10 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 0.81
Q91YTO Ndufvl NADH dehydrogenase (ubiquinone) flavoprotein 1 -0.33
Q4FZG9 Ndufa4l2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 -
Q971P6 Ndufa7 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) 0.99
QocCQy9 Ndufcl NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1 -
Q9CR61 Ndufb7 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7 2.26
Q569N0 Ndufab1l NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 -
Q9CQ54 Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0.30

AOAON4SVQ1 Ndufa4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 0.94
Q9D1H6 Ndufaf4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor4  -0.15

AOAOR4J081 Ndufafl NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 1 -2.56
Q99LC3 Ndufal0 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 0.22
Q9cQze6 Ndufb3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3 0.40
Q91VD9 Ndufs1 NADH dehydrogenase (ubiquinone) Fe-S protein 1 0.16
Q9De6J5 Ndufb8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 -
Q9CPP6 Ndufa5 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 1.17

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4,NADH
Q9cQcC7 Ndufb4 dehydrogenase (ubiquinone) 1 beta subcomplex 4,NADH dehydrogenase 0.50
(ubiquinone) 1 beta subcomplex 4
Q9cQzs5 Ndufab NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) 1.21
Q9cQJ8 Ndufb9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 2.43
E9QPX3 Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4 1.16
P52503 Ndufs6 NADH dehydrogenase (ubiquinone) Fe-S protein 6 1.12
Q9DC70 Ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7 0.36
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Q545K0 Ndufal NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 -

Q9CQ75 Ndufa2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 0.46
Q91WD5 Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2 -0.03

Q9DCT2 Ndufs3 NADH dehydrogenase (ubiquinone) Fe-S protein 3 1.54

GsE814 NI gense (ubiauinone) 1 aoha scbcamplor 1 -

Submodule 2: RNA transport

Q3UYV9 Ncbpl nuclear cap binding protein subunit 1 0.49 RNA transport (BP)

K9J7E2 Gm4301 predicted gene 4301 - RNA localization (BP)

E9Q5E2 BC005561 cDNA sequence BC005561 - nuclear export (BP)

Q8BG81 Poldip3 polymerase (DNA-directed), delta interacting protein 3 -2.09

E9Q4V5 Gm4308 predicted gene 4308 - RNA binding (MF)
Q8VDWO Ddx39 DEAD (Asp-Glu-Ala-Asp) box polypeptide 39 -0.28

Q3TIV5 Zc3h15 zinc finger CCCH-type containing 15 - transcription export complex (CC)
E9Q6R7 utrn Utrophin - THO complex (CC)

G3X914 Alyref2 Aly/REF export factor 2 -

Q9Z1N5 Ddx39b DEAD (Asp-Glu-Ala-Asp) box polypeptide 39B -0.41  spliceosome (KEGG)

Q7TMY4 Thoc7 THO complex 7 2.00 mMRNA surveillance pathway (KEGG)

AOAOR4J0J6 Thoc5 THO complex 5 -1.10

B1AZI6 Thoc2 THO complex 2 -1.56

Q5U4D9 Thoc6 THO complex 6 -1.03

Q8VES80 Thoc3 THO complex 3 -1.27

008583 Alyref Aly/REF export factor 0.06

Q8R3N6 Thocl THO complex 1 0.14

Submodule 3: Iron homeostasis

Q8R0OZ5 Slc25a28 solute carrier family 25, member 28 - iron-sulfur cluster assembly (BP)
Q9D924 Iscal iron-sulfur cluster assembly 1 - iron ion homeostasis (BP)
Q3TVv21 Fxn frataxin 4.83
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AOAOR4J069 Scly selenocysteine lyase - iron ion binding (MF)
AOAOR4JOTO Hscb HscB iron-sulfur cluster co-chaperone -
Q8K215 Lyrm4 LYR motif containing 4 7.39 mitochondrion (CC)
Q545P3 Fdx1 ferredoxin 1 1.76
Q971J3 Nfsl nitrogen fixation gene 1 (S. cerevisiae) 0.04  sulfur relay system (KEGG)
Q9D7P6 Iscu iron-sulfur cluster assembly enzyme 1.13 thiamine metabolism (KEGG)
Q9oDCB8 Isca2 iron-sulfur cluster assembly 2 -
Submodule 4: Translation
Q60737 Csnk2al casein kinase 2, alpha 1 polypeptide 2.57 basal transcription machinery binding (MF)
Q08943 Ssrpl structure specific recognition protein 1 0.45
Q5XIJES Leol Leol, Paf1/RNA polymerase Il complex component - transcription elongation factor complex (CC)
A2AQ19 Rtfl RTF1, Paf1/RNA polymerase Il complex component -
Q62018 Ctr9 CTR9 homolog, Paf1/RNA polymerase Il complex component 4.57 ribosome biogenesis in eukaryotes (KEGG)
Q8K2T8 Pafl Pafl, RNA polymerase Il complex component 3.92
Submodule 5: Stress response
Q9Z2D6 Mecp2 methyl CpG binding protein 2 2.39 ;Elg;r:\elfar;gll:Is::)or:;fetrr?g;;:rlptlon from RNA
Q3ULN2 Gtf2b general transcription factor 1IB 2.17
Q790L7 Cendl cyclin D1 4.56 regulatory region DNA binding (MF)
F8WID3 Myc myelocytomatosis oncogene -
AOAOR4J008 Hdac2 histone deacetylase 2 0.28 histone methyltransferase complex (CC)
P23798 Pcgf2 polycomb group ring finger 2 -
Q02395 Mtf2 metal response element binding transcription factor 2 - cell cycle (KEGG)
QI9CXG9 Phf19 PHD finger protein 19 -
Q9DBY5 Cbx6 chromobox 6 -
AOAOR4J1CO Ezhl enhancer of zeste 1 polycomb repressive complex 2 subunit -
Q921E6 Eed embryonic ectoderm development -1.19
Q61188 Ezh2 enhancer of zeste 2 polycomb repressive complex 2 subunit -1.94
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Q971B8 Phfl PHD finger protein 1 -

Q00899 Yyl YY1 transcription factor -1.29

Q80U70 Suzl12 suppressor of zeste 12 homolog (Drosophila) -0.27

Submodule 6: vATPase-dependent acidification
QICR84 AtpSgl ATP syr)thase, H* transporting, mitochondrial FO complex, subunit C1 i ene'rgy coupled protF)n transmembrane transport,
(subunit 9) against electrochemical gradient (BP)
P15920 Atp6v0a2 ATPase, H' transporting, lysosomal VO subunit A2 - ATP hydrolysis coupled proton transport (BP)
Q920R6 Atp6v0a4d ATPase, H' transporting, lysosomal VO subunit A4 -
hydrolase activity, acting on acid anhydrides,
Q3U861 Atp6vld ATPase, H" transporting, lysosomal V1 subunit D 1.56  catalyzing transmembrane movement of substances
(MF)
+ . . . .

Q14BC2 AtpSg3 ,(’-\S'[jli)z\r/]?:gz;\se, H™ transporting, mitochondrial FO complex, subunit C3 i transmembrane transporter activity (MF)
Q9D1K2 Atpév1f ATPase, H transporting, lysosomal V1 subunit F 1.61

Q8BVE3 Atp6vilh ATPase, H' transporting, lysosomal V1 subunit H 2.09 proton-transporting V-type ATPase complex (CC)
Q1XID4 Atp6ap2 ATPase, H" transporting, lysosomal accessory protein 2 -0.31 proton-transporting two-sector ATPase complex (CC)
Q971G4 Atp6v0al ATPase, H' transporting, lysosomal VO subunit A1 0.72

P50516 Atpé6vla ATPase, H' transporting, lysosomal V1 subunit A 1.20 phagosome (KEGG)

Q9D593 Atp6vle2 ATPase, H' transporting, lysosomal V1 subunit E2 - oxidative phosphorylation (KEGG)

Q3U889 Atp6vOb ATPase, H" transporting, lysosomal VO subunit B - lysosome (KEGG)

Q80SY3 Atp6v0d2 ATPase, H' transporting, lysosomal VO subunit D2 -

Q8BMC1 Atp6vlg3 ATPase, H transporting, lysosomal V1 subunit G3 -

A3KML5 Atp6vO0c ATPase, H' transporting, lysosomal VO subunit C -

Q971G3 Atp6vlcl ATPase, H transporting, lysosomal V1 subunit C1 1.63

QA4FK49 Ppal pyrophosphatase (inorganic) 1 0.63

P50518 Atpébvlel ATPase, H' transporting, lysosomal V1 subunit E1 3.59
Q3TWN7 Atp6apl ATPase, H' transporting, lysosomal accessory protein 1 1.51

P51863 Atp6v0d1 ATPase, H' transporting, lysosomal VO subunit D1 1.36

P62814 Atp6vib2 ATPase, H' transporting, lysosomal V1 subunit B2 1.75
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Q91YH6 Atp6vlbl ATPase, H" transporting, lysosomal V1 subunit B1 -
Submodule 7: Endocytosis

P17047 Lamp2 lysosomal-associated membrane protein 2 1.35 endocytosis (BP)

Q549D0 Cd63 CD63 antigen 3.94

Q3TM70 Ehd4 EH-domain containing 4 1.37  GTP binding (MF)

Q802z0 Ehd1 EH-domain containing 1 1.14

Q4FJQO0 Rab7 RAB7, member RAS oncogene family 0.71 endosome (CC)

Q8BL66 Eeal early endosome antigen 1 -2.74

Q3TA96 Lampl lysosomal-associated membrane protein 1 1.94  endocytosis (KEGG)

QocaD1 Rab5a RAB5A, member RAS oncogene family 1.28 phagosome (KEGG)

Submodule 8: Vesicle transport

035166 Gosr2 golgi SNAP receptor complex member 2 - vesicle-mediated transport (BP)
Q791P0 Vamp5 vesicle-associated membrane protein 5 - membrane fusion (BP)
Q80w45 Stx2 syntaxin 2 - membrane organization (BP)
P56371 Rab4a RAB4A, member RAS oncogene family -

Q8BH40 Stx7 syntaxin 7 - SNARE binding (MF)

P61264 Stxlb syntaxin 1B - SNAP receptor activity (MF)
008599 Stxbpl syntaxin binding protein 1 0.50  syntaxin binding (MF)

H6RXZ1 Sytl synaptotagmin | -

Q8R1Q0 Stx19 syntaxin 19 - SNARE complex (CC)

Q8BXT9 Sec22c SEC22 homolog C, vesicle trafficking protein - endomembrane system (CC)
B2RSR2 Sec22a SEC22 homolog A, vesicle trafficking protein - cytoplasmic vesicle (CC)
088983 Stx8 syntaxin 8 0.62
Qocawil Ykt6 YKT6 v-SNARE homolog (S. cerevisiae) 0.98  SNARE interactions in vesicular transport (KEGG)
Q9D3L3 Snap23 synaptosomal-associated protein 23 -

P46460 Nsf N-ethylmaleimide sensitive fusion protein 0.75

Q91XH6 Vtilb vesicle transport through interaction with t-SNAREs 1B -

Q3U5v8 Stx11 syntaxin 11 -
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Q9D0I4 Stx17 syntaxin 17 -
P63040 Cplx1 complexin 1 -
P70452 Stx4a syntaxin 4A (placental) 3.64
Q9EROO Stx12 syntaxin 12 1.69
P84086 Cplx2 complexin 2 -
Q497pP1 Stxla syntaxin 1A (brain) -
Q548T0 Stxbp2 syntaxin binding protein 2 -1.39
Q8K1EO Stx5a syntaxin 5A -
Q64704 Stx3 syntaxin 3 -

AOAOR4JOR1 Vamp8 vesicle-associated membrane protein 8 1.49
P70280 Vamp7 vesicle-associated membrane protein 7 0.08
Q8BSN6 Vamp4 vesicle-associated membrane protein 4 1.33
P63024 Vamp3 vesicle-associated membrane protein 3 1.06
P28663 Napb N-ethylmaleimide sensitive fusion protein attachment protein beta -
P60879 Snap25 synaptosomal-associated protein 25 -
Q9JKK1 Stx6 syntaxin 6 -
Q9ERBO Snap29 synaptosomal-associated protein 29 0.04
Q8CHR4 Vamp?2 vesicle-associated membrane protein 2 -
Q9DB05 Napa N-ethylmaleimide sensitive fusion protein attachment protein alpha 1.25

Submodule 9: Carboxylic acid metabolism
Q3UAT9 Impdh2 inosine 5'-phosphate dehydrogenase 2 1.49 organic acid metabolic process (BP)
Q3V3R1 Mthfdil methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like -0.34  carboxylic acid metabolic process (BP)
methylenetetrahydrofolate dehydrogenase (NADP+ dependent),
Q922D8 Mthfd1 methenyltetrahydrofolate cyclohydrolase, formyltetrahydrofolate -1.76
synthase

B2RQCE Cad ;?QSZ;ZZZgSaZZSphate synthetase 2, aspartate transcarbamylase, and 019 catalytic activity (MF)
Q921H8 Acaala acetyl-Coenzyme A acyltransferase 1A 1.24 ligase activity (MF)
Q8Q7zT1 Acatl acetyl-Coenzyme A acetyltransferase 1 -0.06
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Q9DBM?2 Ehhadh enoyl-Coenzyme A, hydratase/3-hydroxyacyl Coenzyme A dehydrogenase - peroxisome (CC)

Q9DBL1 Acadsb acyl-Coenzyme A dehydrogenase, short/branched chain 1.05 microbody (CC)

Q8CAY6 Acat2 acetyl-Coenzyme A acetyltransferase 2 - nucleolus (CC)

P70700 Polrib polymerase (RNA) | polypeptide B -2.00

E9QN31 Nop2 NOP2 nucleolar protein - valine, leucine and isoleucine degradation (KEGG)
Q8BHY2 Noc4l NOC4 like 1.71 propanoate metabolism (KEGG)
P35550 Fbl fibrillarin -0.33  glyoxylate and dicarboxylate metabolism (KEGG)
Q64737 Gart phosphoribosylglycinamide formyltransferase 1.04

AOAOM3HEQO Txnrd2 thioredoxin reductase 2 2.30

A2ATUO Dhtkd1 dehydrogenase E1 and transketolase domain containing 1 -

P16332 Mut methylmalonyl-Coenzyme A mutase 2.23

Q9EQ20 Aldh6al aldehyde dehydrogenase family 6, subfamily Al -1.40

Q9D115 Mcee methylmalonyl CoA epimerase -

Q3UGC8 Pcca propionyl-Coenzyme A carboxylase, alpha polypeptide 0.58
Q99MN9 Pccb propionyl Coenzyme A carboxylase, beta polypeptide 1.97

E9Q4Z2 Acacb acetyl-Coenzyme A carboxylase beta -
Q55WuU9 Acaca acetyl-Coenzyme A carboxylase alpha -

Q3vi117 Acly ATP citrate lyase -3.56

Q8BMF4 Dlat jthy:(:lr:)c:zeonaansw;d;iiigItransferase (E2 component of pyruvate 0.71

P47791 Gsr glutathione reductase 1.07

E9Q7LO0 Ogdhl oxoglutarate dehydrogenase-like -

Q8BKZ9 Pdhx pyruvate dehydrogenase complex, component X 2.29

Submodule 10: Ribosome

Q9DCI9 Mrpl32 mitochondrial ribosomal protein L32 - translation (BP)

Q9Cz83 Mrpl55 mitochondrial ribosomal protein L55 2.63 peptide biosynthetic process (BP)
Q9CY16 Mrps28 mitochondrial ribosomal protein S28 2.56

Q9D1PO Mrpl13 mitochondrial ribosomal protein L13 0.35 structural constituent of ribosome (MF)
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Q99N93 Mrpl16 mitochondrial ribosomal protein L16 0.72
Q9D8P4 Mrpl17 mitochondrial ribosomal protein L17 -0.49 ribosome (CC)
Q9CPR5 Mrpl15 mitochondrial ribosomal protein L15 1.66 ribonucleoprotein complex (CC)
Q99N91 Mrpl34 mitochondrial ribosomal protein L34 -
Q9DB15 Mrpl12 mitochondrial ribosomal protein L12 1.04
Q99N95 Mrpl3 mitochondrial ribosomal protein L3 0.95
Q9D338 Mrpl19 mitochondrial ribosomal protein L19 -0.18
Q9CQF0 Mrpl11 mitochondrial ribosomal protein L11 1.14
Q99N92 Mrpl27 mitochondrial ribosomal protein L27 3.85
Q3UKS6 Mrpl40 mitochondrial ribosomal protein L40 2.33
Q99N90 Mrpl36 mitochondrial ribosomal protein L36 -
Q8BU88 Mrpl22 mitochondrial ribosomal protein L22 1.00
Q9CQO6 Mrpl24 mitochondrial ribosomal protein L24 0.60
Q9DCUb Mrpld mitochondrial ribosomal protein L4 -
Q9D773 Mrpl2 mitochondrial ribosomal protein L2 -1.20
Submodule 11: RNA processing

P62309 Gm8186 predicted gene 8186 -6.27  mRNA splicing, via spliceosome (BP)
P62305 Snrpe small nuclear ribonucleoprotein E -1.00 nucleic acid binding (MF)
P62309 Snrpg small nuclear ribonucleoprotein polypeptide G -6.27  small nuclear ribonucleoprotein complex (CC)
P62876 Polr2l polymerase (RNA) Il (DNA directed) polypeptide L 1.68  spliceosome (KEGG)
Q497K3 Snrpf small nuclear ribonucleoprotein polypeptide F 0.54 RNA polymerase (KEGG)
Q3Ul46 Nedd8 neural precursor cell expressed, developmentally down-regulated gene 8 -

Submodule 12: NADPH oxidase-dependent ROS production
Q8CIz9 Nox1 NADPH oxidase 1 - reactive oxygen species metabolic process (BP)
Q3UPN1 Vcaml vascular cell adhesion molecule 1 - superoxide-generating NADPH oxidase activity (MF)
Q09014 Ncfl neutrophil cytosolic factor 1 1.01 NADPH oxidase complex (CC)
A2AQ92 Duox1 dual oxidase 1 - phagosome (KEGG)
P97369 Ncf4 neutrophil cytosolic factor 4 1.15
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Q4FJKO Decrl 2,4-dienoyl CoA reductase 1, mitochondrial -
070145 Ncf2 neutrophil cytosolic factor 2 -1.37
B3vQI8 Cyba cytochrome b-245, alpha polypeptide 0.41
Submodule 13: Immune response
E9QN37 Mpegl macrophage expressed gene 1 1.73 immune response (BP)
AOAOR4J1C8 Cd68 CD68 antigen 1.37 response to stimulus (BP)
AOA077S2U6 Lyz2 lysozyme 2 0.95 signaling receptor activity (MF)
P14106 Clgb complement component 1, g subcomponent, beta polypeptide - cell surface (CC)
Q3U419 Tyrobp TYRO protein tyrosine kinase binding protein -
QO0P635 Csflr colony stimulating factor 1 receptor 1.38 complement and coagulation cascades (KEGG)
Q3U9RO0 Adgrel adhesion G protein-coupled receptor E1 - cytokine-cytokine receptor interaction (KEGG)
Submodule 14: Signaling
Q9QXX3 Pla2g10 phospholipase A2, group X - intracellular signal transduction (BP)
Q01279 Egfr epidermal growth factor receptor - regulation of intracellular signal transduction (BP)
P12025 Mdk midkine -
Q4VAE6 Rhoa ras homolog family member A -0.25 phospholipase A2 activity (MF)
P97819 Pla2g6 phospholipase A2, group VI i ge;(;iei/pi)’:;zl\sﬂisyaling protein serine/threonine kinase
Q6GTW1 Pla2g5 phospholipase A2, group V - MAP kinase activity (MF)
Q8R3U1 Pla2gl6 phospholipase A2, group XVI -
Q3umMQl Pla2g4a phospholipase A2, group IVA (cytosolic, calcium-dependent) 1.37 membrane raft (CC)
Q05769 Ptgs2 prostaglandin-endoperoxide synthase 2 0.52 caveola (CC)
Q5J7N1 Kras Kirsten rat sarcoma viral oncogene homolog - microtubule cytoskeleton (CC)
Q9WVS8 Mapk7 mitogen-activated protein kinase 7 -
008911 Mapk12 mitogen-activated protein kinase 12 - chemokine signaling pathway (KEGG)
Q61526 Erbb3 erb-b2 receptor tyrosine kinase 3 - glycerophospholipid metabolism (KEGG)
Q63844 Mapk3 mitogen-activated protein kinase 3 -1.78  Toll-like receptor signaling pathway (KEGG)
Q6PB44 Ptpn23 protein tyrosine phosphatase, non-receptor type 23 -0.04



UNIPROT

ACCESSION GENE NAME DESCRIPTION log,FC’ GO TERMS?
P63085 Mapk1 mitogen-activated protein kinase 1 -1.19
Q3USI5 Grb2 growth factor receptor bound protein 2 1.35
Q5U421 Mapk14 mitogen-activated protein kinase 14 -
Submodule 15 Microtubule movement
Q9QWT9 Kifcl kinesin family member C1 -1.30  mitotic sister chromatid segregation (BP)
Q8BH30 Kpna6 karyopherin (importin) alpha 6 1.02 motor activity (MF)
E9PUAS Kifc5b kinesin family member C5B -1.30  kinesin complex (CC)
Submodule 16: tRNA metabolism
E9QB02 Mars methionine-tRNA synthetase -1.69 translational initiation (BP)
Q642K5 Gm9843 predicted gene 9843 - translation factor activity, RNA binding
Q8JZQ9 Eif3b eukaryotic translation initiation factor 3, subunit B 1.20 eukaryotic translation initiation factor 3 complex (CC)
Q3UHY8 Abcel ATP-binding cassette, sub-family E (OABP), member 1 -0.33  RNAtransport (KEGG)
Q8R1B4 Eif3c eukaryotic translation initiation factor 3, subunit C 1.06 aminoacyl-tRNA biosynthesis (KEGG)
Submodule 17: DNA replication
Q6zQJ5 Dna2 DNA replication helicase/nuclease 2 - DNA-dependent DNA replication (BP)
E9QPB3 Wdhd1 WD repeat and HMG-box DNA binding protein 1 -2.90 double-strand break repair (BP)
Q3U4x8 Ligl ligase |, DNA, ATP-dependent -1.63  DNA binding (MF)
Q3URU4 Mrella MRE11A homolog A, double strand break repair nuclease -3.46  condensed chromosome (CC)
Q08297 Rad51 RAD51 recombinase - Homologous recombination (KEGG)



Table S4: List of differentially abundant pksP mutant conidia proteins in the phagolysosome.

# #

Accession Description 2Coverage .
Peptides PSMs

Fold-change
pksP/wt

Afu4g08040 Ortholog(s) have GTP binding activity, role 10.09 2 95
in endocytosis

Afulgl12070 Ortholog(s) have glycine dehydrogenase 31.43 4 81
(decarboxylating) activity, role in glycine
catabolic process, one-carbon metabolic
process, protein lipoylation and
mitochondrion localization

Afulgl11730 Ortholog(s) have GTPase activity, role in ER 17.49 2 50
to Golgi vesicle-mediated transport, Golgi to
plasma membrane transport, cellular
response to drug, macroautophagy and
Golgi apparatus, glyoxysome localization

Afu2g13530 Putative translation elongation factor EF-2 11.68 10 46
subunit; protein abundant in conidia;
protein induced by heat shock

Afu2gl10750 Putative RNA helicase; transcript induced by 5.46 3 45
exposure to human airway epithelial cells

Afu6g11430 Putative aldehyde dehydrogenase; hypoxia 2.86 2 44
repressed protein; transcript up-regulated
in conidia exposed to neutrophils;
immunoreactive protein

Afu2g00720 Putative aldehyde dehydrogenase (NAD®) 3.05 2 21

Afu5g09230 Putative transaldolase; abundant protein in 5.56 2 2
conidia and mycelia; protein induced by
hydrogen peroxide and hypoxia, pentose
phosphate shunt

2.591

33.56

2.191

2.003

6.956

2.170

2.255

4.536




Table S5: List of differentially abundant wild-type conidia proteins in the phagolysosome.

# #

Accession Description 2Coverage .
Peptides PSMs

Fold-change
pksP/wt

Afu3g05360 H2A1, has domain(s) with predicted DNA- 8.68 4 89
binding, protein heterodimerization activity,
role in nucleosome assembly and
nucleosome, nucleus localization

Afu2g11510 Ortholog(s) have role in cellular response to 3.85 2 62
drug, rRNA processing, ribosomal large
subunit biogenesis, ribosomal subunit
export from nucleus and nucleolus, pre-
ribosome, large subunit precursor, spindle
localization

Afu2g09090 Ortholog(s) have role in mitochondrion 6.43 2 35
inheritance, negative regulation of
proteolysis, protein folding, replicative cell
aging and mitochondrial inner membrane,
plasma membrane localization,
mitochondrial unfolded protein response

Afu5g02410 Putative DEAD/DEAH box helicase; 5.54 4 31
predicted gene pair with AFUA_3G08160
(eukaryotic translation initiation factor
elFAA; ATP-dependent RNA helicase, tifA)

Afu6g03890 CatA, spore-specific catalase; abundant 12.80 8 30
protein in conidia; calcium down-regulated;
predicted secretory signal sequence

Afu2g13780 Ortholog(s) have role in mRNA cis splicing, 2.42 3 23
via spliceosome and U2 snRNP localization

Afu5g01970 GpdA, glyceraldehyde-3-phosphate 11.83 4 16
dehydrogenase; predicted gene pair with
AFUA_5G01030; protein induced by
hydrogen peroxide; reacts with rabbit
immunosera exposed to A. fumigatus
conidia: induced by L-tyrosine, glycolysis

Afulgll710 Ribosomal protein L1 5.99 2 12

Afulg04950 Ortholog(s) have protein serine/threonine 5.88 2 10
phosphatase activity, synthesis of glycogen,
cell wall, role in membrane fusion

Afulgl3670 Protein of unknown function; abundant in 10.21 2 6
conidia

Afulgl14680 Ortholog(s) have DNA binding activity and 1.49 3 5

0.414

0.250

0.358

0.177

0.482

0.345

0.271

0.148

0.091

0.148

0.471




. L. I# # Fold-change
Accession Description 2Coverage .
Peptides PSMs pksP/wt
cytosol, nucleus localization
Afulg13900 Ortholog(s) have DNA-directed RNA 0.89 2 4 0.473
polymerase activity, role in mRNA export
from nucleus, nucleolus organization,
protein localization to nucleolar rDNA
repeats and DNA-directed RNA polymerase |
complex, cytosol localization
Afubg06750 14-3-3 family protein; predicted gene pair 9.56 3 4 0.295
with AFUA_2G03290 (artA), role in
exocytosis and vesicle transport
Afulg06280 Ortholog(s) have endoplasmic reticulum 3.29 2 2 0.395

localization
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