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human serum over time.

relevant for lung colonization.
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(Background: A. fumigatus is an opportunistic pathogen responsible for pulmonary invasive aspergillosis.
Results: Multiplexed ABPP revealed significant changes in A. fumigatus metabolism and stress response during culture with

Conclusion: Changes in functional pathways indicate robust adaptation to environmental change.
Significance: A. fumigatus grows under stress by altering metabolism, energy production, and protein biosynthesis, which is
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Environmental adaptability is critical for survival of the fungal
human pathogen Aspergillus fumigatus in the immunocompro-
mised host lung. We hypothesized that exposure of the fungal
pathogen to human serum would lead to significant alterations
to the organism’s physiology, including metabolic activity and
stress response. Shifts in functional pathway and corresponding
enzyme reactivity of A. fumigatus upon exposure to the human
host may represent much needed prognostic indicators of fun-
gal infection. To address this, we employed a multiplexed activ-
ity-based protein profiling (ABPP) approach coupled to quanti-
tative mass spectrometry-based proteomics to measure broad
enzyme reactivity of the fungus cultured with and without
human serum. ABPP showed a shift from aerobic respiration to
ethanol fermentation and utilization over time in the presence
of human serum, which was not observed in serum-free culture.
Our approach provides direct insight into this pathogen’s ability
to survive, adapt, and proliferate. Additionally, our multiplexed
ABPP approach captured a broad swath of enzyme reactivity
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and functional pathways and provides a method for rapid assess-
ment of the A. fumigatus response to external stimuli.

Aspergillus fumigatus is a ubiquitous filamentous fungus
found in soil and decaying matter that plays an important role
in recycling carbon and nitrogen from organic debris. Provided
the prevalent nature of these conidia in ambient air, it is esti-
mated that individuals inhale hundreds of airborne conidia per
day. Exposure to conidia is inconsequential if the immune sys-
tem is intact, but this saprophytic fungus is an opportunistic
pathogen and the leading cause of the pulmonary infection
invasive aspergillosis (IA)? (1). Immunodeficiency associated
with solid organ and allogeneic bone marrow transplantation,
prolonged corticosteroid therapy, genetic immunodeficiency,
HIV infection, or hematological malignancies such as leukemia
increase susceptibility to this devastating disease (2). As the at
risk population has increased over the past 2 decades, so too has
the incidence of IA (3). Key challenges remain in understanding
the biology of A. fumigatus responsible for infection as well as
detection and treatment of IA. Techniques for reliable early
stage diagnosis (4, 5), identification of IA biomarkers with prog-
nostic value for monitoring fungal load and response to thera-
peutic intervention, identification of new drug targets (6), and
understanding of fungal biology under infection-relevant con-
ditions continue to be active areas of research.

Considerable effort has focused on finding and understand-
ing the pathogenicity and virulence factors of the fungus. This
opportunistic pathogen lacks true virulence factors because it
evolved to break down organic matter (7). However, many
characteristics contribute to its pathogenicity (1, 8), making it
highly pathogenic in the immunocompromised host (7). These

2 The abbreviations used are: IA, invasive aspergillosis; ABPP, activity-based
protein profiling; ABP, activity-based probe; AMT, accurate mass and time;
HS, human serum; fc, fold change; AMM, Aspergillus minimal medium; ROS,
reactive oxygen species; gcl, global cell lysate.
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include its environmental and metabolic adaptability: A. fumiga-
tus grows rapidly at high temperatures and within hypoxic condi-
tions (9, 10); it can obtain carbon and nitrogen from diverse
sources (11, 12); and it is highly adaptive in its ability to uptake
nutrients from its environment (13). We utilized a chemical biol-
ogy approach to characterize the fungal functional adaptation to
changes in nutrient availability in conditions relevant to IA
infection.

Global proteome analysis of A. fumigatus has elucidated pro-
tein regulation and pathway responses to environmental stim-
uli (14). However, global (i.e. untargeted) proteomics provides
incomplete proteome coverage and generally fails to provide
quantifiable measurement of the functional activity of observed
proteins because proteins are dynamic and highly regulated and
often exist in inactive forms until proteolytically processed or
post-translationally modified. Activity-based protein profiling
(ABPP) has emerged to overcome the inherent difficulty of dif-
ferentiating presence versus activity and to facilitate the mea-
surement of low abundance reactive proteins. ABPP employs
specific chemical probes to observe the active protein comple-
ments of biological systems (15, 16). Synthetic activity-based
probes (ABPs) inhibit enzymes by forming an irreversible cova-
lent bond to the enzyme active site. Enriching and identifying
ABP-tagged proteins allows proteomic annotation of function,
reduces the complexity of the proteome under analysis, and
measures low abundance functional proteins. Coupled with
high throughput, high resolution LC-MS/MS analysis utilizing
a quantitative accurate mass and time (AMT) tag approach
(17), environmental adaptation and metabolic response can be
quantified using ABPP.

During the course of 1A, A. fumigatus hyphae breach host
tissue and interact with serum. A. fumigatus is one of the few
pathogenic organisms that readily grows in the presence of
serum (18) due to its ability to extract iron from human trans-
ferrin in this iron-limited environment (19). Furthermore,
A. fumigatus can use serum proteins for biomass generation
(20, 21), but the full effect of serum on the cellular processes of
A. fumigatus and its relevance to disease is not fully understood.
We hypothesize that A. fumigatus can adapt to this nutrient
source for metabolic purposes and that fungal enzyme activity
within human serum (HS) will be relevant to its metabolism,
nutrient sensing, and scavenging response within the immuno-
compromised host environment. This information can provide
valuable insight into how A. fumigatus survives in a host envi-
ronment on a fundamental biological process level. Herein, we
describe a novel ABP and label-free quantitative multiplexed
ABPP methodology for delineating the protein activity of
A. fumigatus during growth in minimal medium in response to
HS as a function of growth duration.

EXPERIMENTAL PROCEDURES

Synthesis of Activity-based Probes 1 and 2—Detailed experi-
mental procedures for the synthesis of 1 and 2 are available in
the supplemental material.

Strains, Media, and Culture Conditions—A. fumigatus
ATCC® MYA-4609™ (AF 293) obtained from ATCC were
stored at —80 °C in individual glycerol. Potato dextrose agar
plates were inoculated with conidia from glycerol stocks and
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harvested by flooding the plate with 0.8% Tween 80 after 4 days.
The conidia suspension was filtered through Miracloth (Calbi-
ochem), and the conidia were counted by hemocytometer. For
liquid culture, complete Aspergillus minimal medium (AMM,;
1% glucose, 2 ml/liter Hunter’s trace elements) (22) with or
without 10% HS was inoculated to a final concentration of 1 X
10° conidia/ml. Biomass was grown at 37 °C and agitated at 150
rpm on an orbital shaker for 24 or 48 h.

Human Serum—HS (Sigma) was stored at —20 °C and used
without further processing.

Growth Curve—AMM and AMM containing 10% HS were
inoculated to 1 X 10° conidia/ml with A. fumigatus and cul-
tured as described above. Fungal biomass was harvested in trip-
licate at each time point by filtering the liquid culture through
Miracloth, washing the collected biomass with water, and cryo-
dessication. The mass of the dried fungus was used to generate
a growth curve (Fig. 1).

Cell Lysis—Biomass was harvested at 24 and 48 h and passed
through Miracloth to remove spent medium, and the retained
biomass was washed with 15 ml of PBS. Excess medium was
squeezed out of the biomass. The biomass was manually cut
and then lysed with a Bullet Blender (NextAdvance): 0.55-mm
zirconium silicate beads (0.5-1.0 ml) and PBS (1-2 volumes)
(1X, pH 7.4: 11.9 mm phosphates, 137 mm NaCl, 2.7 mm KCI)
per 5-ml tube. Lysed samples were centrifuged at 3,500 X g for
5 min, pellets were washed with PBS (1 ml) and spun at 3,500 X
g for 5 min, and the combined supernatants were spun twice
more. Sonication of the final combined supernatant provided
global cell lysate (gcl). The gcl was flash frozen in liquid nitro-
gen and stored at —80 °C until further use. All material was
generated in quadruplicate.

Enzyme Assays—Using a BCA assay, the protein concentra-
tion of gcl from AMM + HS 24- and 48-h growth was then
normalized to 1 mg/ml protein (supplemental Fig. S1A). Alco-
hol dehydrogenase activity for the gcl was measured as
described previously (23). The assay was performed in tripli-
cate, and the slope was calculated using data points from 3-6
min (supplemental Fig. S1C). Citrate synthase activity was
measured with a commercial kit (Sigma-Aldrich); assays were
run in triplicate (supplemental Fig. S1B).

In Vitro Probe Labeling for Mass Spectrometry Measurement—
A. fumigatus mycelia lysate proteomes (1 mg/ml in PBS) were
treated with vinyl sulfonate 1 (20 um) and fluorophosphonate 2
(200 um) in a 1.5-ml vial and incubated for 1 h at 37 °C. Follow-
ing probe incubation, proteomes were treated with click chem-
istry reagents and enriched by the method of Cravatt with the
following changes. Peptides were obtained by treating the
resin with trypsin (2 ul; trypsin was reconstituted in 40 ul of
NH,HCO,; (25 mm, pH 8)) and NH,HCO, (25 mm, pH 8; 200
wl) and subsequent incubation at 37 °C, 1,200 rpm, for 15 h.
Following digestion, peptide supernatant was obtained
(6,000 X g), and the pellet was washed with NH,HCO, (25
mM, pH 8; 150 ul). The combined peptide supernatant was
dried by speed vacuum, reconstituted in NH,HCO, (25 mw,
pH 8; 40 ul), and heated for 10 min at 37 °C. The samples
were centrifuged at 100,000 X g for 20 min at 4 °C, and 25 ul
was collected for MS analysis.
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LC-MS Measurement of ABP-labeled Proteins—Digested
peptide mixtures were measured on a Thermo Fisher Scientific
LTQ Orbitrap Velos MS (San Jose, CA) as described previously
(24). The Velos MS data were collected from 400 to 2,000 m1/z at
a resolution of 100,000 (automatic gain control target: 1 X 10°)
followed by data-dependent ion trap MS/MS spectra (AGC tar-
get: 1 X 10%) of the 10 most abundant ions using a collision
energy setting of 35—40% and a dynamic exclusion time of 30 or
180 s.

Significant changes were determined at the unique peptide
level between growth conditions or culture durations. The
resulting MS data were analyzed using the AMT tag pipeline to
determine relative protein abundance (17). SEQUEST software
(25) was used to search tandem mass spectra against the Uni-
Prot A. fumigatus database (April 1, 2011). Peptide identifica-
tions filtered with an MS-generating function spectral proba-
bility score of =1 X 10 ° (26) were assembled into an
A. fumigatus-specific AMT tag database. For identification,
VIPER software (27) was used to correlate each AMT tag entry
with a unique LC-MS feature relying on high mass measure-
ment accuracy (MMA, ;.o = 0.683 ppm) and normalized elu-
tion time accuracy (NET . 0. * 0.363%) (supplemental Tables
S1-54). Single peptides matching multiple proteins (typically pro-
tein isoforms) were removed. Proteins increasing in the presence
of HS were manually verified to originate from fungus by looking
at MS/MS scans (supplemental Table S5).

For statistical analysis of peptide abundance, DAnTE soft-
ware (28) was used to perform ANOVA significance tests on
culture comparisons; a significant difference was determined as
apvalue and g value of <0.05. The g value of a test measures the
proportion of false positives incurred (i.e. the false discovery
rate) for the analysis. Significant peptides found in at least three
data sets were rolled up into protein values using Rrollup (28).
An absolute -fold change (|fc|) of =15, =2 peptides/protein,
and =10% protein coverage were used to ensure high confi-
dence of significantly changing proteins. Unique proteins were
obtained by rolling up all unique peptides to protein and using
a relative abundance cut-off of =18, =2 peptides/protein, and
10% protein coverage. Proteins were mapped to function using
tools from the Aspergillus Genome Database (29), the Fungifun
tools at Omnifung (30), and the KEGG pathway user map-
ping tool (31).

RESULTS

Growth in the Presence and Absence of Human Serum—Col-
lection of fungal biomass at multiple time points within each
culture showed strikingly different growth patterns for
A. fumigatus in the presence and absence of 10% HS (Fig. 1).
Culture with HS caused a large increase in biomass generation
at 24 and 48 h. In the presence of HS, the fungus reaches log
phase growth at 16 h, whereas in minimal medium, log phase
growth is delayed until 24 h. At 48 h after liquid culture inocu-
lation, A. fumigatus has reached stationary phase in the pres-
ence of human serum but is still in log phase growth in minimal
medium. In AMM, A. fumigatus reaches stationary phase at
64 h. The decrease in biomass at subsequent time points corre-
sponds to autolysis and death of the mycelia from nutrient dep-
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FIGURE 1. Growth curve generated for AMM and AMM + 10% HS culture.

Biomass was harvested, flash-frozen, dried, and then weighed. Data points
were collected in triplicate, and error bars represent S.E. of each data point.
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rivation or mechanical shearing forces that break down hyphae
as the culture ages (32).

ABP Development and One-dimensional Gel Analysis—In
developing a library of known and novel ABPs that incorporate
the click chemistry-compatible alkyne moiety for attachment
of azide-derivatized reporter groups, we synthesized vinyl sul-
fonate ester probe 1 (Fig. 24). The clickable alkyne probe 1 was
synthesized in four steps from commercially available 4-hy-
droxybenzyl alcohol (33). Optimized labeling conditions of
A. fumigatus samples were performed at a final probe concen-
tration of 20 um at 37 °C for 1 h (supplemental Fig. S2); these
labeling conditions were used for all further analysis with 1.
Vinyl sulfonate esters are known to irreversibly inhibit cysteine
proteases; however, broad labeling of distinct enzyme classes
with 1 at 37 °C occurred (supplemental Fig. S2). Furthermore,
treatment of purified enzymes and A. fumigatus gcl with 40X
cysteine-reactive N-ethylmaleimide followed by probe labeling
did not completely eradicate labeling with probe 1, suggesting
covalent binding to nucleophilic amino acids other than cys-
teine in the probe labeling event (Fig. 34 and supplemental Fig.
S3), which is akin to prior electrophilic ABP reports (34-36).
The generality of 1 allows interrogation of a large system-wide
subset of functionally active proteins in A. fumigatus.

To include coverage of serine hydrolases, a serine hydrolase-
specific probe (2) was included in the analysis of A. fumigatus
(Fig. 3A and supplemental Fig. S5). Probe 2 contains a fluoro-
phosphonate reactive group selective for serine hydrolases (37)
and an alkyne for appending a reporter group (Fig. 2B). A probe
concentration of 200 uMm was optimal for labeling (supplemen-
tal Fig. S4). Probes 1 and 2 were used simultaneously to analyze
the proteome of A. fumigatus grown with and without HS for 24
and 48 h. Because both probes contain the clickable alkyne tag,
it is possible to conjugate both probes with one type of reporter
group (i.e. biotin azide or rhodamine azide) using click chemis-
try. Multiplexing the ABPs permits broader coverage in a single
MS measurement.

Protein labeling by ABPs was independent of protein abun-
dance. Equivalent volumes of gcl obtained from A. fumigatus in
the presence and absence of HS over time were labeled with 1
and 2 (Fig. 3B). The extent of labeling of the AMM grown sam-
ples at both time points was much greater than labeling of the
AMM + HS samples (Fig. 3B). In culture with HS, probe label-
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FIGURE 2. Synthesis of vinyl sulfonate ester 1 and fluorophosphonate 2 ABPs used for multiplexed ABPP. A, vinyl sulfonate ester ABP 1 was synthesized
in four steps from 4-hydroxybenzyl alcohol. B, fluorophosphonate ABP 2 was synthesized in eight steps from 5-hexyn-1-ol. rt, room temperature. DMF,
dimethylformamide; DMAP, 4-dimethylaminopyridine; DAST, diethylaminosulfur trifluoride.
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FIGURE 3. Labeling of gcl of A. fumigatus with 1 and 2 in the presence and absence of HS at 24 and 48 h. A, labeling of AMM + HS 48 h gcl with 1 in the
presence and absence of 40X N-ethylmaleimide (NEM) showed incomplete labeling inhibition, suggesting nucleophilic attack of 1 by non-cysteine amino
acids. A distinct labeling pattern AMM + HS 48 h gcl is observed when 2 is used. B, one-dimensional SDS-PAGE fluorescent image of A. fumigatus gcl labeled
with 1 and 2 showed the highest probe reactivity in AMM at 24 h (lane 7) and 48 h (lane 2). Lower enzyme reactivity was observed in AMM + HS at both time
points (lanes 3 and 4). C, Coomassie-stained image of A. fumigatus gcl labeled with probes 1 and 2 showed that labeling was not dependent on protein
abundance. The highest protein content corresponded to the lowest fluorescent labeling. Boxes at 102, 76, 60, and 38 kDa show the discrepancy between

protein abundance and protein labeling.

ing was greater at 48 h than at 24 h. Strikingly, Coomassie
protein staining of the gel showed higher protein content in
AMM + HS samples than in the AMM samples, but probe
labeling was lower (Fig. 3C). Three highly abundant proteins by
protein staining in AMM + HS 24 h at 60, 80, and 102 kDa were
not ABP-labeled. Later time points (4 days) showed a signifi-
cant overall reduction in enzyme reactivity (supplemental Fig.
S4).

Our data clearly indicate that 1 and 2 probe different enzyme
reactivity, and labeling is independent of protein abundance.
Although probe and protein interaction at a non-catalytic res-
idue within the active site or a ligand binding site with an adja-
cent nucleophile cannot be ruled out at this time (38, 39), the
differences in enzyme reactivity (fluorescent intensity) suggest
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that there is a different functional state of the tagged enzymes
between conditions. If probe labeling was not determined by
enzyme functional state, we would expect to see labeling of all
proteins within a sample. Therefore, we relate the observed
changes in enzyme reactivity with differences in functional
activity between the samples.

ABPP by LC-MS and LC-MS/MS—Global cell lysates of
A. fumigatus grown in the presence and absence of HS and
labeled with 1 and 2 were analyzed by LC-MS/MS, and LC-MS
features were identified using quantitative peak matching to an
AMT tag database (17). Using the above described criteria, the
relative abundance of confident protein identifications were
compared over time and growth conditions. When comparing
protein abundance between conditions, an absolute fc cut-off of
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TABLE 1
Protein trends between conditions

Proteins with high, low, and no fold change between conditions. All proteins counted have >10% peptide coverage and >1 peptide per protein. A p-value >0.05 was used
to determine proteins with no significant fold change. The symbol | denotes absolute value of the fold change value. A negative value denotes greater reactivity in condition
B, and a positive value denotes greater reactivity in condition A. For unique proteins, a Log, abundance of >18 was required. For a complete list of proteins and peptides
observed in this comparison, see Table S1, S2, S3, S4.

Non-changing [fc] > 2 [fc] < 15 fc >15 Unique Unique
Condition A Condition B (A/B) (A/B) (A/B) (A/B) to A toB
AMM + HS 24 h AMM 24 h 196 242 81 1 0 6
AMM + HS 48 h AMM 48 h 166 345 27 0 3 21
AMM 48 h AMM 24h 204 342 0 23 6 0
AMM + HS 48 h AMM + HS 24 h 44 320 0 88 10 0

15 was chosen for manual pathway analysis to ensure high con-
fidence of measured changes and relevance of the reactive pro-
teins to the culture conditions. Multiple enzyme families,
including oxidoreductases, transferases, lyases, hydrolases,
isomerases, and ligases, were identified in global cell lysates
using ABPP.

Comparison of AMM 24 h to AMM + HS 24 h—We com-
pared reactive enzyme abundance in the presence or absence of
HS at 24 h (Table 1 and supplemental Table S1). At 24 h, 239
proteins had an fc less than —2 (negative value denotes higher
reactivity in AMM 24 h). Eighty-two proteins had a large
enzyme reactivity difference (|fc] > 15); only one protein
(acetyl-CoA carboxylase; Table 2) had higher enzyme reactivity
in the presence of HS, six proteins were observed only in the
absence of HS, and 81 proteins had high levels of enzyme reac-
tivity in AMM only (Table 1 and supplemental Table S6). Map-
ping proteins with absolute value |fc| = 15 onto Functional
Catalogues (FunCat) showed enrichment of metabolism, pro-
tein synthesis, and energy functional categories (30) (Fig. 4 and
supplemental Table S6). KEGG pathway mapping showed
enrichment of genetic information processing, metabolism,
and cellular processes (supplemental Table S6).

Comparison of AMM 48 h with AMM + HS 48 h—At 48 h,
340 proteins were significantly different between conditions
(Ifc| > 2), and 51 of these proteins had high enzyme reactivity
([fc] > 15) (supplemental Table S7), 21 were unique to and 27
had higher reactivity in AMM,; three were unique to AMM +
HS. The enzymes unique to growth in HS were aldehyde reduc-
tase akrl (AFUA_6G10260), glutathione oxidoreductase girl
(AFUA_1G15960), and a conserved hypothetical protein
(AFUA_2G10170) (Table 2). FunCat mapping of all highly reac-
tive proteins in the 48-h growth comparison corresponded to
enrichment of protein synthesis, proteins with binding require-
ments, and cellular transport functions (Fig. 4 and Table S7).
Two proteins involved in cell cycle regulation, histone H3
(AUFA_1G13790) and sulfur metabolism regulator SkpA
(AFUA_5G06060), had higher ABP probe reactivity in AMM
(29).

Comparison of AMM 24 h with AMM 48 h—A time compar-
ison of AMM growth (24 h versus 48 h) showed 204 proteins
with no significant change; at 48 h of growth, 342 proteins had
a 2-fold increase in enzyme reactivity (Table 1 and supplemen-
tal Table S8), 23 proteins had a >15-fold increase, and six pro-
teins were unique. Metabolism was highly enriched, whereas
secondary metabolism was the highest enriched subcategory; in
addition, detoxification subcategories were also enriched (Fig. 4
and supplemental Table S8). Five proteins with a >15-fold
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change are annotated with secondary metabolism function
(Table 2): catalase fgaCat (AFUA_2G18030), active in fumiga-
clavine C biosynthesis (40), two melanin conidial pigment
biosynthetic proteins Arp2 (AFUA_2G17560) and Aygl
(AFUA_2G17550) (41), hybrid PKS-NRPS enzyme nrpsi4
(AFUA_8G00540) of the pseurotin A biosynthesis gene cluster
(42), and glutathione S-transferase (AFUA_4G14380) located
on chromosome 4 near other secondary metabolite biosynthe-
sis gene clusters (Table 2) (43). Transcription of fgaCat, nrpsi4,
and the glutathione S-transferase changed in the presence of
voriconazole (44) and/or hypoxic conditions (45). In addition,
melanin is essential for cell wall integrity and protection against
neutrophil-mediated phagocytosis (46). Finally, the proteins
mpkA (AFUA_4G13720) and squalene monoxygenase ergl
(AFUA_5G07780), both associated with cell wall signaling (47)
and membrane synthesis (48), respectively, have altered transcrip-
tionlevels in response to chemical stress (29). ABP-tagged proteins
associated with primary metabolic functions were still increasing,
albeit with a |fc| of ~5. In AMM, proteins associated with second-
ary metabolism and stress response dramatically increased over
time (supplemental Table S8).

Comparison of AMM + HS 24 h with AMM + HS 48 h—In
the presence of HS, 44 proteins showed no difference between
24 and 48 h, a total of 320 proteins had a 2-fold increase in
reactivity, and 10 proteins were unique to and 88 were highly
active at 48 h of growth (fc = 15) (Table 1 and supplemental
Table S4). The most highly enriched functional categories at
48 h were metabolism (31%) and energy (14%) (Fig. 4 and sup-
plemental Table S9) (30). Furthermore, amino acid and carbo-
hydrate metabolism were the most significant KEGG pathway
annotations (supplemental Table S9) (31). The functional cat-
egories enriched at 48 h in HS culture (24 h versus 48 h) were
also highly enriched at 24 h in minimal medium (AMM 24 h
versus AMM + HS 24 h), including transcription, metabolism,
energy, protein fate, biogenesis of cellular components, cell
cycle, and DNA processing and transport (supplemental Table
S9) (Fig. 4).

Validation of ABPP by Global Proteomics—To validate ABPP
of filamentous fungus, we analyzed gcl obtained from AMM
and AMM + HS growth at 24 h without ABP labeling. A total of
647 proteins were confidently identified between the two sam-
ple types (Fig. 5 and supplemental Table S10). Of these, 409 and
451 proteins were also detected in the functionally enriched
AMM and AMM + HS samples, respectively, but 152 and 82
confident proteins (AMM and AMM + HS, respectively) were
not observed in the global analysis. For example, the MAPK
MpkA was confidently identified in the enriched AMM and
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Main Level FunCat

*

*

35 40

0 5 10 15 20 25 30
Percentage

AMM+HS_24 vs AMM+HS_48
= AMM_24 vs AMM_48

= AMM_48 vs AMM+HS_48
= AMM 24 vs AMM+HS 24

FIGURE 4. FunCat annotation of |fc| = 15 enzymes in all comparisons.
FunCat main categories are on the y axis, and the percentage that each cate-
gory contributes to total mapping is on the x axis. FunCat categories are as
follows: 1, metabolism; 2, energy; 10, cell cycle and DNA processing; 11, tran-
scription; 12, protein synthesis; 14, protein fate; 16, protein with binding func-
tion or cofactor requirement; 18, regulation of metabolism and protein func-
tion; 30, cellular communication/signal transduction mechanism; 32, cell
rescue, defense, and virulence; 34, interaction with the environment; 36, sys-
temic interaction with the environment; 40, cell fate; 41, development; 42,
biogenesis of cellular components; 43, cell type differentiation. *, categories
found to have a p value of <0.05. For complete annotation mapping, see
supplemental Tables S6-59.

AMM + HS samples (~15% coverage) but not in the global
analysis samples (<10% coverage). The disparity between con-
fident identifications in the global and functionally enriched
samples confirms that we are observing a subset of proteins
based on enzyme reactivity and not simply protein abundance.

To further validate the mass spectrometry data, alcohol
dehydrogenase and citrate synthase enzyme assays were per-
formed. By MS analysis, a >15-fold change was observed in the
alcohol dehydrogenase (AFUA_7G01010, EC 1.1.1.1) reactivity
over time in HS culture (supplemental Table S4A). The alcohol
dehydrogenase assay showed a 2-fc in alcohol dehydrogenase
activity between 24 and 48 h in AMM + 10% HS culture (Table
3). The assay confirmed higher enzyme reactivity in the 48-h
culture, but the fc observed by spectrophotometric techniques
was much lower than in MS-based analysis. The fc difference is
attributed to the higher resolution of MS-based measurements.
Citrate synthase (AFUA_5G04230, EC 2.3.3.8, fc = 11.4) activ-
ity also increased over time by 2-fold in human serum culture
according to the colorimetric enzyme assay (Table 3), which
confirms the MS data showing that citrate synthase reactivity is
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FIGURE 5. Global ABPP and LC-MS analysis of A. fumigatus from AMM 24 h
and AMM + HS 24 h culture. Shown is a comparison of all functionally
enriched proteins with the global untargeted proteome analysis of gclat 24 h.
Abundance values are scaled such that a range of —2 to 2 (dark blue to dark
red) represents a relative intensity difference of 17 (log,). Each enriched col-
umn represents the average of at least three biological replicates. Boxes
denote ~200 proteins observed in global analysis that were not observed in
the ABPP analysis and ~100 proteins observed in ABPP samples that were not
observed in global analysis. Differences in reactive protein abundances
between ABPP samples correlate to gel-based analysis. See supplemental
Table S10 for expanded details.

TABLE 3

Enzyme assay results

Enzyme assay results for citrate synthase and alcohol dehydrogenase in the
AMM+HS_24 h to AMM+HS_48 h comparison. Units, wmole/ml/min. Time
point absorbance was obtained in triplicate, and Student’s ¢-test was applied for each
data point. Citrate synthase, p-value < 0.05; alcohol dehydrogenase, p value < 0.1.
Units, wmole/ml/min.

AMM + HS AMM + HS  -Fold change
Enzyme 24h 48 h (48 h/24 h)
units units
Citrate synthase 0.04 0.06 15
Alcohol dehydrogenase  0.008 0.019 2.4

higher in AMM + HS at 48 h (supplemental Table S4A). These
enzyme assays independently confirm the ABPP and quantita-
tive AMT tag analysis approach.

In an effort to visualize changes occurring over time in the
presence and absence of HS, confidently identified proteins
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TCA Cycle

AFUA_4G07710 pyruvate carboxylase

AFUA_6G06370 NAD(+)-isocitrate dehydrogenase subunit |
AFUA_4G04520 succinyl-CoA synthetase beta subunit

AFUA_5G10370 iron-sulfur protein subunit of succinate dehydrogenase Sdh2
AFUA_7G05720 pyruvate dehydrogenase complext

AFUA_1G12800 isocitrate NAD:- it
AFUA_3G07810 succinate dehydrogenase subunit Sdh1
AFUA_5G06130 succinyl-CoA synthetase alpha subunit
AFUA_4G11650 alpha-| ketoglubarate dehydrogenase complex subunit Kgd1
AFUA_3G05370 dihy

AFUA_6G10650 ATP cnrate lyase, subunit 1

AFUA_2G02100 dihydrolipoamide dehydrogenase

AFUA_5G04230 citrate synthase (Cit1)

AFUA_6G10660 ATP citrate lyase subunit (Acl)

AFUA_6G02470 fumarate hydratase

AFUA_6G12930 mitochondrial aconitate hydratase

AFUA_3G08660 isocitrate dehydrogenase Idp1

AFUA_1G06960 pyruvate dehydrogenase E1 oomponent alpha subunit
AFUA_6G07720 phospt P Acul
AFUA_3G04170 pyruvate dehydrogenase E1 beta subunlt PdbA
AFUA_6G05210 malate dehydrogenase, NAD-dependent

* %

—_—

*

*

* % ¥ *

AMM  AMM+HS

(48/24) Mitochondria

Fold Change (log2)
[ TN
0.5 75

(48/24)

Oxidative Phosphorylation

AFUA_5G02750 cytochrome c oxidase subunit Va

AFUA_8G05440 mitochondrial ATPase subunit ATP4

AFUA_1G03510 ATP synthase gamma chain, mitochondrial precursor
AFUA_5G10610 ubiquil c Ifur subunit
AFUA_5G10370 iron-sulfur protein subunit of succinate dehydrogenase Sdh2
AFUA_1G02070 cytochrome C1/Cyt1

AFUA_2G12400 ATP synthase oligomycin sensitivity conferral protein
AFUA_5G10550 ATP synthase F1, 3 subunit

AFUA_3G07810 succinate dehydrogenase subunit Sdh1

AFUA_4G11050 NADH-ubiquinone oxidoreductase, subunit F
AFUA_8G05320 mitochondrial F1 ATPase subunit o

AFUA_1G13480 ubiquinol-cytochrome C reductase complex subunit UcrQ
AFUA_5G02370 vacuolar ATP synthase catalytic subunit A
AFUA_5G10610 ubiqui c Ifur subunit p
AFUA_4G06790 ubiquinol-cytochrome ¢ reductase complex 14 kDa protein
AFUA_2G13240 V-type ATPase, B subunit

AFUA_3G08380 inorganic diphosphatase

AMM
(48/24)

AMM+HS
(48/24)

FIGURE 6. KEGG pathway analysis. All proteins with [fc| > 2 were mapped onto KEGG glycolysis/gluconeogenesis, TCA cycle, pyruvate metabolism, glyoxylate
cycle, and oxidative phosphorylation pathways. The yellow color indicates processes occurring in the mitochondria, and the orange represents processes
occurring in the cytosol. Arrows between pathways indicate that pathway products are used in other pathways. The heat maps within each pathway represent
-fold change of 0.5-7.5 (log, scale) calculated for enzyme reactivity over time for each condition (i.e. AMM + HS 24 h versus AMM + HS 48 h and AMM 24 h versus
AMM 48 h). Gray boxes represent proteins that did not make a 10% protein coverage cut-off. *, protein maps to more than one KEGG pathway.

were mapped onto KEGG pathways. We found 100, 56, 44, 55,
and 14% coverage of the TCA, glycolysis/gluconeogenesis,
pyruvate metabolism, glyoxylate, and oxidative phosphoryla-
tion pathways, respectively (Fig. 6) when all proteins with an |fc|
of >2 were used. ABPP revealed that primary metabolism and
energy production significantly increase as the fungus ages
in HS culture, whereas in minimal medium, the increase of
enzyme reactivity within these pathways is much lower.
Reactivity is protein dependent, not pathway dependent, as
can be seen by negative and positive fc within a particular
pathway. This reveals that some steps within a pathway may
be more active than others and provides insight into fundamen-
tal processes. For example, the alcohol dehydrogenase
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(AFUA_7G01010) and pyruvate decarboxylase = PdcA
(AFUA_3G11070), both involved in fermentation within the gly-
colysis pathway, have higher fc between time points than dihydro-
lipoamide dehydrogenase (AFUA_2G02100) involved in acetyl-
CoA production.

DISCUSSION

ABPP provides a means for the functional enrichment of a
biological system by chemical probe interrogation. Herein, the
two new employed ABPs included a general vinyl sulfonate
electrophile and a serine hydrolase-selective fluorophospho-
nate as reactive groups to target functional enzymes and click
chemistry-compatible alkynes for downstream fluorescent or
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LC-MS/MS-based reporting of ABP-labeled enzymes. Probes
were used simultaneously in a multiplexed fashion to facilitate
efficient use of material and mass spectrometry instrumenta-
tion. Multiplexed ABPP of A. fumigatus using 1 and 2 resulted
in the isolation of multiple protein families from a complex
proteome. Vinyl sulfonate esters react with cysteine residues by
Michael addition of the sulfur to the electrophilic vinyl sulfon-
ate (49). Furthermore, an azide derivative of 1 inhibited cysteine-
dependent protein phosphatases (33). Usage of the general cys-
teine-reactive vinyl sulfonate ester and serine hydrolase-specific
ABPs allowed enrichment of reactive proteins independent of pro-
tein abundance.

ABPP of A. fumigatus over two cross-culture (AMM versus
AMM + HS) and temporal comparisons (24 h versus 48 h)
showed two key trends; 1) higher enzyme reactivity was always
observed in minimal medium, and 2) enzyme reactivity
increased over time regardless of growth condition. Within
these trends, we observed fluctuations in primary metabolic
activity, energy production, and stress response pathways.
We hypothesized that growth of the fungus in HS would
promote nutrient scavenging and limit de novo biosynthesis
due to available proteins and lipids in serum because
A. fumigatus can adapt to changing nutrient availability (7).
A. fumigatus can use amino acids as both carbon and nitro-
gen sources, and it can degrade extracellular material by pro-
teinase excretion and uptake of degradation products (13).
HS contains 60 — 80 mg of protein/ml and salts, lipids, amino
acids, and sugars, all of which can be utilized by A. fumigatus
(50). Indeed, the growth curve generated during this study
shows that in liquid culture, the presence of HS induces early
logarithmic growth and increases the production of fungal
biomass (Fig. 1).

The addition of HS to the culture medium induced a large
shiftin functional enrichment of A. fumigatus proteins. At both
early and late time points, enzyme reactivity was lower in the
presence of HS when compared with minimal medium. Two
factors may influence the higher enzyme reactivity pattern for
AMM culture. First, in minimal medium, the fungus must syn-
thesize all necessary components for growth instead of acquir-
ing them from sera as exemplified by the delay in log phase
growth for AMM culture (Fig. 1). Second, Cagas et al. (51)
observed high expression of proteins associated with transla-
tion and aerobic respiration during early culture when com-
pared with conidia. According to the growth curve, AMM cul-
ture is in an earlier phase than HS culture, which may result in
higher translation and metabolic activity as the fungus
approaches log phase (32).

In HS culture, low reactivity of enzymes associated with aer-
obic metabolism and protein biosynthesis is consistent with
low mRNA levels found in A. fumigatus germlings from murine
lung infection (52). Whereas enzyme reactivity associated with
metabolic pathways was low at 24 h, enzyme reactivity associ-
ated with protein biosynthesis and cell cycle regulation were
low at 48 h (Table 2), which is consistent with logarithmic ver-
sus stationary growth. During log phase growth, most of the
organism biomass is dedicated to hyphae elongation, cellular
component generation, and transcription. During stationary
phase, when the fungus is no longer actively dividing and has

SEPTEMBER 28, 2012 +VOLUME 287 -NUMBER 40

exhausted exogenous nutrients, the fungus can metabolize
energy stores, such as starch, glycogen, lipids, and peptides, for
cell turnover and maintenance of cell integrity, causing high
enrichment of energy and metabolic functional categories (Fig.
6) (32). Cellular components can be broken down and trans-
ported from older internal compartments to the newer periph-
eral hyphae, allowing limited growth, which may account for
the enrichment of protein fate, transport, transcription, and
protein binding at 48 h of growth. This ultimately leads to autol-
ysis and cell death (32). The lack of the protein biosynthesis
category during stationary phase is consistent with the irrevers-
ible loss or slowing of Aspergillus niger protein synthesis during
fungal aging and autolysis (32).

Only the acetyl-CoA carboxylase, associated with fatty acid
biosynthesis, had higher reactivity in the presence of HS at 24 h.
Acetyl-CoA carboxylase catalyzes the committed step in fatty
acid biosynthesis, and the Saccharomyces cerevisiae (ACCI)
and Aspergillus nidulans (accA) orthologs are necessary for
growth (53, 54) and have a role in transport of proteins into the
nucleus (55). Its high reactivity in AMM + HS 24 h is consistent
with log phase growth, where carbohydrates and energy are
plentiful and the fungus requires fatty acids for phospholipid
biosynthesis (53). The smaller -fold difference between 48 and
24 h in HS culture may correspond with nutrient depletion and
no additional accumulation of biomass during stationary phase.
Notably, the acetyl-CoA carboxylase activity increases over
time in minimal medium culture such that there is no signifi-
cant change in enzyme reactivity between the presence and
absence of HS at 48 h (Table 2). The large fc (~14) observed in
the AMM 24 h and AMM 48 h reflects higher reactivity at
mid-log phase growth than at late lag phase/early log phase
growth (54). The early high reactivity of the A. fumigatus acetyl-
CoA carboxylase in the presence of HS components may pro-
vide an opportunity for early detection of fungal load in host
tissue (56).

At stationary phase (48 h) in HS culture, two unique proteins
were observed (supplemental Table S2C). The arkI is an alde-
hyde reductase that converts acetaldehyde to ethanol in the
gluconeogenesis/glycolysis and pyruvate metabolism cycles
(31). The unique observation and high reactivity of this protein
in the AMM + HS at 48 h suggests up-regulation of fermenta-
tion possibly due to O, limitation in aging liquid culture
medium (57). Furthermore, the akrl transcript was up-regu-
lated in the presence of reactive oxygen species (ROS) and neu-
trophils (58, 59), suggesting a role in response to oxidative
stress. The glr1 is a glutathione oxidoreductase whose ortholog
helps balance glutathione and glutathione disulfide ratios and
redox homeostasis in S. cerevisiae during stationary phase (60).
In the phytopathogenic fungus Fusarium decemcellulare, glr
activity increased by 5-fold during stationary phase (61). The
high enzyme reactivity of these two unique proteins may be
associated with a link between metabolism/respiration and
ROS generation (62). A connection between up-regulation of
glycolysis, ethanol production, and ROS formation due to
increased aerobic respiration in an A. fumigatus GTPase RacA
mutant has been made previously (63). The observation of these
unique enzymes using ABPP may be useful for diagnostic pur-
poses because it is known that conidia and hypha encounter
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ROS (64), oxygen limitation (65), and alternative carbon
sources during infection (66).

As the fungus aged in minimal medium, the functional
pathways with high activity were quite different from those
during early growth. At 24 h of growth, the log phase is just
beginning, and the high level of metabolism, energy produc-
tion, biosynthesis, and transcription-associated protein
activity correlates with initial exit from dormancy (51), germ
tube elongation, and hyphal extension (32). During contin-
ued log phase, the cell cycle regulators H3 and SkpA had high
reactivity because during log phase growth hyphae septation
and mitosis are occurring rapidly (32). The S. cerevisiae
ortholog of H3 is crucial for activating the spindle assembly
checkpoint in response to errors during mitosis (67). Like-
wise, the S. cerevisiae ortholog Skplp is necessary for cell
cycle progression and may play a regulatory role in activation
of a cell cycle checkpoint (68). Finally, as the medium nutri-
ents are depleted and the fungus can no longer maintain
exponential growth, the fungus approaches stationary phase,
and enzymes associated with stress response and secondary
metabolism are highly enriched (Table 2). The nrpsi4, Glim-
Like O-methyltransferase (AFUA_3G11920), Ergl, oxi-
doreductase 20G-Fe (II) oxygenase family (AFUA_
3G00800), HAD superfamily hydrolase (AFUA_5G08270, down
regulated under hypoxia), Ure2-like glutathione Stransferase
(AFUA_4G14530), and a conserved hypothetical protein
(AFUA_8G00430) transcripts were altered in response to
hypoxia. The fructosyl amino acid oxidase (AFUA_6G03440)
transcript was up regulated in the presence of the antifungal
drug voriconazole. It is intriguing that approaching stationary
phase induces an enzyme reactivity response similar to hypoxia
and azole responses.

A link between aging fungal culture and oxidative stress has
been observed previously (69). In S. cerevisiae, tight control
of cellular redox homeostasis, including mitochondrial pro-
duction of ROS, is necessary for survival as the organism
approaches and enters stationary growth phase (60). Six pro-
teins with high reactivity at 48 h in minimal medium, the fga-
Cat, Arp2, cytochrome P450 (AFUA_5G02610), OrdA-like
cytochrome P450 oxidoreductase (AFUA_8G00510), and fla-
vin-binding monooxygenase-like protein (AFUA_4G09220),
are annotated with redox regulatory processes, response to oxi-
dative stress, and hydrogen peroxide catabolic processes and
may play a role in controlling cellular redox homeostasis in
A. fumigatus (Table 2). The high reactivity of the oxidative
stress response regulator MpkA under these conditions sup-
ports this hypothesis (70). ROS accumulation may trigger an
apoptotic response in A. fumigatus as it enters stationary phase,
and studies found that a rapid loss of mycelia viability (>95%)
occurred soon after stationary phase began (71). As stationary
phase begins, the high levels of enzyme reactivity associated
with oxidative stress correlates could be due to increasing ROS
accumulation.

A. fumigatus can undergo autophagy in response to aging
and nutrient depletion stress (72). This process allows lim-
ited growth of the fungus at the mycelium periphery to
enable foraging of new nutritional sources in the environ-
ment and conidiation in response to starvation (73). Conidia
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are more robust to environmental stressors and can be a
means of survival after nutrients cannot sustain growth (74).
The two conidial melanin pigment biosynthetic proteins
Arpl and Ayg2 were previously found to be up-regulated in
conidia when compared with mycelia and in swollen conidia
at 4 h of germination (51, 75). In addition to possible roles in
oxidative stress response, the high reactivity of these pro-
teins at 48 h in minimal growth suggests that A. fumigatus is
producing conidia under these conditions. In contrast, these
pigment proteins were not significantly changing over time
in HS culture, and at each time point enzyme reactivity levels
were higher in minimal medium. This suggests that HS cul-
ture conidia formation is suppressed.

The drastic differences in protein reactivity during the aging
process in the presence and absence of HS were visualized by
mapping confidently identified proteins onto KEGG pathways.
The generality of probe 1 allowed capture of many proteins
within primary metabolism and energy pathways (Fig. 6). By
using heat maps to express fc, we observed that proteins
involved in the glycolysis/gluconeogenesis, glyoxylate and
TCA pathways have greater probe reactivity over time in HS
culture than in minimal medium. The high reactivity of
pyruvate decarboxylase pdc and alcohol dehydrogenase
adhl within these pathways is consistent with a switch from
aerobic respiration to fermentation (65). High reactivity of
enzymes within the gluconeogenesis pathway and TCA
pathway is further evidence that ethanol is being used as a
carbon source (75, 76). The apparent switch to fermentation
processes at 48 h of growth may be due to reduced dissolved
0O, levels in the medium (57) and reduced efficient transfer of
O, through the pellet (32), thereby creating a hypoxic-like
environment. Due to the differences in growth state between
the culture conditions at 48 h, it is difficult to determine
which effects are attributable to the availability of human
serum components and which result from stationary phase
growth. Instead, the enhanced biomass production, early log
phase, and stationary phase are a direct result of HS culture.
A comparison of biomass obtained from stationary phase in
AMM and AMM + HS culture would show if these proteins
and the metabolic change during stationary phase are truly
unique to HS culture or growth phase-dependent.

It is apparent that ABPP using 1 and 2 coupled with a label-
free quantitative AMT tag proteomics approach showed differ-
ent active functional states between two growth conditions and
two time points and is a powerful tool in analyzing a complex
filamentous fungus. As expected, HS induces early log phase
growth and an increase in biomass production. Whereas
metabolism and energy function are greatly increasing from
mid-log phase growth to stationary phase in the presence of HS,
in the absence of HS, the fungus appears to be responding to
stress as it approaches stationary phase. The low reactivity of
stress response and secondary metabolism proteins observed
in HS culture when compared with AMM suggests that
A. fumigatus is not encountering the same stressors during
growth in HS, possibly due to the ability to use nutrients present
in HS. The ability of A. fumigatus to adapt well to a host envi-
ronment is considered one of its virulence factors, and our
study clearly shows adaptation to a complex environment. Fur-
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thermore, the high reactivity of stress response proteins
observed from minimal medium biomass at 48 h provides some
insight into functional activity during nutrient deprivation and
the aging process. Because exogenous stressors were not
applied in our experiment, it would be beneficial to observe
enzyme reactivity in the presence of antifungal agents and
under hypoxic conditions.

Our results show on a protein reactivity level biological and
metabolic pathways and mechanisms of A. fumigatus likely to
be operative in opportunistic infections because in the human
lung, the fungus encounters stress due to immune response and
alternative carbon sources such as human proteins and lipids.
Furthermore, the identification of highly reactive unique
enzymes, indicating fungal presence, load, and fungal homeo-
stasis, may provide an opportunity for diagnosis of IA. In com-
bination with these methods, cross-species comparisons and
incorporation of host responses to Aspergillus infection could
yield further insights into the complexity of A.fumigatus
pathogenesis during IA.
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