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FIG. 1. Subcellular fractionation strategy. Shown is the overall
strategy used to disrupt cells and obtain different subcellular fractions
for proteomic analysis. The filtrate was purified as the secreted
(S) fraction. All cells were lysed by pressing through a French press at
20,000 Ib/in, and a low-speed spin separated microsomal (M) and
cytoplasmic (C) fractions from the cell wall/plasma membrane (CW/
PM) fraction. A high-speed spin then separated the final two fractions.
PM, plasma membrane; ER, endoplasmic reticulum; Mito., mitochon-
dria.

(iii) Image acquisition and data analysis. All slides were scanned by using an
Axon Instruments model 4000B scanner (Molecular Devices, Sunnydale, CA),
with each channel being scanned individually. All scans used a 10-pm resolution
and were converted into a resolution of 16 bits/pixel. All scanned images were
then analyzed by using GenePix Pro 6.1 software. After global normalization with
GenePix Pro, significance analysis of microarrays (SAM) was performed on all
data by using TM4 software (36). The remaining data were then filtered by taking
the mean of all data points for that spot (3 replicates with dye swap), and any
gene with an expression value of 2 was considered significant.

2 . . -
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RESULTS

Analysis of the Aspergillus fumigatuproteome by 2D gel
electrophoresis. A classical 2D gel electrophoresis system was
used to evaluate the Aspergillus proteome from a whole-cell
lysate. When this method was employed, the protein spots
were too numerous and too clustered to get adequate resolu-
tion and identification of individual spots. To overcome this
problem, a cell fractionation approach was taken to separate
the secreted (S), cytoplasmic (C), microsomal (M), and cell
wall and plasma membrane (CW/PM) fractions (Fig. 1). When
each subcellular fraction was run separately, the protein spots
were resolved at a greater level, and the identification of pro-
teins of interest was more efficient and accurate. Each gel had
between 400 and 700 easily resolvable protein spots with dis-
tinct protein profiles for each of 4 subcellular fractions (Fig. 2).
The secreted fraction contains only proteins appearing in the
medium; the microsomal fraction consists of plasma mem-
branes, the endoplasmic reticulum, and subcellular organelle
membranes, e.g., mitochondria, the Golgi apparatus, and the
vacuole; the cytoplasmic fraction contains only soluble cyto-
plasmic proteins, while there was overlap between subcellular
compartments in various fractions such as the cell wall, which
contained both cell wall-specific and tightly associated mem-
brane proteins. A total of 133 proteins were determined by
mass spectroscopy following gel excision. The fractionation
approach was highly reproducible. A number of the proteins
were identified in multiple gels, and several tandem spots of
the same molecular weight represented a single protein mod-
ified posttranslationally. Although the 2D gel system was
highly reproducible and validated, the fractionation approach
proved to be too cumbersome for a comprehensive analysis of

FIG. 2. 2D gels of cellular fractions. All subcellular fractions were subjected to 2-dimensional gel electrophoresis using strips of pI 5 to 8.
(A) The cytoplasmic fraction tends to have the highest quantity of proteins of the four fractions. (B and C) The microsomal (B) and cell wall/plasma
membrane (C) fractions may have some overlap due to incomplete separation. (D) Secreted proteins tend to be the fewest in number. All 4
fractions have individual patterns and proteins that are unique to that fraction alone as well as overlapping proteins that are consistent across

fractions. All gels were stained with SYPRO ruby for visualization.
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FIG. 3. Cellular morphology. Distinct changes in morphology (40X) were observed as caspofungin was added to a final concentration of 0.12
pg/ml. (A and B) The susceptible strain KU80 AakuB showed fully formed hyphae with no drug (A) but was unable to develop fully when drug
was present (B). (C and D) The resistant strain with a mutation in FKS1 did not show any changes in morphology in the absence (C) or presence

(D) of drug.

potential biomarkers, which may be present in a low abun-
dance. For this reason, the gel-free system of iTRAQ was
utilized to analyze the Aspergillus proteome in the presence
and absence of caspofungin.

Proteomic analysis by iTRAQ. The guiding principle of bio-
marker discovery used in this study is the identification of
proteins that change in abundance in a susceptible strain but
do not change in an isogenic resistant strain. To assess the
specific behavior of caspofungin on the proteome of Aspergillus
fumigatus, isogenic susceptible and echinocandin-resistant
strains containing an S678P mutation in FKS1 (33) were grown
in the presence of 0.12 pg/ml caspofungin, which is just below
the MEC (0.19 pg/ml). Figure 3 illustrates that the colony size
was reduced in the presence of drug and that cells displayed
classical rosette-type structures. An fks1 mutant (fks1-S678P)
(33) was phenotypically insensitive to drug and resembled the
wild type in the absence of drug (Fig. 3). To expand the iden-
tification of proteins which may serve as potential biomarkers
of drug action and to provide a more detailed evaluation of
changes in protein levels in the presence of drug, an iTRAQ
system was used to broadly identify proteins in the CW/PM
and S fractions of isogenic susceptible and CSF-resistant
strains of A. fumigatus at 24 and 48 h. These fractions were
selected because they would be most likely to contribute to
potential serum-based biomarkers.

In the susceptible strain a total of 471 proteins were identi-
fied from these fractions. However, using the strict criteria of
2 peptides with 95% confidence and a protein identification
probability of 95%, 261 proteins were used for the final anal-
ysis (Table 1 and see Table S1 in the supplemental material).
In the presence of drug (0.12 wg/ml caspofungin), abundance
changes of 2-fold or greater were considered significant. A
total of 56 proteins (26 up and 30 down) were significantly
changed (>2-fold) in the CW/PM fraction at 24 h. A total of

81% (21/26) of the proteins that had increased levels in the
CW component at 24 h were ribosomal proteins. The level of
the chitinase ChiAl was most decreased at 24 h in the cell wall
of the susceptible stain, with a 12.1-fold change. The total
number of proteins with significantly changing levels at 48 h
was 9 (6 proteins reduced and 3 increased). The protein with
the most significant change was a hypothetical protein
(AFUA_8G07100), the level of which increased 5.28-fold at
24 h and >16-fold at 48 h. At 48 h the level of the stress
response element Hsp98 was reduced 2.64-fold, and the level
of Sbal (an Hsp90 chaperone) was reduced 2.30-fold.

The secreted fraction of the susceptible strain showed a total
of 14 proteins (8 proteins with decreased levels and 6 proteins
with increased levels) that were altered at 24 h. The level of the
major allergen and cytotoxin AspF1 was reduced >12-fold at
24 h (Fig. 4), along with the nuclear transport factor NTF-2, a
PT repeat family protein, and cytochromes ¢ and bs. Proteins
with increased levels included two subunits of the ATP citrate
lyase, Acl and subunit 1, both at more than 3-fold, as well as
Hsp60, the allergen AspF4, and transaldolase. The secreted
fraction at 48 h had a total of 43 proteins with a greater-than-
2-fold change, including 32 proteins with decreased levels,
while the remaining 11 proteins had increased levels. Seven of
the 32 proteins with decreasing levels changed by more than
13-fold. These proteins include a putative 4-hydroxyphe-
nylpyruvate dioxygenase and a hypothetical protein
(AFUA_3G14940) at >16-fold as well as a nascent polypep-
tide-associated complex subunit and PT repeat family protein
at 16-fold downregulated. The levels of two other proteins
decreased 13.9-fold, which included the citrate synthase Citl
and FKBP-type peptidyl-prolyl isomerase. The mitochondrial
hypoxia response domain protein was the only protein with
levels decreased by >16-fold at both 24 and 48 h in either
fraction tested. Also of note is the fact that at 24 h, the level of
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TABLE 1. Potential biomarkers identified from iTRAQ“

Time quceptible ] ] Resistant Fold change
(h) Common name of target Locus tag iTRAQ Fraction iTRAQ fold ) by
fold change change microarray

24 Mitochondrial hypoxia-responsive domain protein AFUA_1G12250 >-16 Secreted Too low —4.5
24 Class III chitinase ChiAl AFUA_5G03760 —12.1 CW/PM NI —-11.7
24 Mitochondrial hypoxia-responsive domain protein AFUA_1G12250 —6.1 CW/PM 1.15 —4.5
24 Plasma membrane H*-ATPase Pmal AFUA_3G07640 —4.3 CW/PM —1.15 =51
24 60S ribosomal protein L7 AFUA_4G03880 2.0 CW/PM -1.07 3.8
24 60S ribosomal protein L.23 AFUA_5G05630 2.0 CW/PM NI 4.5
24 60S ribosomal protein L22, putative AFUA_3G12300 2.0 CW/PM 1.07 10.2
24 40S ribosomal protein S6 AFUA_4G10800 2.0 CW/PM —1.07 3.7
24 40S ribosomal protein S9 AFUA_3G06970 2.0 CW/PM -1.07 3.8
24 60S ribosomal protein PO AFUA_1G05080 2.1 CW/PM -1.23 4.8
24 60S ribosomal protein L11 AFUA_4G07730 2.1 CW/PM NI 8.3
24 60S ribosomal protein L44 AFUA_2G08130 2.1 CW/PM 1.41 3.5
24 40S ribosomal protein S3Ae AFUA_5G05450 2.3 CW/PM 1.07 49
24 Ribosomal protein S5 AFUA_7G01460 23 CW/PM No Change 32
24 Ribosomal L18ae protein family AFUA_1G04530 2.3 CW/PM NI 3.8
24 40S ribosomal protein S10b AFUA_6G12660 2.3 CW/PM 1.07 3.8
24 Ribosomal protein S13p/S18e AFUA_6G13550 2.3 CW/PM -1.23 5.0
24 60S ribosomal protein L35Ae AFUA_3G08460 2.3 CW/PM NI 53
24 Cytosolic large ribosomal subunit protein L7A AFUA_6G12990 2.5 CW/PM 1.07 39
48 BYS1 domain protein, putative AFUA_5G01990 -25 CW/PM 1.23 2.7
48 Translation elongation factor eEF-3, putative AFUA_7G05660 2.3 CWwW/PM 1.07 —2.7
48 GPI-anchored cell wall organization protein Ecm33 AFUA_4G06820 2.3 Secreted 1.07 -2.2

“ NI, not identified; too low, not enough signal to detect the reporter ion; GPI, glycosylphosphatidylinositol; CW/PM, cell wall/plasma membrane.

AspF1 decreased more than 12-fold, while the level of AspF4
increased 2.3-fold.

A parallel iTRAQ analysis was performed on an isogenic
caspofungin-resistant strain (33) grown in the presence and
absence of drug. Of the 261 proteins identified in the suscep-
tible strain, 221 (84.7%) were also identified in the resistant
strain (Fig. 5). Of the 122 proteins with changes of 2-fold or
greater in the susceptible strain, 103 of these proteins were
largely unchanged in abundance in the resistant strain, con-
firming them as potential biomarkers (Table 1). The most
prominent potential biomarkers identified as changing 12-fold
or more include the major allergen and cytotoxin AspF1, a PT
repeat family protein, a subunit of the nascent polypeptide-
associated complex, the citrate synthase Citl, and FKBP-type
peptidyl-prolyl isomerase along with the mitochondrial hyp-
oxia response domain protein, 4-hydroxyphenylpyruvate dioxy-
genase, and one hypothetical protein. All of the proteins listed
had decreased levels upon the addition of caspofungin. One
hypothetical protein had an increase of greater than 16-fold
upon the addition of drug but was not identified in the resistant
strain and therefore does not strictly meet our definition of a
potential biomarker. These proteins as well as several others
warrant further study.

Microarray analysis. To assess the relationship between the
proteomic changes observed and global gene expression, a
whole-genome array was evaluated. After 3 independent ex-
periments with a dye flip for a total of 6 replicates, a total of
117 genes were considered to be significantly (>2-fold) differ-
entially expressed in response to drug in the susceptible strain.
Of these genes at 24 h, 18 were downregulated and 59 were
upregulated (Table 1 and see Table S1 in the supplemental
material). Of the 59 upregulated genes, 51 (86.4%) were ribo-
somal genes. This is consistent with the proteomics of the
susceptible CW/PM fraction, which gave 81% ribosomal pro-

teins. Of the remaining 8, 5 are hypothetical proteins. The 18
downregulated proteins include stress response genes such as
Mn-superoxide dismutase and mitochondrial hypoxia response
domain protein (consistent with iTRAQ) along with several
transporter proteins (e.g., plasma membrane H*-ATPase and
siderochrome-iron transporter). Three hypothetical proteins
were also downregulated at 24 h. At 48 h, 33 genes were
downregulated and 7 were upregulated at least 2-fold. None of
the genes changing at 48 h were identified as being ribosomal.
Of the 7 genes upregulated, 4 were hypothetical. The down-
regulated proteins include 7 hypothetical proteins along with 6
proteins that were also downregulated at 24 h (CFEM domain
protein, carbonic anhydrase family protein, and 2 C,H, tran-
scription factors). The iTRAQ system identified a total of 471
proteins, 261 of which were used for further analysis in the
secreted and cell wall and associated fractions. This compares
to the 123 genes considered to be significant by microarray
analysis.

A total of 22 proteins (22/122) with significant changes iden-
tified by iTRAQ in the susceptible strain also showed signifi-
cant gene expression level changes by microarray analysis (Ta-
ble 1 and see Table S1 in the supplemental material). At 24 h,
all 19 differentially expressed gene products were consistent
between the 2 methods. However, at 48 h, 3 proteins identified
by iTRAQ had microarray changes of 2-fold in the opposite
direction (either increasing or decreasing levels). This suggests
that the gene/protein correlation breaks down significantly at
48 h compared with 24 h. The ChiAl gene was downregulated
11.7-fold by microarray analysis, and the protein level de-
creased by 12.1-fold by iTRAQ analysis at 24 h. This pattern of
decreased expression levels was also seen for the mitochon-
drial hypoxia response domain protein (>—16-fold by iTRAQ
and —4.5-fold by microarray analysis) as well as the plasma
membrane H"-ATPase (—4.3-fold by iTRAQ and —5.1-fold
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FIG. 4. iTRAQ results for the major allergen and cytotoxin AspF1. (A) Typical Scaffold software result for iTRAQ showing the identification
of proteins and accession numbers. (B) Peptides used to identify specific proteins and fold changes seen for each peptide. The number of times
that a singly charged peptide was identified (+'H) is shown. Also, information from each peptide repeat and actual mass spectroscopy data are
shown. Also shown is an enlargement of the reporter ion region depicting the level of each reporter ion used to generate the ratio of change for

the protein. In this case, the changes seen are between ions 113 (no ca

by microarray analysis). The 48-h time point showed consistent
results between iTRAQ and microarray in that no ribosomal
genes were shown to be significantly changing by microarray,
and only 1 ribosomal protein was significantly upregulated by
iTRAQ. These data suggest that ribosomal gene upregulation
may occur as a burst at 24 h.

spofungin) and 114 (0.12 pg/ml caspofungin) in the media at 24 h.

DISCUSSION

The Aspergillus proteome is large and complex, and classical
2D gel electrophoresis provides a convenient approach to as-
sess global protein profiles and to identify prominently ex-
pressed proteins following gel excision and mass spectroscopy.
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FIG. 5. Venn diagram of the 122 proteins identified by iTRAQ as
changing in the sensitive strain following drug exposure and 103 pro-
teins identified in the resistant strain as being unchanged. A total of 22
genes encoding the proteins identified by iTRAQ were found to
change significantly in the microarray analysis.

However, the technique suffers from data compression when
analyzing a large genome, like Aspergillus, with >10,000 open
reading frames. This leads to difficulty in identifying potential
biomarkers of drug action. By using a cell fractionation ap-
proach that emphasizes key cellular compartments and the
comprehensive iTRAQ technique for protein analysis, these
biomarkers can be more easily identified. In this report, we
have used this approach to discover potential biomarkers that
reflect the effect of the echinocandin drug caspofungin on A.
fumigatus.

To date, most studies of drug action on Aspergillus have
emphasized genomic approaches to infer changes in protein
profiles (10, 14). Recently, the response of A. fumigatus to
amphotericin B was looked at by proteomics via 2D gel elec-
trophoresis and microarray analysis. That study found a total
of 295 genes and 85 proteins that were differentially expressed.
Of the 85 proteins, 48 were positively identified by mass spec-
trometry (15). In this study of caspofungin action, iTRAQ was
used to positively identify 461 proteins from the S and CW/PM
fractions. A number of the proteins were present in high abun-
dance, such as AspF3 and the key glycolytic enzyme enolase,
which were readily observed by 2D gel electrophoresis. These
data indicate that the effect of caspofungin was not as a gen-
eralized metabolic poison to the cell, as would be expected
from a fungicidal agent. The level of AspF3 was also found to
increase 3.5-fold in the secreted fraction of the iTRAQ of the
susceptible strain and to decrease 1.5-fold in the iTRAQ of the
resistant strain at 48 h (Table 1). This allergen has been iden-
tified as a thioredoxin peroxidase and has been shown to have
increased levels upon the addition of hydrogen peroxide (25).
Enolase (AspF22) is also known to be an allergen and can
stimulate a strong gamma interferon (IFN-y) immune re-
sponse in humans, and its homolog in Candida albicans was
shown to provide partial protection as a vaccine candidate
(7, 11).

Of the 261 proteins identified with a high level of confidence
(see Table S1 in the supplemental material) in the cell wall/
plasma membrane and secreted fractions of the susceptible
iTRAQ, the proteins with the most value would be those with
levels that are either highly increased or decreased following
drug exposure and did not change in a resistant strain. Proteins
from the CW/PM and S compartments were analyzed because
they were most likely to interact with the host and could be
identified as serum markers either directly or immunologically.
iTRAQ was used to assess the total number of proteins differ-
entially expressed in the presence of drug. These proteins were
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then assessed in the resistant strain to test if it was a general
metabolic change or a change specific to caspofungin exposure.
One of the most promising biomarkers is the mitochondrial
hypoxia response domain protein (AFUA_1G12250), which
was downregulated >16-fold at both 24 and 48 h in the se-
creted fraction. This is the only protein identified to have such
a robust response. This protein was not seen when A. fumigatus
was exposed to either voriconazole or amphotericin B, indicat-
ing its potential value as a biomarker specific to caspofungin
(10, 15).

To examine the relationship between changes in the pro-
teome and the genome under identical drug exposure condi-
tions, a microarray analysis was conducted. Of the 117 genes
identified as significantly changing, 59 (50.4%) correlated with
the proteomics of the susceptible strain (Fig. 5). Most of these
genes changing were ribosomal genes at 24 h. The microarray
data showed an especially poor correlation (<35%) with cor-
responding proteins at 48 h. This may reflect a high level of
transcript turnover as cells enter a type of stationary-phase
growth. A total of 22 gene products were found to change in
common in both the proteomic and genomic analyses (Table
1). These include the mitochondrial hypoxia response domain
protein in both the cell wall and secreted fractions described
above along with the chitinase ChiAl and the plasma mem-
brane H"-ATPase (Pmal), the levels of which were all de-
creasing. Previously, the Pmal gene was shown to be upregu-
lated 2-fold in response to amphotericin B, but our study
showed a decrease of 4.3-fold by proteomic and 5.1-fold by
microarray analyses in response to caspofungin (15). The
changes in ChiAl levels are consistent with studies of Candida,
which responded to the inhibition of glucan synthase by cell
wall remodeling involving changes in B-1-3-glucan and
chitin as major cell wall components in response to caspo-
fungin (39, 41).

One trend that emerged from the proteomics and genomics
data is a strong increase in levels of ribosomal proteins at 24 h
following drug exposure of the susceptible strain. A total of 58
ribosomal proteins were identified as changing significantly by
either proteomics or genomics, suggesting that the cell is gear-
ing up for reprogramming. This trend is clearly time sensitive,
as only one ribosomal protein was significantly changing at
48 h. This trend was not as robust in the resistant strain, with
4/19 proteins (21%) identified as being ribosomal. Changes in
levels of ribosomal proteins were seen previously in response
to amphotericin B, but the levels of some were decreased, and
all were seen only by microarray analysis in that study (15). No
ribosomal proteins in this study were shown to be decreasing.
The proteomics data showed several hypothetical proteins that
have a significant change upon the addition of drug, but very
little information can be garnered due to the lack of annotation
in the database. These hypothetical proteins could be of great
interest as biomarkers and clearly warrant further study.

Overall, the proteomic changes seen in response to caspo-
fungin by both conventional 2D gel electrophoresis and
iITRAQ provide insights into potential biomarkers of drug ef-
ficacy.
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