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ABSTRACT: The staphylococcal accessory regulator A (sarA) impacts the extracellular accumulation of
Staphylococcus aureus virulence factors at the level of intracellular production and extracellular protease-
mediated degradation. We previously used a proteomics approach that measures protein abundance of all
proteoforms to demonstrate that mutation of sarA results in increased levels of extracellular proteases and
assesses the impact of this on the accumulation of S. aureus exoproteins. Our previous approach was
limited as it did not take into account that large, stable proteolytic products from a given protein could
result in false negatives when quantified by total proteoforms. Here, our goal was to use an expanded
proteomics approach utilizing a dual quantitative method for measuring abundance at both the total
proteoform and full-length exoprotein levels to alleviate these false negatives and thereby provide for
characterization of protease-dependent and -independent effects of sarA mutation on the S. aureus
exoproteome. Proteins present in conditioned medium from overnight, stationary phase cultures of the
USA300 strain LAC, an isogenic sarA mutant, and a sarA mutant unable to produce any of the known
extracellular proteases (sarA/protease) were resolved using one-dimensional gel electrophoresis.
Quantitative proteomic comparisons of sarA versus sarA/protease mutants identified proteins that were
cleaved in a protease-dependent manner owing to mutation of sarA, and comparisons of sarA/protease mutant versus the LAC
parent strain identified proteins in which abundance was altered in a sarA mutant in a protease-independent manner.
Furthermore, the proteins uniquely identified by the full-length data analysis approach eliminated false negatives observed in the
total proteoform analysis. This expanded approach provided for a more comprehensive analysis of the impact of mutating sarA
on the S. aureus exoproteome.

KEYWORDS: protease, proteolysis, proteomics, mass spectrometry, Staphylococcus aureus, sarA

■ INTRODUCTION

Staphylococcus aureus is a Gram-positive bacterial species that
exists as a commensal bacterium in a significant proportion of
the healthy population but remains capable of causing a diverse
array of serious infections.1 Its ability to cause these infections
arises from its capacity to produce an arsenal of surface-
associated and extracellular virulence factors, the production of
which is controlled by a complex and highly interactive
regulatory network that affords the bacterium the flexibility
required to survive within different microenvironments of the
host.2 One component of this regulatory network is the
staphylococcal accessory regulator (sarA), mutation of which
has been shown to modulate the production of S. aureus
virulence factors at both the transcriptional level and as a
modulator of mRNA stability.3−6

In addition to its role in modulating the production of
virulence factors, sarA has also been shown to serve an

important post-translational role in that it enhances the
accumulation of many virulence factors owing to its ability
to limit protease-mediated degradation.7−9 Specifically, muta-
tion of sarA results in the increased production of all 10
recognized S. aureus extracellular proteases (aureolysin, ScpA,
SspA, SspB, and SplA-F). This has been correlated with
reduced accumulation of multiple S. aureus virulence factors
and reduced virulence in murine models of sepsis, catheter-
associated infection, and hematogenous osteomyelitis.9−11

Moreover, a cause-and-effect relationship has been confirmed
in all of these models by demonstrating that the reduced
virulence of a sarA mutant can be restored to a significant
extent by eliminating protease production in sarA mutants.9
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One key to fully understanding the pathogenesis of S. aureus
is to identify and characterize the virulence factors that
contribute to its pathogenic diversity. Although the importance
of many virulence factors has been demonstrated, the
pathogenesis of S. aureus infections remains incompletely
understood. Approximately 50% of all S. aureus proteins
remain annotated as hypothetical proteins with no known
function.12 It seems likely that some of these contribute to the
prominence of S. aureus as a pathogen, but it is difficult to
justify the studies required to experimentally address this
possibility in the absence of some functional information. One
approach to prioritize virulence factors for detailed in vivo
studies is to identify those with reduced accumulation in a sarA
mutant owing to protease-mediated degradation.
In previous work, we used a one-dimensional gel electro-

phoresis approach to analyze sarA-mediated S. aureus
exoproteomes.9 Here, exoproteome refers to the summation
of S. aureus proteins (i.e., exoproteins) present in the
extracellular milieu of stationary phase cultures irrespective
of whether they are actively exported or passively released from
dead or dying bacterial cells. The basic principle of this
published work was to resolve exoproteomes by 1D SDS-
PAGE, excise the entire gel lane as a series of bands, perform
in-gel trypsin digestion of proteins, and analyze the tryptic
proteins by LC-MS/MS for protein identification. The
presence of a given exoprotein in an exoproteome sample
was determined by summation of identified tryptic peptides
(i.e., spectral counts) of the exoprotein in all bands from the
gel lane. This approach measures the total proteoforms of a
given protein, which could be any permutation of the protein
at any molecular mass (i.e., including proteolytic fragments).
This previous approach was limited in two ways that could
affect full characterization of the S. aureus exoproteome. First,
it did not provide for the distinction of exoprotein levels
regulated by sarA in a protease-independent as well as
protease-dependent manner. Second, it did not take into
account that large, stable proteolytic products from a given
exoprotein could result in false negatives when quantifying by
total proteoforms. For example, a specific exoprotein could be
cleaved into a series of large fragments such that the spectral
counts in the entire gel lane do not identify the protein as
significantly decreased in a sarA-mediated fashion.
We have addressed these issues using an expanded

exoproteomic approach, utilizing a dual quantitative method
for measuring abundance at both the total proteoform and full-
length exoprotein levels, to alleviate false negatives and thereby
provide for characterization of protease-dependent and
-independent effects of sarA mutation on the S. aureus
exoproteome. Using this dual approach, we made comparisons
between conditioned medium (CM) from stationary phase
cultures of the USA300 S. aureus strain LAC, its isogenic sarA
mutant, and its isogenic sarA mutant unable to produce any
extracellular protease. The first approach is based on total
spectral counts in a gel lane (i.e., measuring total proteoforms),
and the second is based on spectral counts derived only from
full-length exoproteins. Quantitative proteomic comparisons of
sarA vs sarA/protease identified exoproteins that were cleaved
in a sarA-mediated and extracellular protease-dependent
manner, while comparisons of sarA/protease vs LAC identified
those decreased in a sarA-mediated and extracellular protease-
independent manner. Furthermore, the exoproteins uniquely
identified by the full-length exoprotein data analysis approach
eliminated false negatives arising from stable proteolytic

products of exoproteins. Additionally, this analysis of sarA-
mediated exoproteomes provided a more in-depth measure-
ment of the exoproteins impacted by sarA in a protease-
dependent vs -independent manner compared to that in our
previous report.9

■ MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

The bacterial strains used in this study were fully described in
our previous report.9 Briefly, they consisted of the USA300,
methicillin-resistant (MRSA) strain LAC (referred to here as
wild-type), its isogenic sarA mutant (sarA), and an isogenic
sarA mutant unable to produce any of the 10 recognized
extracellular proteases (sarA/protease). These proteases in-
clude the metalloprotease aureolysin, the cysteine proteases
ScpA and SspB (also known as staphopain A and B,
respectively), and the serine proteases SspA and SplA-F.
With the exception of the sarA mutation, which was generated
by insertion of a kanamycin-resistance cassette into the sarA
open-reading frame,8 all mutations are true null mutants in
which the protease genes were eliminated using either pJB38,
which is a modified version of the plasmid pKOR1,13 or by
replacement with an erythromycin-resistance cassette.7,14−16

All strains were maintained on tryptic soy agar (TSA) with
antibiotic selection as appropriate but were grown without
selection when preparing conditioned medium (CM). For
exoproteome analysis, stationary phase (16 h) cultures grown
in tryptic soy broth (TSB) were standardized relative to each
other based on optical density and the CM prepared by
centrifugation followed by filter sterilization of the clarified
supernatant using 0.45 μm filters.9 Proteomics studies and
statistical analysis were based on three biological replicates of
each strain.
Mass Spectrometric Analysis of Proteins

An equal volume of CM from each sample was resolved by
one-dimensional SDS-PAGE and visualized by Coomassie
staining.17−20 Each gel lane was sliced into 24 equiv bands of 2
mm each. Gel bands were destained in 50% methanol (Fisher)
containing 100 mM ammonium bicarbonate (Sigma-Aldrich).
This was followed by reduction in 10 mM Tris [2-
carboxyethyl] phosphine (Pierce) and alkylation in 50 mM
iodoacetamide (Sigma-Aldrich). Gel slices were then dehy-
drated in acetonitrile (Fisher) followed by addition of 100 ng
porcine sequencing-grade modified trypsin (Promega) in 100
mM ammonium bicarbonate (Sigma-Aldrich) and digestion at
37 °C for 12−16 h. Peptide products were then acidified in
0.1% formic acid (Pierce). Tryptic peptides were separated by
reverse-phase Jupiter Proteo resin (Phenomenex) on a 200 ×
0.075 mm column using a nanoAcquity UPLC system
(Waters). Peptides were eluted using a 30 min gradient from
97:3 to 65:35 buffer A:B ratio [buffer A = 0.1% formic acid (v/
v), 0.5% acetonitrile (v/v) in water; buffer B = 0.1% formic
acid (v/v), 99.9% acetonitrile (v/v)]. Eluted peptides were
ionized by electrospray (2.15 kV) followed by MS/MS analysis
using higher-energy collisional dissociation (HCD) on an
Orbitrap Fusion Tribrid mass spectrometer (Thermo) in top-
speed data-dependent mode. MS data were acquired using the
FTMS analyzer in profile mode at a resolution of 240,000 over
a range of 375−1500 m/z. Following HCD activation, MS/MS
data were acquired using the ion trap analyzer in centroid
mode and normal mass range with precursor mass-dependent
normalized collision energy between 28.0 and 31.0.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.8b00288
J. Proteome Res. 2018, 17, 3384−3395

3385

http://dx.doi.org/10.1021/acs.jproteome.8b00288


Proteins were identified by database search using Mascot
(Matrix Science, version 2.5.1) against the USA300 S. aureus
database (2653 entries, Genebank accession JTJK01000002).
A decoy database (based on the reverse of the protein
sequences) was used in the search to calculate the FDR for the
search algorithm. The search parameters include fixed
modification of carbamidomethyl on cysteine, variable
modifications of acetylation on the protein N-terminus,
variable modification of oxidation on methionine, a maximum
of 2 missed cleavages with trypsin, parent ion tolerance of 3
ppm, and fragment ion tolerance of 0.5 Da. Scaffold (Proteome
Software) was used to verify MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if
they could be established with less than 1.0% false discovery by
the Scaffold Local FDR algorithm. Protein identifications were
accepted if they could be established with less than 1.0% false
discovery and contained at least 2 identified peptides. Protein
probabilities were assigned by the Protein Prophet algorithm.21

Total spectral counts for each replicate were exported from
Scaffold into Microsoft Excel for further analysis. Mass
spectrometric data used for analysis is reported in Table S1.
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE22 partner
repository with the data set identifier PXD009614 and
10.6019/PXD009614.

Total Proteoform Data Analysis

The amount of total proteoform was identified using the total
spectral counts for a given protein in the entire gel lane (i.e., in
any of the 24 gel bands from a given gel lane) with spectral
counts defined as assigned tandem mass spectra for a given
protein.17−20,23 The spectral counts for a given protein
detected in the entire gel lane were averaged across triplicate
samples for each strain; this averaged spectral count value was
defined as the total proteoform level of the protein in each
strain. This method was the same total proteoform method
employed in our earlier studies.9

Full-Length Protein Data Analysis

The amount of full-length exoprotein was measured using a 3-
gel band window approach also based on spectral counting;
however, this method is based on using three consecutive gel
bands centered on the gel band representing the full-length
protein. Specifically, spectral count data collected from wild-
type was used to locate the gel band with the maximum
spectral count for a given protein, which for the purposes of
this study was considered the most full-length version of the
protein under steady-state conditions. Spectral counts for the
full-length version of that protein were determined by adding
the spectral counts in that gel band with those in the gel bands
immediately above and below, thus accounting for minor
variations in full-length protein migration through the gel. The
spectral counts observed in this 3-band window were then
averaged across triplicate samples of wild-type; this averaged
spectral count value was defined as the level of the steady-state,
full-length version of the protein in wild-type. This information
was then used to calculate spectral counts for the full-length
protein in the sarA and sarA/protease mutants. For example, if
the 3-band window for a specific protein was gel bands 8−10
in wild-type, then the 3-band window used for calculating the
spectral counts for the full-length protein in sarA and sarA/
protease mutants was also gel bands 8−10. The spectral counts
observed in the 3-band window were then averaged across
triplicate samples of sarA and sarA/protease strains; this

averaged spectral count value was defined as the level of the
steady-state, full-length version of the protein in the sarA and
sarA/protease strains.

Visualizing Proteomic Data

Unsupervised hierarchical clustering for total proteoform and
full-length protein analysis was used to show unique and
common protein clusters between each strain (Figure S1). A
clustered heat map for the total proteoform consisted of the
averaged total spectral counts for significantly cleaved proteins,
and the full-length protein analysis consisted of the averaged
spectral counts for significantly cleaved proteins in the 3-band
windows. Proteins significantly changed in abundance were
defined based on p-values less than 0.05 and fold changes
greater than 2. The heat maps were generated using the
Euclidean distance metric, and the data were standardized by
the mean and standard deviation before performing
hierarchical clustering with Hierarchical Clustering Explorer
(HCE, version 3.5).
Volcano plots were used to visualize the significant proteins

for each comparison in the study using R studio. The y-axis
consists of −log10 p-values based on Student’s t test analysis
using either the total proteoform or full-length protein method,
and the x-axis consists of the log2 fold change. Fold changes
were calculated for three different comparisons (wild-type vs
sarA, sarA vs sarA/protease, and wild-type vs sarA/protease).
For the total proteoform method, fold changes were calculated
using the average of replicates of spectral counts from the
entire gel lane. For the full-length method, fold changes were
calculated using the average of replicates of spectral counts in
the 3-band window. Proteins significantly changing in
abundance were defined with p-values less than 0.1 and fold
changes greater than 1.5 (Tables S2 and S3). Zero spectral
count values were replaced with a small value of 0.001 prior to
performing t tests and determining fold change.17−20,23

Proteins identified as significantly decreased in sarA
compared to wild-type, sarA compared to sarA/protease, and
wild-type compared to sarA/protease (top right quadrant in
volcano plots) by both proteomic methods are compared with
a Venn diagram created with Venny (version 2.1)24 (Figure S2
and Table S4). The Venn diagrams represent the number of
shared and unique proteins identified as significant by each
method. They identify proteins that are decreased in amounts
as either sarA dependent, sarA-mediated protease dependent,
and/or sarA-mediated protease independent.

Validation of Exoproteins Decreased in sarA-Mediated
Extracellular Protease-Dependent and -Independent
Mechanisms

To visualize protease-generated protein fragment profiles, we
generated plots of averaged spectral count for selected proteins
as a function of gel band. Immunoblots of CM were performed
using commercially available antibodies for alpha toxin (Sigma-
Aldrich), protein A (Spa) (Sigma-Aldrich), extracellular
thermonuclease (nuc) (Toxin Technologies), and LukS
(Abcam).8,25 Note that available antibodies for IsdC and
ClfA lacked sufficient sensitivity for immunoblot validation;
thus, quantitative parallel reaction monitoring (PRM) mass
spectrometry was used to quantify levels of IsdC and ClfA.
For PRM studies, equal volumes of CM from wild-type

(LAC), sarA, sarA/protease, isdC deletion, and clfA deletion
strains were resolved by one-dimensional SDS-PAGE and
visualized by Coomassie staining. Each gel lane was sliced into
24 equiv sections. Protein in each gel slice was digested in-gel

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.8b00288
J. Proteome Res. 2018, 17, 3384−3395

3386

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00288/suppl_file/pr8b00288_si_005.xlsx
http://dx.doi.org/10.1021/acs.jproteome.8b00288


with trypsin. Tryptic peptides were separated using a 2.5 μm
Waters XSelect CSH resin on a 150 mm × 0.075 mm column
using a nanoAcquity UPLC system (Waters). A 30 min
chromatography gradient was used for each sample, consisting
of a 4 min loading phase at 4% buffer B [0.1% formic acid (v/
v), 99.9% acetonitrile (v/v)], a 14 min linear gradient from 4%
buffer B to 20% buffer B, a 3 min gradient of 20%−35% buffer
B, a 1 min gradient of 35%−90% buffer B, 1 min at 90% buffer
B, and re-equilibration at 2% buffer B for 7 min. Eluted
peptides were ionized by electrospray (2.2 kV) and analyzed
by targeted MS/MS on an Orbitrap Fusion Lumos mass
spectrometer (Thermo). A full-scan MS was acquired at
60,000 resolution from 375 to 1500 m/z (AGC target 4 × 105,
max injection time 50 ms) followed by scheduled, targeted
HCD MS/MS scans at 15,000 resolution with a 1 m/z
isolation window (AGC target 1 × 105, max injection time 100
ms) and 30% collision energy.26 Scheduling windows for the
short gradient were determined by injecting replicates of a
subset of pooled gel slice samples prior to the full experiment.
Preliminary method development was performed on unfrac-
tionated samples that were digested by filter-aided sample
preparation.27

Targeted mass spectrometry files were analyzed using
Skyline.28 Filter settings included precursor charge states of
two or three, product ion charges of one or two, ion type
inclusion of precursor, b, or y fragment ions, product ion
selection from m/z > precursor to 6 ions, and autoselection of
all matching transition ions. Mascot.dat files from the data-
dependent runs were used for library construction. A library
ion match tolerance of 0.5 m/z was used to select between
three and 10 most intense product ions from filtered ion
charges and types. MS/MS filtering of centroided product
masses were used with a mass accuracy of 25 ppm. Explicit
retention time windows of 1−2 min were used for integration.
Precursor ions were used for idot product calculation, and
fragment ions were used for both dot product calculation and
quantitation. Transition results were exported in.csv format
and analyzed using R.29 Areas for each transition (excluding
precursors) were summed to generate intensity values for each
peptide in each sample. Intensity values for each peptide were
normalized relative to the maximum value of all samples.

■ RESULTS AND DISCUSSION

Mutation of sarA Results in a Distinct Exoproteome That Is
Largely Defined by the Increased Production of
Extracellular Proteases

Conditioned medium (CM) samples from LAC (wild-type),
sarA, and sarA/protease mutants were resolved by SDS-PAGE
and visualized using Coomassie staining (Figure 1). Each of
the three strains showed distinctly different molecular mass
profiles of exoproteins. Visual inspection of the Coomassie-
stained gels indicated that the sarA mutant produced an
abundance of lower mass exoproteins relative to both wild-type
and sarA/protease mutant. The sarA mutant is known to have
increased levels of extracellular protease activity relative to
wild-type,9,11,30 which is consistent with the observed lower
mass proteins observed for the sarA mutant. The sarA/protease
mutant has deletions of the ten known S. aureus extracellular
proteases (aureolysin, sspA, sspB, scpA, splA-F), which
appeared to partially rescue the exoprotein profile observed
for the sarA mutant.

To fully define differences in the exoproteome of these
strains, each gel lane in Figure 1 was sectioned into 24 equiv
bands and subjected to in-gel trypsin digestion prior to peptide
analysis by high-resolution tandem mass spectrometry. A total
of 18,171 unique peptides and 1,357 proteins were identified
by high-resolution mass spectrometry of CM from all three
strains (Table S1). Wild-type and sarA/protease mutant shared
96% of the proteins identified, indicating that these strains had
similar exoproteomes in terms of total proteins present
irrespective of their relative abundance. In contrast, the sarA
mutant only shared 36% overlap of exoproteins identified when
compared to the wild-type and sarA/protease mutant,
demonstrating that the exoproteome content of sarA was
distinct from the other strains. The total number of
exoproteins detected in wild-type, sarA/protease, and sarA
mutants were 1332, 1321, and 487, respectively. The total
number of exoproteins supports the similarity of the wild-type
and sarA/protease exoproteomes relative to the sarA mutant.
The lower number of exoproteins detected in the sarA mutant,
and the similar content of the wild-type and sarA/protease
strains, support the role of sarA as a repressor of extracellular
protease production. These results also suggest that
exoproteins in the sarA mutant can be extensively cleaved to
the point they are no longer present in the molecular mass
range of the gel.
Spectral counts for each exoprotein in each gel band were

used to measure the relative levels of detected exoproteins. A
dual approach was used to comprehensively identify
significantly cleaved exoproteins in a sarA-dependent, sarA-
mediated protease-dependent and/or a sarA-mediated pro-
tease-independent fashion. The dual approach consisted of a
total proteoform analysis that used total spectral counts for a
given exoprotein in the entire gel lane and a full-length protein
analysis that used spectral counts in a 3-gel band window
centered on the gel band representing the full-length protein.
Exoproteins present at different levels in pairwise comparison
of strains were identified by a Student’s t test with significance
defined as p < 0.05 and were visualized by hierarchical cluster
heat map (Figure S1). The heat maps clearly show similarity
between the CM from wild-type and sarA/protease mutant as
well as differences in the sarA mutant.

Figure 1. Exoproteomes from wild-type (LAC), sarA, and sarA/
protease strains of S. aureus have distinct molecular masses. An equal
volume of CM from each strain was resolved by one-dimensional
SDS-PAGE and visualized by Coomassie staining. Strains were
analyzed in biological triplicate. Each gel lane was sliced into 24 equiv
sections. Protein in each gel slice was digested in-gel with trypsin and
identified by high-resolution mass spectrometry.
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Figure 2. Total proteoform and full-length protein data analysis methods identify exoproteins as sarA-mediated and extracellular protease
dependent or independent. Volcano plots are shown using the total proteoform (A−C) and full-length protein (D−F) approaches for measuring
abundance of exoproteins. Strains compared are indicated below the x-axis. Volcano plots were generated based on fold-change of protein levels
using the averaged spectral counts from biological triplicates. The x-axis indicates a log2 fold-change, and the y-axis indicates −log10 p-value based
on Student’s t test. The horizontal line indicates a p-value < 0.1, and the vertical lines represent a fold-change >1.5. In all plots, exoproteins in which
the abundance was reduced to a statistically significant degree in sarA (Figure 3A, B, D, and E) or wild-type (Figure 3C,F) are shown as red dots in
the upper right quadrant, whereas those that were present in increased amounts are shown as blue circles in the upper left quadrant. Black dots
indicate proteins for which differences in abundance were not statistically significant. The top left corner also indicates how many of the 10 possible
extracellular proteases were detected.
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Identification of Exoproteins Cleaved in a sarA-Mediated
Manner through Extracellular Protease-Dependent or
-Independent Mechanisms

Volcano plots were used to visualize changes in exoprotein
abundance using the total proteoform and full-length protein
quantitation approaches (Figure 2). Student’s t test p-values
and fold changes were calculated for the total proteoform
(Figure 2A−C) and for the full-length protein methods
(Figure 2D−F). Three pairwise strain comparisons were
analyzed to identify exoproteins cleaved in sarA-dependent

(wild-type vs sarA), sarA-mediated protease-dependent (sarA/
protease vs sarA), and sarA-mediated protease-independent
(sarA/protease vs wild-type) fashions. The first (wild-type vs
sarA mutant) was intended to identify exoproteins that were
decreased in the sarA mutant relative to the parent strain
irrespective of the mechanism involved (Figure 2A and D).
The second (sarA/protease vs sarA) was intended to identify
exoproteins cleaved by the increased production of extracelluar
proteases in the sarA background (Figure 2B,E). The third
(sarA/protease vs wild-type) was intended to identify

Figure 3. Validation of exoproteins decreased in sarA-mediated extracellular protease-dependent and -independent mechanisms. The amounts and
mass distributions of Spa (A), alpha-toxin (C), and NucB (E) were visualized by plotting the total spectral counts averaged across three biological
replicates as a function of gel band. Spectral counts for the single unique NucB peptide (70-SGSEDPTVYSATSTK) were used for panel E. The
vertical lines indicate the 3-band window used for data analysis in the full-length protein method. Immunoblot for Spa (B), alpha-toxin (D), and
NucB (F) verified the respective spectral counting data. Shown is a representative immunoblot from biological triplicates. Controls for
immunoblots are purified Spa that is known to migrate at slightly lower molecular mass relative to in vivo expressed Spa (B), purified alpha-toxin
protein (D), and a control strain that does not express NucB (F). NucA is a proteolytically processed version of NucB (F).
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exoproteins whose abundance was decreased in a sarA-
mediated protease-independent manner (Figure 2C,F). In all
volcano plots, exoproteins in which the abundance was
reduced to a statistically significant decreased amount in the
sarA mutant compared to wild-type, sarA mutant compared to
the sarA/protease mutant, or wild-type compared to the sarA/
protease mutant are shown as red dots in the upper right
quadrant, whereas those that were present in increased
amounts for the aforementioned comparisons are shown as
blue circles in the upper left quadrant.
The total proteoform and full-length protein methods

identified 1104 and 1092 exoproteins, respectively, cleaved
upon sarA deletion compared to wild-type (Figure 2A). The
two methods of data analysis found 1066 of the same proteins,
but the total proteoform and full-length protein methods found
38 and 26 unique exoproteins cleaved, respectively (Figure
S2A). The comparison of wild-type and sarA mutant
exoproteomic data also revealed a smaller number of
exoproteins that were increased in levels upon mutation of
sarA (Figures 2A,D, blue circles). Of the 22 exoproteins found
to be present in increased levels using the total proteoform
approach, nine were extracellular proteases known to be
overexpressed upon deletion of sarA (Figure 2A). Of the 17
exoproteins found to be present in increased levels using the
full-length protein method of data analysis, seven were
extracellular proteases known to be overexpressed upon
deletion of sarA (Figure 2D).
Exoproteins that were cleaved in a sarA-mediated, protease-

dependent manner were identified by comparing sarA/protease
and sarA mutant exoproteomic data. Exoproteins that are
cleaved as a function of extracellular protease overexpression
resulting from sarA deletion are highlighted in red for both the
total proteoform (Figure 2B) and full-length protein (Figure
2E) methods of data analysis. The total proteoform and full-
length protein methods identified 1017 and 968 sarA-mediated
and protease-dependent exoproteins, respectively. The two
methods of data analysis found 943 of the same proteins, but
the total proteoform and full-length protein methods found 74
and 25 unique exoproteins cleaved, respectively (Figure S2B).
Exoproteins that were decreased in abundance in a sarA-

mediated protease-independent manner were identified by
comparing sarA/protease mutant and wild-type exoproteomic
data. Exoproteins that are decreased in abundance independ-
ently of extracellular protease overexpression resulting from
sarA deletion are highlighted in red for both the total
proteoform (Figure 2C) and full-length protein (Figure 2F)
methods of data analysis. The total proteoform and full-length
protein methods identified 120 and 104 sarA-mediated
protease-independent exoproteins, respectively. The two
methods of data analysis found 86 of the same proteins, but
the total proteoform and full-length protein methods found 34
and 18 unique exoproteins cleaved, respectively (Figure S2C).

Validation of Exoproteins Decreased in sarA-Mediated
Extracellular Protease-Dependent and -Independent
Mechanisms

Three well-studied exoproteins were selected for data
confirmation, protein A (Spa), alpha-toxin, and thermonu-
clease (Nuc), all of which are implicated in the pathogenesis of
S. aureus infection.31−33 Figure 3A shows Spa is heavily cleaved
in the sarA deletion background relative to wild-type and sarA/
protease mutant. Peak levels of Spa were detected in band 12 in
wild-type and sarA/protease mutant, whereas very low levels

were present in the sarA mutant background. Note that the
spectral counting level of Spa was not statistically different
between wild-type and sarA/protease mutant. An immunoblot
to Spa confirmed the spectral counting results as deletion of
sarA results in a loss of the full-length Spa, whereas deletion of
proteases in a sarA background recovered levels of full-length
Spa (Figure 3B). These data support the extracellular presence
of Spa being sarA-mediated and extracellular protease
dependent. Spa was also shown to be decreased in a sarA-
mediated fashion based on spectral count analysis (Figure
2A,D). The total proteoform method of data analysis found the
extracellular presence of Spa to be sarA-mediated/protease-
dependent and not sarA-mediated/protease-independent
(Figure 2B,C). The full-length protein method agreed with
the total proteoform method (Figure 2E,F). Because wild-type
does produce extracellular proteases, the absence of cleaved
Spa products in the sarA/protease mutant suggests that the loss
of Spa in the sarA background is in fact generated via protease-
mediated degradation of Spa. Taking this into account, it
seems reasonable to conclude that mutation of sarA has
relatively little direct transcriptional impact on the production
of Spa. This is in contrast to previous reports concluding that
sarA represses expression from the spa promoter.34

Figure 3C shows alpha-toxin is cleaved in the sarA mutant
background to a lower molecular mass species relative to wild-
type and sarA/protease mutant. Similar peak levels of alpha-
toxin were detected in band 15 in wild-type and sarA/protease
mutant, whereas decreased levels were present at a lower
molecular mass in the sarA deletion background. An
immunoblot to alpha-toxin confirmed the spectral counting
results as deletion of sarA produced a lower molecular mass
species present at reduced amounts, whereas deletion of
proteases in the sarA deletion background recovered alpha-
toxin to wild-type levels (Figure 3D). Like Spa, full-length
alpha toxin was restored in the sarA/protease mutant to levels
comparable to those observed in wild-type, suggesting again
that the primary determinant of the decreased accumulation of
alpha-toxin in this sarA mutant is protease-mediated
degradation rather than reduced transcription and/or mRNA
stability. These data support the extracellular presence of
alpha-toxin being sarA-mediated and extracellular protease
dependent. Like Spa, alpha-toxin was shown to be decreased in
a sarA-mediated fashion based on spectral count analysis
(Figure 2A,D). The total proteoform method of data analysis
found the extracellular presence of alpha-toxin to be sarA-
mediated/protease-dependent and not sarA-mediated/pro-
tease-independent (Figure 2B,C). The full-length protein
method agreed with the total proteoform method (Figure
2E,F).
Nuc is known to exist as a full-length protein (NucB) and in

a protease-mediated processed form (NucA) under steady
state wild-type conditions; accordingly, each proteoform will
contain numerous overlapping tryptic peptides and therefore
share many spectral counts.33 The larger molecular mass NucB
does contain a single unique tryptic peptide (70-SGSEDPT-
VYSATSTK) that was used to determine levels of NucB
independent of NucA. Analysis of spectral count data for NucB
showed peak levels in band 18 under wild-type conditions, but
the sarA/protease mutant induced elevated levels of NucB
significantly beyond wild-type levels (Figure 3E). Deletion of
sarA alone resulted in the loss of NucB. Figure 3F confirms
NucB is cleaved in the sarA deletion background relative to
wild-type and sarA/protease mutant but is restored beyond
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wild-type levels in the protease- and sarA-deficient background.
These data suggest the presence of NucB is sarA-mediated and
both extracellular protease-dependent and -independent. This
is consistent with the spectral count data indicating that NucB
was decreased in a sarA-mediated fashion (Figure 2A,D). Both
the total proteoforms and full-length protein methods found
the extracellular presence of NucB to be sarA-mediated/
protease-dependent and sarA-mediated/protease-independent
(Figure 2B,C,E,F).

Exoproteins Uniquely Identified by the Full-Length
Exoprotein Data Analysis Approach Eliminate False
Negatives Arising from Stable Proteolytic Products of
Exoproteins

The total proteoform method of data analysis does not take
into account that large, stable proteolytic products from a
given exoprotein could result in false negatives when
quantifying by total proteoforms. The full-length protein data
analysis method used in this study provides for identification of
these false negatives. Figure 4 shows two examples of this

scenario for the proteins IsdC and ClfA, which are both
implicated in the pathogenesis of S. aureus infection.35−37

Analysis of spectral count data for these proteins shows that
sarA mutation results in the presence of abundant, large
proteolytic fragments, whereas the sarA/protease mutant
restores levels to wild-type (Figure 4A,B). Quantitative PRM
mass spectrometry verified that the sarA mutation results in the
presence of large proteolytic fragments of both IsdC and ClfA
(Figure 4C,D). The total proteoform method of data analysis
did not identify IsdC or ClfA as sarA-mediated and
extracellular protease-dependent (Figure 2A,B), whereas the
full-length protein method correctly identified both as sarA-
mediated and extracellular protease dependent (Figure 2D,E).
Thus, the full-length method can identify false negatives from
the total proteoforms approach. Conversely, these results
illustrate that, to the extent that the total proteoform approach
provides for the identification of stable proteolytic fragments, it
can provide information about protein production that would
not be evident using the full-length protein method.

Figure 4. Full-length protein method of data analysis identifies false negatives in the total proteoform approach. The amount and mass distribution
of IsdC (A) and ClfA (B) in each strain was visualized by plotting the total spectral counts averaged across three biological replicates as a function
of gel band. The vertical lines indicate the 3-band window used for data analysis in the full-length protein method. PRM mass spectrometry for
IsdC (C) and ClfA (D) verifies panels A and B, respectively. Peptides used for PRM assays are indicated. Relative peptide intensity is shown for
each gel section. isdC and clfA deletion strains were used as controls.
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Figure 5 illustrates a more complicated example for the LukS
protein that again highlights the utility of the dual method for

data analysis, which in this case could be validated by Western
blot data owing to the availability of an appropriate antibody.
Like all of the proteins discussed above, LukS is also implicated
in the pathogenesis of S. aureus infection, particularly in the
context of USA300 isolates like LAC.31,38 Figure 5 shows LukS
to be lost in both sarA-mediated, protease-dependent and
-independent pathways. Spectral count data revealed that peak
levels of LukS are identified in band 15 under wild-type
conditions, and deletion of proteases in a sarA background
significantly increased levels of full-length LukS (Figure 5A).
Interestingly, deletion of sarA alone also slightly increased
levels of full-length LukS but also increased levels of multiple
degradation products of LukS. Immunoblot of LukS confirmed
the spectral counting results as deletion of sarA alone produced
full-length and multiple cleaved versions of LukS, whereas
deletion of proteases in the sarA deletion background provided
for increased levels of full-length LukS (Figure 5B). LukS was
shown to be increased in a sarA-mediated fashion as assessed
by proteomic analysis (Figure 2A,D). The total proteoform
method of data analysis found the extracellular presence of

LukS to be sarA-mediated/protease-independent (Figure
2B,C). The full-length protein method correctly found the
extracellular presence of LukS to be sarA-mediated/protease-
dependent and sarA-mediated/protease-independent (Figure
2E,F).

■ CONCLUSIONS
The sarA locus has been shown to play a key role in the
pathogenesis of S. aureus.3,9,10 Exploiting this information to
identify important virulence factors under the regulatory
control of sarA is complicated by the fact that SarA impacts
protein production at the level of both transcription and
mRNA stability.3−6,46 Moreover, to some degree these
regulatory functions differ in a strain-dependent manner.8

Mutation of sarA has also been shown to result in the increased
production of extracellular proteases, and this has been directly
correlated with reduced biofilm formation, reduced accumu-
lation of multiple extracellular and surface-associated virulence
factors, and reduced virulence in multiple animal models of
infection.7,9−11,25,26 This suggests that a primary role of sarA is
to limit the production of extracellular proteases. Additionally,
the impact of increased protease production is apparent in
diverse clinical isolates of S. aureus.10,11,47 This suggests that
using a proteomics approach to fully define the impact of the
increased protease production on the phenotype of clinically
relevant sarA mutants has tremendous potential with respect to
identifying key virulence factors that contribute to the
pathogenesis of S. aureus.
The utility of using high-resolution proteomics to examine

exoproteomes in pathogens and other biological systems has
expanded in recent years.39,40 Several proteomic analyses of S.
aureus have been performed to identify virulence factors using
one-dimensional gel electrophoresis,41−44 two-dimensional gel
electrophoresis,45−48 and quantitative isobaric tagging;49

however, these studies did not focus on extracellular protease
activity. A recent proteomic study sought to identify the
extracellular proteome in 14 clinical isolates of S. aureus.42 In
addition to exploring the extracellular proteome content in
these clinical isolates, the authors used a one-dimensional gel
electrophoresis method to assign the mass of the extracellular
protein based on migration in the gel and compared it with the
predicted mass based on the amino acid sequence. This nice
study revealed five percent of the proteins did not migrate in
the gel as predicted but appeared to have undergone
proteolytic cleavage.42 A limitation of such an approach is
that steady-state levels of proteins in the wild-type scenario do
not necessarily migrate as predicated on one-dimensional gels
and may exist in processed states. Additionally, little
mechanistic insight can be extracted from an analysis of
clinical isolates as a comparative analysis of genetic variants is
needed to elucidate the in vivo mechanism.
In previously reported studies, we used a one-dimensional

gel electrophoresis proteomic approach that measured total
proteoforms to define the impact of mutating sarA, and the
consequent production of increased amounts of extracellular
proteases on the LAC exoproteome.9 This approach was
limited as it did not provide for the distinction of exoprotein
levels regulated by sarA in a protease-independent as well as
-dependent manner and did not take into account that large,
stable proteolytic products from a given exoprotein could
result in false negatives. In this report, we address the
aforementioned issues using a dual exoproteomic approach
that targets both total proteoforms and full-length exoproteins.

Figure 5. The extracellular presence of LukS is sarA-mediated and
both extracellular protease dependent and independent. (A) The
amount and mass distribution of LukS in each strain was visualized by
plotting the total spectral counts averaged across three biological
replicates as a function of gel band. The vertical lines indicate the 3-
band window used for data analysis in the full-length protein method.
(B) Immunoblot for LukS in each strain verifies panel A. Control is a
strain that does not express LukS. Shown is a representative
immunoblot from biological triplicates.
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Application of the dual proteomic approach provided for
complementary and unique information on the levels of
exoproteins. Quantitative proteomic comparisons of sarA vs
sarA/protease identified exoproteins that were cleaved in a
sarA-mediated and extracellular protease-dependent manner,
and comparisons of sarA/protease vs LAC identified those
decreased in a sarA-mediated and extracellular protease-
independent manner (Figure 2). The utility of these
comparisons for distinguishing sarA-mediated extracellular
protease-dependent and -independent mechanisms of regu-
lation was confirmed using Spa, alpha-toxin, and NucB (Figure
3). Furthermore, IsdC, ClfA, and LukS were selected to
demonstrate that exoproteins uniquely identified by the full-
length data analysis approach eliminated false negatives in the
total proteoforms approach (Figures 4 and 5). The current
analysis of sarA-mediated exoproteomes provides a more in-
depth measurement, 1042 proteins regulated in a sarA-
mediated and protease-dependent manner (Figure S2B), of
the exoproteins regulated by sarA compared to our previous
report that identified 253 sarA-mediated and protease-
dependent proteins.9

An advantage of the dual approach presented here is that
one can identify unique proteins from the total proteoform
method, unique proteins from the full-length protein method,
and shared proteins from both methods. The unique, method-
specific protein identifications help overcome false negatives,
which provides for more complete and robust characterization
of exoproteomes. The shared protein identifications provide
for complementary data that increases rigor and confidence.
Taken collectively, the dual quantification method presented
provides for a more comprehensive and robust analysis of
exoproteomes that can be applied to a variety of organisms
beyond S. aureus.
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