
Analysis of the Staphylococcus aureus abscess proteome 
identifies antimicrobial host proteins and bacterial stress 
responses at the host-pathogen interface

Ahmed S. Attia1,5,#, James E. Cassat4,#, Sheg O. Aranmolate1, Lisa J. Zimmerman3, Kelli L. 
Boyd1,2, and Eric P. Skaar1,*

1Department of Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, 
Nashville, TN 37232

2Division of Animal Care, Vanderbilt University Medical Center, Nashville, TN 37232

3Department of Biochemistry and Jim Ayers Institute for Precancer Detection and Diagnosis, 
Vanderbilt University Medical Center, Nashville, TN 37232

4Division of Pediatric Infectious Diseases, Department of Pediatrics, Vanderbilt University Medical 
Center, Nashville, TN 37232

5Department of Microbiology and Immunology, Faculty of Pharmacy, Cairo University, Cairo, 
Egypt 11562

Abstract

Abscesses are a hallmark of invasive staphylococcal infections and the site of a dynamic struggle 

between pathogen and host. However, the precise host and bacterial factors that contribute to 

abscess formation and maintenance have not been completely described. In this work, we define 

the Staphylococcus aureus abscess proteome from both wildtype and neutropenic mice to elucidate 

the host response to staphylococcal infection and uncover novel S. aureus virulence factors. 

Among the proteins identified, the mouse protein histone H4 was enriched in the abscesses of 

wildtype compared to neutropenic animals. Histone H4 inhibits staphylococcal growth in vitro 
demonstrating a role for this protein in the innate immune response to staphylococcal infection. 

These analyses also identified staphylococcal proteins within the abscess, including known 

virulence factors and proteins with previously unrecognized roles in pathogenesis. Within the 

latter group was the universal stress protein Usp2, which was enriched in kidney lesions from 

neutropenic mice and required for the S. aureus response to stringent stress. Taken together, these 
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data describe the S. aureus abscess proteome and lay the foundation for the identification of 

contributors to innate immunity and bacterial pathogenesis.
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Introduction

Staphylococcus aureus is a Gram-positive bacterium and a member of the vertebrate 

microbiome, colonizing approximately 30% of the human population. Paradoxically, this 

organism is highly virulent, capable of causing a diverse array of infections [1]. These range 

from minor skin infections to more serious invasive diseases that are responsible for 

considerable morbidity and mortality [1,2]. The significant public health burden of 

staphylococcal infections is underscored by the fact that S. aureus is responsible for 

approximately 40,000 deaths in the United States per year [2]. Methicillin resistant S. aureus 
(MRSA) infections are prevalent within both the health care setting and the community (CA-

MRSA), highlighting the necessity to identify molecular targets for the development of new 

therapeutics.

Upon breaching the initial sites of colonization, S. aureus can infect virtually any organ 

leading to the rapid recruitment of host neutrophils and macrophages. This inflammatory 

response promotes cell death and tissue destruction. In response to the offending microbe, 

the host produces fibrin deposits which confine S. aureus and necrotic tissue into what is 

known as an abscess [3]. Abscess formation is a hallmark of staphylococcal infection that 

protects the host from bacterial metastasis and the spread of infection to neighboring tissue 

sites.

As a focal point in the host-pathogen interface, the abscess contains host defense molecules 

that are essential to confine bacterial infection and prevent spread. Concurrently, bacteria 

within the abscess express proteins that are critical to their survival within this hostile host 

environment. To identify host and bacterial proteins that are abundant at this infectious 

interface, we performed a proteomic analysis of murine kidney abscesses from S. aureus 
infected animals. Proteomic analyses were performed on both wildtype and neutropenic 

animals in an effort to determine the contribution of neutrophils to the abscess proteome. 

Collectively, these experiments define the S. aureus abscess proteome and identify host and 

bacterial contributors to the host-pathogen interface.

Results

Neutrophil depletion results in large disorganized renal lesions

To determine the contribution of neutrophils to the proteome of S. aureus kidney abscesses, 

it was first necessary to establish an infection model of neutropenic mice. C57BL/6J mice 

were treated with either the neutrophil depleting anti-Gr1 antibody RB6 [4,5], or the isotype 

control antibody SRF3 [6], followed by intravenous injection with wildtype S. aureus strain 

Newman (NW). Ninety-six hours following infection, mice were euthanized and the kidneys 
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were removed for analysis. Decreased myeloperoxidase immunoreactivity in the kidneys 

indicated that the RB6 treatment was successful in diminishing the neutrophilic response 

(Fig. 1), consistent with previous flow cytometry analyses of infected kidneys from RB6-

treated mice [6]. In the SRF3-treated mouse, the inflammation expanded beyond the renal 

parenchyma and filled the renal capsule (Fig. 1A) while in the RB6-treated mouse, the 

response was dramatically diminished (Fig. 1B). H & E staining of the respective sections 

revealed that in the SRF3-treated mouse, the inflammatory infiltrate consisted of neutrophils 

and macrophages forming densely packed sheets encircling the bacterial aggregations (Fig. 

1C and E). Within these inflammatory foci, bacterial aggregates were small and their spread 

was limited. In contrast, in an RB6-treated mouse, bacterial growth was florid and leukocyte 

numbers were markedly decreased. Therefore, in the absence of neutrophils, the host 

response is ineffective at forming organized structures that contain staphylococcal infection 

(Fig. 1D and F).

Proteomic analysis of the staphylococcal abscesses

We sought to define the abscess proteome and evaluate the contribution of neutrophils to the 

protein composition of the abscess. To this end, abscessed or lesioned tissues from 

representative SRF3-treated (wildtype) and RB6-treated (neutropenic) mice were subjected 

to proteomic analysis using shotgun techniques as described in Materials and Methods. We 

identified 235 mouse proteins and 14 S. aureus proteins within the abscesses from a 

wildtype animal and 266 mouse proteins and 22 S. aureus proteins within the abscesses from 

a neutropenic animal with a total of 315 mouse proteins and 22 staphylococcal proteins 

(Summarized in Table 1). Approximately 12% of the detected mouse proteins were more 

abundant in the neutropenic animal while another approximately 12% were more abundant 

in the mouse with an intact neutrophil population. The sample size of this analysis does not 

allow for rigorous statistical comparisons. Instead, the experiment was designed to provide a 

qualitative assessment of the protein composition of the abscess. This data set lays the 

foundation for the identification of host and bacterial factors that contribute to the outcome 

of systemic staphylococcal infection.

Mouse proteins within the abscess that change abundance upon neutrophil depletion

Forty mouse proteins were less abundant in neutropenic lesions as compared to neutrophil 

rich abscesses (Table 2). As expected, neutrophil associated proteins such as myeloid 

bactenecin (neutrophilic granule protein), lactotransferrin precursor, myeloperoxidase, and 

neutrophil gelatinase-associated lipocalin precursor (NGAL) were among the proteins 

exhibiting the most substantial decrease in abundance following neutrophil depletion. Other 

classes of proteins exhibiting decreased abundance upon neutrophil depletion include 

components of the cytoskeleton, extracellular matrix (ECM) proteins, antioxidants, and 

histones. This abundance pattern likely reflects the decreased tissue damage observed in 

infected mice that have been depleted of neutrophils. Thirty-eight proteins exhibited an 

increase in abundance upon neutrophil depletion (Table 3). These included a large number of 

proteins involved in the clotting cascade and coenzyme A (CoA) synthesis. Taken together, 

these results demonstrate the impact of neutrophils on the staphylococcal abscess proteome 

and identify candidate host proteins involved in protection against microbial infection.
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The abundance of histone H4 is markedly decreased upon neutrophil depletion

Histones are eukaryotic proteins of the nucleus that contribute to chromatin formation and 

transcriptional regulation [7]. However, histones have also been implicated in innate 

immunity [8,9,10]. Histones are involved in the formation of neutrophil extracellular traps 

(NETs) that bind bacteria and ensure a high local concentration of antimicrobial agents to 

degrade bacterial virulence factors and kill invading pathogens [11,12]. The abscess 

proteome revealed that unique spectra corresponding to histone H4 were detected at 

approximately half the levels in a neutropenic mouse as compared to a mouse with a robust 

neutrophil response. To validate this observation, abscessed tissue sections from wildtype 

and neutropenic mice were immunohistochemically stained with antisera specific for histone 

H4. Examination of the immunolabeled sections revealed increased extracellular histone H4 

in proximity to the staphylococcal bacterial aggregates in kidney abscesses of wildtype mice 

(Fig. 2A). In contrast, neutropenic lesions had fewer infiltrating cells, very little extracellular 

histone H4, and large bacterial aggregates (Fig. 2B). The abundance of histone H4 

surrounding the bacteria indicates that this protein may contribute to defense against 

staphylococcal infection. To test this hypothesis, S. aureus were cultured in the presence of 

increasing concentrations of purified human histone H4. S. aureus growth was inhibited in a 

dose-dependent manner by purified histone H4, suggesting that extracellular histone H4 may 

be directly antimicrobial during infection (Fig. 3). Taken together, these data show that 

histone H4 is abundant in the staphylococcal abscess in a neutrophil-dependent manner, and 

exhibits antibacterial activity against S. aureus.

S. aureus proteins within the abscess that change abundance upon neutrophil depletion

There are numerous technical challenges associated with the detection of bacterial proteins 

within infected tissue, thus only 22 staphylococcal proteins were detected within abscesses 

of S. aureus infected mice. The detected bacterial proteins likely represent proteins that are 

highly abundant within staphylococcal lesions. Among these proteins, thirteen were more 

abundant in the neutropenic mice including secreted virulence factors (LukD, LukE, LukS, 

HlgB, HlgC, MapN/Eap, and Ssp/Emp), proteins involved in iron acquisition (IsdA), and 

proteins involved in glycolysis/gluconeogenesis (Adh1, Ldh, Eno, GapA) (Table 4). In 

addition, a protein belonging to the universal stress protein (Usp) superfamily was more 

abundant upon neutrophil depletion. Detection of this uncharacterized Usp protein, which is 

presumably produced in high abundance in kidney lesions, indicates that this protein might 

contribute to the interaction between S. aureus and the vertebrate host. It is important to note 

that the increased abundance of these proteins in the lesions of neutropenic mice might be 

due to either increased bacterial yield, or an increased abundance of these gene products in 

the absence of neutrophils. It is not possible to distinguish between these two possibilities 

using the proteomic analyses employed here.

Usp2 is growth phase regulated

The genome of S. aureus strain Newman contains two genes predicted to encode for proteins 

belonging to the universal stress protein superfamily (NWMN_1600 and NWMN_1604). We 

designated the protein encoded by NWMN_1600 as Usp1 and the protein encoded by 

NWMN_1604 as Usp2 in keeping with their genomic localization. Using this nomenclature, 
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Usp2 was the protein detected within the staphylococcal lesions. Our ability to detect Usp2 

within lesioned tissue from neutropenic mice implies that this protein is abundant at the 

infectious focus. To investigate the regulation of usp2 expression, a xylE transcriptional 

reporter was constructed and cells carrying the reporter either with or without the usp2 
promoter were assayed at different growth phases. At mid-logarithmic phase the usp2 
promoter showed XylE activity approximately 100-fold higher than the control vector 

indicating that usp2 is abundantly transcribed at this growth stage. Moreover, entrance into 

late-logarithmic/early stationary phase resulted in a further 100-fold increase in expression 

(Fig. 4). Collectively, these results suggest that usp2 is regulated in a growth phase 

dependent manner, with the highest expression levels observed in late-logarithmic/early 

stationary phase.

Usp2 is involved in the stringent stress response

Protein sequence alignments indicated that S. aureus Usp2 contains a Usp-like conserved 

domain (cd00293) [13]. Proteins belonging to this super family are involved in responding to 

a variety of stressors [14,15]. The presence of a Usp-like domain and the sequence similarity 

between this protein and Usp proteins from other organisms suggests that S. aureus Usp2 

may play a role in the staphylococcal stress response. To test this hypothesis, we evaluated 

the effect of the stringent stress inducer mupirocin on usp2 expression and S. aureus growth. 

Mupirocin is an antimicrobial agent that induces the bacterial stringent response by 

inhibiting isoleucyl tRNA synthetase, thereby increasing the cellular concentration of 

uncharged tRNAIle molecules [16]. Anderson et al. have shown that usp2 is transcriptionally 

induced upon exposure to sub-inhibitory concentrations of mupirocin in the S. aureus strain 

UAMS-1 [17]. To validate these findings in the S. aureus Newman strain background, a 

usp2-gfp reporter was exposed to sub-inhibitory concentrations of mupirocin. Treatment 

with mupirocin induced the expression of usp2, as indicated by an increase in detectable 

fluorescence (Fig. 5A). To determine if Usp2 is required for overcoming the inhibitory effect 

of mupirocin, a deletion mutation of the usp2 gene was constructed (Δusp2) and tested for 

survival in the presence of inhibitory concentrations of mupirocin. These experiments 

revealed an approximately 50% decrease in the survival rate of Δusp2 as compared to 

wildtype S. aureus when treated with mupirocin (Fig. 5B). The observed decreased survival 

was despite the fact that Δusp2 grows similarly to wildtype S. aureus in rich medium (data 

not shown). This increase in susceptibility to mupirocin was reversed by providing a full 

length copy of usp2 in trans, confirming that the absence of Usp2 is responsible for the 

observed phenotype (Fig. 5B). Taken together, these data demonstrate that Usp2 is 

transcriptionally responsive to growth phase and stringent response inducers and required for 

growth in the presence of stringent stress.

Usp2 does not contribute to staphylococcal pathogenesis in a systemic animal model of 
infection

The abundance of Usp2 in the staphylococcal kidney abscess indicates that this protein 

might play a role in the host-pathogen interaction. To test the contribution of Usp2 to 

staphylococcal pathogenesis, cohorts of 6–8 week old female C57BL/6 mice were 

systemically infected with wildtype Newman, Δusp2, or Δusp2 containing a full-length copy 

of usp2 expressed in trans (Δusp2/plgt-usp2-c-myc). To allow comparisons between these 
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three strains, Newman and Δusp2 were transformed with an empty vector pOS1-plgt [18]. 

Ninety-six hours post infection, the mice were sacrificed and kidneys were removed, 

homogenized, and bacteria were enumerated. These experiments demonstrated that there is 

no significant difference between wildtype and Δusp2 at colonizing murine kidneys (Fig. 

6A). To determine if the role of Usp2 during pathogenesis is affected by strain background, 

the Δusp2 mutation was transduced into the MRSA strain USA300 and both wildtype and 

the Δusp2 mutant were tested in the systemic model of infection. Again no significant 

difference was observed between the two groups (Fig. 6B). These results indicate that 

despite the apparent abundance of Usp2 in the staphylococcal abscess, the Usp2 protein is 

dispensable for the pathogenesis of S. aureus in the model of infection tested in this study. 

Further analyses of proteins contained within the abscess are necessary to determine which 

factors are critical to the host-pathogen interaction.

Discussion

S. aureus is a leading cause of global morbidity and mortality and is associated with abscess 

formation in a variety of vertebrate hosts. Abscesses are inflammatory lesions containing 

accumulated bacteria surrounded by both necrotic and healthy immune cells comprised 

primarily of polymorphonuclear leukocytes, or neutrophils [3,19]. Although the contribution 

of individual staphylococcal proteins to abscess development and maintenance has been 

evaluated, a comprehensive analysis of the composition of a staphylococcal abscess at the 

molecular level is still lacking [19,20]. Such an analysis should reveal the factors that 

contribute to abscess formation and uncover host and bacterial factors that are critical to the 

outcome of the host-pathogen interaction.

The bacterial factors that are expressed during infection are not well defined; however, 

recent developments in proteomics combined with the unique anatomical structure of the 

abscess provide the opportunity to identify proteins expressed specifically at the site of 

infection [21]. Laser capture microdissection (LCM) allows the precise acquisition of 

specific cell populations of interest from heterogeneous tissue sections [22,23]. Additionally, 

the development of liquid chromatography tandem mass spectrometry (LC-MS/MS) permits 

the analysis of hundreds to thousands of proteins directly from a complex protein mixture 

with a sensitivity that can reach sub-femtomole levels [24]. Coupling LCM with LC-MS/MS 

technology enables the proteomic analysis of a single infection site with exceptional 

sensitivity [25].

The majority of experiments evaluating the staphylococcal proteome have compared 

wildtype and isogenic mutants of S. aureus or have monitored the impact of altered in vitro 
conditions on protein abundance [26,27,28]. Ventura et al., utilized proteomics to study the 

host-pathogen interface in a murine model of staphylococcal pneumonia [29]. In the current 

study, proteins were detected directly within kidney abscesses. Despite the fact that the 

majority of the proteins detected were from the mammalian host, the staphylococcal proteins 

identified in this analysis represent a number of known virulence factors and resulted in the 

identification of previously uncharacterized staphylococcal proteins such as Usp2.
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The universal stress protein superfamily (Pfam accession number PF00582) encompasses a 

conserved group of proteins that are present within bacteria, archaea, fungi, insects and 

plants [14]. There is significant variation in the usp copy number across organisms that 

encode this protein, ranging from one to fourteen copies within an individual genome 

[14,30]. S. aureus strain Newman contains two genes NWMN_1600 and NWMN_1604 that 

encode Usp1 and Usp2, respectively [31]. We have found that Usp2 is abundant in the 

staphylococcal abscess, yet it is not required for bacterial survival in a systemic model of 

infection. In E. coli, Usp expression is induced by exposure to an array of stresses including 

nutrient starvation, elevated temperatures, oxidants, electron transport chain uncouplers, and 

antibiotics [32,33,34]. In the case of Salmonella typhimurium, UspA contributes to virulence 

in mice [15]. Conversely, M. tuberculosis strains inactivated for the universal stress protein 

homolog Rv2623 fail to establish chronic tuberculosis infection in guinea pigs and mice, 

exhibiting a hypervirulent phenotype associated with increased bacterial burden and 

mortality [35]. These findings have led to the suggestion that Rv2623 is an ATP-dependent 

signaling intermediate in a pathway that promotes persistent infection [35]. The S. aureus 
usp2 gene increases expression upon exposure to stringent stress [17]. Additionally, it has 

been reported that a fragment of S. aureus Usp2 protein has adhesive properties towards 

some host molecules such as fibronectin and fibrinogen [36]. It is unclear how to 

accommodate this finding with the predicted cytoplasmic localization of Usp2, however it 

only adds to the potential role that this protein might play at the host-pathogen interface. The 

inability to detect a difference in the colonization capabilities of Δusp2 in two strain 

backgrounds highlights the importance of further characterizing members of the abscess 

proteome, and suggests redundancy in the staphylococcal mechanisms used for survival 

within the host.

The host proteins identified in the staphylococcal abscess included a number of known 

neutrophil proteins. This includes the nuclear protein histone H4 which acts as a scaffold for 

the formation of NETs to trap and kill pathogens [11,12]. The presumed extracellular 

localization of H4 in the abscess emphasizes the posthumous killing mechanisms of the 

neutrophil and caused us to explore the potential antimicrobial role of this basic protein. 

Purified human histone H4 has been shown to have antimicrobial activity against S. aureus 
[37], however this analysis was performed using a ΔmprF mutant that exhibits increased 

sensitivity to cationic peptides [38]. In the current study, we report antimicrobial activity of 

H4 against the wildtype S. aureus strain Newman, indicating that H4 is included in the 

antimicrobial arsenal of the neutrophils.

Several components of the clotting cascade were identified in S. aureus-infected tissues from 

neutropenic mice. S. aureus is known to bind to and manipulate components of the 

vertebrate clotting and fibrinolytic cascades, including fibrinogen, prothrombin, and 

plasminogen. We identified the alpha, beta, and gamma chains of fibrinogen as enriched in 

infected lesions from neutropenic mice relative to non-neutropenic mice. Of the 

staphylococcal proteins identified in these lesions, two (Ssp/Emp and MapN/Eap) are known 

to have fibrinogen-binding properties and contribute to abscess formation and persistence 

[39,40,41]. Passive immunization with antibodies directed to these two proteins was 

previously found to decrease staphylococcal burdens in tissues from systemically-infected 
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mice [41]. Thus, our results provide further evidence that S. aureus interacts with clotting 

and fibrinolytic cascade components at the infectious interface.

There are important limitations to this study. Proteomic analysis of abscessed tissues 

identified predominantly host proteins, and only a limited number of bacterial proteins. 

While this may reflect the current technological limits of mass spectrometry-based protein 

detection in histologic samples, the failure to identify additional bacterial proteins in 

abscessed tissues might also be a function of the relatively small proportion of bacterial cells 

relative to host cells within an abscess. A previous ultrastructual characterization of abscess 

architecture revealed that at days 4–5 post-inoculation, staphylococci coalesce into central, 

densely packed communities to comprise only a small percentage of abscess volume [41]. A 

second limitation of this work is the inability to discern whether staphylococcal proteins 

enriched in neutropenic lesions are more abundantly produced in the absence of neutrophils, 

or simply reflect higher bacterial burdens in an immunocompromised mouse. However, this 

approach facilitated the identification of additional staphylococcal proteins not detected in 

the abscesses of wildtype mice. Whether production of these bacterial proteins represents a 

specific adaptation to infected tissues in neutropenic hosts remains to be tested. Finally, we 

were unable to identify a role for Usp2 in staphylococcal survival within infected organs. It 

is possible that Usp2 has a more prominent role in staphylococcal pathogenesis in 

neutropenic mice. Alternatively, Usp2 may contribute to staphylococcal pathogenesis 

specifically within abscesses, an effect potentially masked by enumeration of bacterial 

burdens from entire organs containing a mixture of abscessed and non-abscessed tissues.

In conclusion, this work identifies the proteins present within staphylococcal kidney 

abscesses. Expanding this analysis to abscesses caused by other bacteria, or staphylococcal 

abscesses from additional infection sites will begin to define how abscess composition 

differs across infections. Moreover, uncovering host and bacterial factors that contribute to 

the outcome of infection may potentiate the design of new intervention measures to treat this 

important infectious threat.

Materials and Methods

Ethics Statement

All procedures involving animals were approved by Vanderbilt University’s Institutional 

Animal Care and Use Committee (IACUC).

Bacterial strains and growth conditions

Staphylococcus aureus clinical isolate Newman [31] was used in all experiments (wildtype) 

and mutants were generated in its background, unless otherwise indicated. S. aureus was 

grown on tryptic soy broth (TSB) solidified with 1.5 % agar at 37°C or in TSB with shaking 

at 180 rpm. When needed, TSB was supplemented with antibiotics to the following final 

concentrations: chloramphenicol (10 μg ml-1) and spectinomycin (100 μg ml-1). Escherichia 
coli was grown in Luria broth (LB) and when appropriate, the media were supplemented 

with antibiotics as follows: ampicillin (100 μg ml-1), kanamycin (40 μg ml-1) and 

spectinomycin (100 μg ml-1).
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Construction of Δusp2 isogenic mutants

Primers AA531 (5′-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGTCGAAGTACGCGGTACTGCACCTG

GC ATAT-3′, attB1 site underlined) and AA529 (5′-

GTCCCGGGAGTAAGTGCCTCCTTGTT-3′, XmaI site underlined) were used to amplify 

the upstream region of the usp2 ORF (NWMN_1604) and primers AA530 (5′-

AACCCGGGATATAGATGATCATTAGA-3′, XmaI site underlined) and AA532 (5′-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCATAAATTTGTATCACAAAGAGCGG

C AGAA-3′, attB2 site underlined) were used to amplify the region downstream of the usp2 
ORF. Both PCR amplicons were ligated into the vector pCR2.1 (Invitrogen). The resulting 

plasmid was digested with XmaI and ligated to the non-polar spectinomycin cassette from 

plasmid pSL60-1[42]. The PCR fragment containing the flanking regions and the 

spectinomycin resistance cassette was then amplified and recombined into pKOR1 [43]. The 

Δusp2::spc mutant was constructed in strain Newman by allelic replacement as described 

[43]. The Newman strain mutation was then transduced into the MRSA strain USA300[44] 

with phage Φ85[45].

Creation of strains for complementation of Δusp2

The usp2 ORF was PCR-amplified using the primers AA526 (5′-

CATATGATTACTTACAAAAATAT-3′, NdeI site underlined) and AA534 (5′-

GGATATCAGTTTCTGTTCGCCGCCATTTTGATATTTTTCACGTAATTGAGTTGTT-3′, 

EcoRV site underlined), digested with NdeI and EcoRV, then ligated into the vector phrtB-
myc [46] replacing the hrtB ORF with the usp2 ORF. The resulting plasmid was designated 

plgt-usp2-c-myc. This plasmid was transformed into the restriction-deficient modification-

positive S. aureus RN4220 and subsequently transformed into Δusp2 for analyzing the 

infectivity of this mutant in the systemic model of infection (see below). To construct a 

plasmid expressing the usp2 gene under the control of its native promoter, a 300 nucleotide 

region containing the putative usp2 promoter was PCR-amplified using the primers AA528 

(5′-CGAATTCTTTGTAATCTACATCTT-3′, EcoRI site underlined) and AA542 (5′-

GTAAGTCATATGAGTAAGTGCCTCCTTGTTCTTT-3′, NdeI site underlined), digested 

with EcoRI and NdeI, then ligated into plgt-usp2-c-myc that had been digested with the 

same restriction enzymes. The resulting plasmid was designated pusp2-c-myc and was used 

for complementation of the Δusp2 mutant in the stringent stress assay (see below). As a 

control, both wildtype Newman and Δusp2 were transformed with the E. coli/S. aureus 
shuttle vector pOS1-plgt [18].

Construction of transcriptional reporters

(A) xylE reporter: To construct a usp2-xylE transcriptional reporter, a 300 nucleotide region 

directly upstream of the predicted translational start site of the usp2 ORF was amplified with 

primers AA528 and AA541 (5′-TGAATTCAGTAAGTGCCTCCTTGTTCTTT-3′, EcoRI 

site underlined), then digested with EcoRI and ligated into pOS1-xylE [47] that had been 

digested with EcoRI. (B) gfp reporter: To construct a usp2-gfp transcriptional reporter, the 

same region described in (A) was amplified with primers AA538 (5′-

GCACTGCAGTTCTTTGTAATCTACATCTT-3′, PstI site underlined), and AA539 (5′-
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GTGGTACCAGTAAGTGCCTCCTTGTTCTTT-3′, KpnI site underlined), and digested 

with PstI and KpnI then ligated upstream of the gfp gene in the vector pAH842 [48] that had 

been digested with the same restriction enzymes.

Transcriptional reporter assays

(A) XylE assay: Bacterial cultures were grown overnight in 15 ml conical tubes then diluted 

1:100 into fresh media. Aliquots were removed at time intervals corresponding to the 

different growth phases (mid-log phase: 3 hrs and OD600~ 0.3, late log phase: 6 hrs and 

OD600~ 0.6, early stationary phase: 8 hrs and OD600~ 0.7, and late stationary phase; 24 hrs 

and OD600~ 0.65). Cells in each aliquot were washed and frozen until the time of analysis. 

The XylE assay was performed as described previously [47]. Briefly, cells were lysed using 

100 mM potassium phosphate buffer (pH 8.0), 10% (vol vol-1) acetone, and lysostaphin (25 

mg ml-1) for 20 min at 37°C. Cells debris was removed by centrifugation at 20,000 g for 30 

min at 4°C. Supernatants were assayed for XylE activity by monitoring the formation of 2-

hydroxymuconic semialdehyde from pyrocatechol through measuring the absorbance at 375 

nm every minute for 30 min on a Synergy 2 Multi-Mode Microplate Reader (Biotek). 

Protein concentration in each sample was determined by BCA (Pierce). One unit of specific 

activity of XylE in a sample is defined as the formation of 1 nmol of 2-hydroxymuconic 

semialdehyde per minute per milligram of cellular protein [49]. Each experiment was 

performed in triplicate and repeated three times. (B) GFP assay: Bacterial cultures were 

grown overnight at 37°C with shaking then diluted 1:100 in 5 ml of fresh medium and 

allowed to grow for 90 min at 37°C with shaking. Cells were then pelleted by centrifugation 

and resuspended in 4 ml of TSB ± mupirocin (60 μg ml-1) and allowed to grow for 60 min 

at 37°C with shaking. Aliquots of 200 μl were removed, placed in clear bottom 96-well plate 

and fluorescence was measured using a Synergy 2 Multi-Mode Microplate Reader (Biotek). 

For normalization of the samples, the absorbance of the same wells was measured at 600 

nm. Normalized fluorescence was expressed as fold change in fluorescence as compared to 

the mupirocin untreated sample. Each experiment was performed in triplicate and repeated 

three independent times.

Stringent stress assay

The ability of S. aureus to resist the stringent stress induced by mupirocin was assessed by 

the use of a liquid-phase assay. Briefly, overnight bacterial cultures were diluted in TSB to a 

final concentration of approximately 1 × 105 to 2 × 105 CFU/ml. Subsequently, 20 μl 

aliquots were added to 180 μl of TSB with 120 μg ml-1 mupirocin or TSB with an 

equivalent volume of absolute ethanol which was used as a vehicle to dissolve the 

mupirocin. The mixtures were incubated at 37°C for 15 min without shaking, then 20 μl 

aliquots were removed, diluted 10-fold and plated on TSA plates. After incubation at 37°C 

overnight, the colonies were enumerated and the percentage of survival was determined by 

comparing the CFUs from the mupirocin-treated cultures to those treated with vehicle alone. 

Each experiment was performed in duplicate and repeated three independent times.

Histone (H4) growth inhibition assay

To assess the growth inhibitory activity of histone (H4), overnight cultures of wildtype S. 
aureus were diluted 1:30 in Roswell Park Memorial Institute (RPMI) medium supplemented 
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with 1% (wt vol-1) Casamino Acids (CAS) to which purified human histone H4 (New 

England Laboratories) was added in 2-fold increasing concentrations (0.78 to 100 μg ml-1). 

As a negative control, cells were grown in RPMI/CAS to which equivalent volumes of H4 

buffer (20 mM sodium phosphate (pH 7.0), 300 mM NaCl, 1 mM EDTA, and 1 mM DDT) 

were added. Cell suspensions were incubated in round bottom 96 well plates at 37°C with 

shaking at 180 rpm. Bacterial growth was monitored by measuring absorbance at 600 nm.

Murine model of infection

Analyzing the infectivity of Δusp2—Six- to eight-week-old female C57BL/6 mice 

(Jackson Laboratories, Bar Harbor, Maine) were infected retro-orbitally with approximately 

1×107 CFU of S. aureus NW/pOS1-lgt, NWΔusp2/pOS1-lgt, and NWΔusp2/plgt-usp2-c-
myc. Ninety-six hours post-infection, mice were euthanized with CO2, kidneys were 

removed, homogenized in sterile PBS, serially diluted and plated on TSA and TSA/10 μg 

ml-1 chloramphenicol for colony forming unit (CFU) counts. The experiment was also 

performed using USA300 WT and USA300 Δusp2, with plating on TSA.

Infections for shotgun proteomics—These infections were performed essentially as 

described above however, twenty-four hours prior to the infection, mice were injected 

intraperitoneally with 250 μg of either anti-Gr1 antibody (RB6) or isotype control (SRF3). 

On the day of infection, a second dose of the antibodies was administered. Mice treated with 

RB6 were infected with 1×106 CFU as opposed to those treated with SRF3 which were 

infected with 1×107 CFU. The difference in the bacterial inocula between the two groups is 

due to the expected higher susceptibility of the neutropenic mice (RB6-treated) to S. aureus. 
After euthanization, kidneys were either flash frozen in liquid nitrogen (for laser capture 

micro dissection) or fixed in formalin (for histology and immunohistochemistry).

Histology and immunohistochemistry

Following overnight fixation in formalin, the kidneys were processed routinely, embedded in 

paraffin, and sectioned at five microns. Sections were stained with hematoxylin and eosin for 

microscopic evaluation. Additional unstained tissue sections were deparaffinized and 

processed for immunohistochemistry with rabbit polyclonal anti-sera against 

myeloperoxidase (MPO-7, Dako) and histone H4 (ab61255, Abcam). Diaminobenzidine was 

used as the substrate. Detailed information on immunohistochemistry protocols can be found 

at the following website, http://www.mc.vanderbilt.edu/root/vumc.php?site#tpsr

Excising abscessed tissue using laser capture microdissection (LCM)

Frozen kidneys were sliced into 5 μm sections and placed on a histology glass slide. 

Samples were fixed in ethanol and xylene then air-dried for 5 minutes. Tissues in three 

separate abscessed regions from one representative anti-RB6 treated (neutropenic) mouse, 

and one representative anti-SRF3 treated (isotype control) mouse were microdissected at 

10x and 40x magnification, and with a power range of 70 mW – 100 mW and pulse range 

2,500 μs – 11,000 μs using automated LCM (Veritas System). The abscessed tissues were 

captured on LCM caps and removed from the machine and kept frozen until further 

analyses. The abscesses were less obvious in the neutropenic mice; however ethanol and 

xylene treatment of the sections revealed the margins of the deformed tissues allowing the 
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accurate microdissection of the lesioned tissue. Thirty microliters of 25 μg mL-1 lysostaphin 

in TBS was placed on the membrane of each LCM cap and incubated at 37°C for 30 min. 

This lysostaphin treatment was intended to dissolve the bacterial cell wall to increase 

sensitivity of the detection of bacterial proteins. After digestion, the caps were inverted and 

placed into 200 μL microcentrifuge tubes and the lysates collected by centrifugation for 1 

minute at 16,100 × g. The lysates from lysostaphin-treated caps were then combined and 

solubilized in SDS sample buffer and equally distributed into 3 lanes and the proteins were 

resolved by electrophoresis on a 10–20% Tricine gel. The gels were stained with Colloidal 

Blue with destaining with water and each lane was cut into 5 gel regions. The proteins were 

then subjected to in-gel trypsin digestion and peptide extraction digestion using a standard 

protocol [50]. Briefly, the gel regions were washed with 100 mM NH4HCO3 for 15 minutes. 

The liquid was discarded and replaced with fresh 100 mM NH4HCO3 and the proteins 

reduced with 5 mM DTT for 20 minutes at 55°C. After cooling to room temperature, 

iodoacetamide was added to 10 mM final concentration and placed in the dark for 20 

minutes at room temperature. The solution was discarded and the gel pieces washed with 

50% acetonitrile/50 mM NH4HCO3 for 20 minutes, followed by dehydration with 100% 

acetonitrile. The liquid was removed and the gel pieces were completely dried, re-swelled 

with 0.5 μg of modified trypsin (Promega) in 100 mM NH4HCO3, and digested overnight at 

37°C. Peptides were extracted by three changes of 60% acetonitrile/0.1% TFA, and all 

extracts were combined and dried in vacuo. Samples were reconstituted in 30 μL 0.1 % 

formic acid for LC-MS/MS analysis.

The membranes containing the LCM material were removed, placed directly into a 1.5 mL 

Eppendorf tube and suspended in 25 μL of SDS sample buffer, reduced with DTT and 

heated at 70–80°C in a water bath for 10 min. The supernatants from the caps treated with 

SDS were combined, equally distributed into 9 wells and electrophoresed approximately 2 

cm into a 10–20% Tricine gel. All gels were stained with Colloidal Blue with destaining 

with water and each region was digested as described above. The peptide digests from 3 

abscessed or lesioned regions were combined resulting in 3 technical replicates.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of abscessed 
tissues

Peptides were analyzed using a Thermo Finnigan LTQ ion trap instrument and separated as 

previously described [51]. Tandem spectra were acquired using a data dependent scanning 

mode with a one full MS scan (m/z 400–2000) followed by 9 MS-MS scans. The SEQUEST 

algorithm was then used to search the tandem spectra against the C57BL/6 mouse and S. 
aureus Newman genomes. The database was concatenated with the reverse sequences of all 

proteins in the database to allow for the determination of false positive rates. The SEQUEST 

outputs were filtered through the IDPicker suite with a false positive ID threshold of 5% and 

proteins were required to be identified by 2 or more unique peptides. Protein reassembly 

from identified peptide sequences was done as previously described [52]. The number of 

spectra identified for each protein under a given condition was normalized to the number of 

total spectra detected in the same injection. The spectral counts for each protein were 

derived from three technical replicates, representing laser-captured tissue from three separate 

abscessed or lesioned regions.
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Statistical Analysis

Student’s t test was used to calculate p values, and p values less than 0.05 were considered 

significant.
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Figure 1. Neutrophil depletion results in large, disorganized renal lesions
(A and B) 10x magnification of immunohistochemistry for myeloperoxidase from a mouse 

treated with (A) the control antibody (SRF-3) or (B) the anti-Gr1 RB6 antibody. A 

substantial decrease in the number of neutrophils infiltrating and surrounding the bacteria in 

the neutropenic mice is observed and marked (*). (C) 4x magnification of H & E stained 

sections of the wildtype mouse where the inflammatory infiltrate consists of both neutrophils 

and macrophages forming densely packed sheets that encircle small bacterial aggregates 

(arrows) while the neutropenic mouse (D) has large, disorganized lesions and the 

inflammatory infiltrate consists predominantly of macrophages and abundant bacterial 

growth is visible (arrows). (E and F) 60x magnification of the sections described in (C) and 

(D), respectively.
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Figure 2. Histone H4 is decreased upon neutrophil depletion
(A and B) Immunohistochemistry for histone H4. (A) In the SRF3-treated mouse (wildtype), 

there is increased extracellular immunoreactivity for histones (arrows) in proximity to the 

bacterial cells (*). (B) Anti-Gr1(RB6)-treated mice (neutropenic) have fewer infiltrating 

cells, very little extracellular histone H4, and large bacterial aggregates (*).
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Figure 3. Histone H4 inhibits S. aureus growth in vitro
S. aureus was cultured in the presence of increasing concentrations of purified histone H4. 

The growth of the bacterial cells was monitored by measuring the optical density of the 

cultures at 600 nm. The data presented are the average of two independent experiments, each 

performed in triplicate. Error bars represent the standard error. * Denotes p < 0.01 versus 

buffer control as calculated by Student’s t test.
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Figure 4. Expression of usp2 is growth phase-dependent
XylE assay for usp2 promoter activity. S. aureus containing a promoterless xylE construct 

(xylE) or xylE downstream of the usp2 promoter (usp2-xylE) were grown to the indicated 

growth phases and specific XylE activity was determined. The data presented are the 

average of three independent experiments, each one performed in triplicate, and the error 

bars represent the standard error. Student’s t test was used to calculate p values.

Attia et al. Page 19

Pathog Dis. Author manuscript; available in PMC 2015 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Expression of usp2 is induced during the stringent response
(A) The usp2 promoter was fused to GFP and fluorescence was used as a measurement of 

usp2 expression when exposed to mupirocin at a final concentration of 60 μg ml-1. The data 

are presented as fold increase in fluorescence as compared to the reporter exposed to the 

vehicle control. The data presented are the average of three independent experiments each 

performed in triplicate, and the error bars represent the standard error. B) Bacterial survival 

assay: wildtype NW/pOS1-lgt, NWΔusp2/pOS1-lgt and NWΔusp2/pusp2-c-myc were 

incubated with or without 120 μg ml-1 mupirocin and the percent survival was calculated by 

considering the number of bacteria present in the absence of mupirocin as 100%. The data 

presented are the average of three independent experiments each performed in triplicate, and 

the error bars represent the standard error. Student’s t test was used to calculate p values.
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Figure 6. Usp2 does not contribute to S. aureus pathogenesis in the systemic model of infection
Bacterial colony forming units (CFU) measured in kidneys from mice intravenously infected 

with (A) wildtype NW/pOS1-lgt (circles), NWΔusp2/pOS1-lgt (squares), and NWΔusp2/

plgt-usp2-c-myc (triangles). (B) wildtype USA300 (circles) or Δusp2 (squares). Each mouse 

is represented by a data point in the figure and the horizontal bar represents the mean of the 

log10CFU.
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Table 1

Summary of the number of proteins detected in the abscesses of S. aureus infected mice.

Neu > WT Neu < WT Neu ≈ WT Total

S. aureus 13 0 9 22

Mouse 38 40 237 315

Totals 51 40 246 337

“Neu” indicates RB6-treated mice.

“WT” indicates SRF-3 treated mice.

>Indicates that the numbers of peptides detected were significantly higher.

<Indicates that the numbers of peptides detected were significantly lower.

≈Indicates that the numbers of peptides detected were not significantly different.
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