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Ethics statement

All animal experiments under protocol M1900043 were reviewed and approved by the Institutional 

Animal Care and Use Committee of Vanderbilt University. Procedures were performed according to the 

institutional policies, Animal Welfare Act, NIH guidelines, and American Veterinary Medical 

Association guidelines on euthanasia.

Murine model of systemic S. aureus infection

6-8 week old female C67BL/6J mice were anesthetized with tribromoethanol (Avertin) and retro-orbitally 

infected with ~1.5-2 x 107 CFUs of S. aureus USA300 LAC constitutively expressing sfGFP from the 

genome (PsarA-sfGFP integrated at the SaPI1 site)(1). Infections were allowed to progress for 4 or 10 days 

before animals were humanely euthanized and organs removed for subsequent analysis.

Chemicals

Acetonitrile, acetic acid, formic acid, trifluoracetic acid, ethanol, ammonium bicarbonate, and chloroform 

were purchased from Fisher Scientific (Pittsburgh, PA). Mass spectrometry sequence-grade trypsin from 

porcine pancreas was purchased from Sigma-Aldrich Chemical, Co. (St. Louis, MO). 

 

Micro-Digestions

All sample preparation was completed using the method previously described by Ryan et al.(1). Excised 

murine kidneys infected with S. aureus USA300 LAC carrying a constitutive fluorescent reporter were 

fresh frozen on dry ice and stored at -80°C. Tissues were then cryosectioned at 10 µm thickness (Leica 

Microsystems, Buffalo Grove, IL) and thaw mounted onto custom fiducial microscope slides (Delta 

Technology, Loveland, CO). For all samples, an autofluorescence microscopy image (Carl Zeiss 

Microscopy, White Plains, NY) was acquired at 10x magnification (0.92 µm/pixel) prior to spotting using 

FITC and DAPI filters (FITC excitation λ, 465-495 nm; emission λ, 515-555 nm; DAPI excitation λ, 340-

380 nm; emission λ, 435-485 nm). Microscopy exposure time was set to 200 ms for the DAPI filter and 



100 ms for the FITC filter. High resolution H&E and autofluorescence whole slide microscopy images were 

aligned using the elastix library(2) following previously described methods(3) and stored in the pyramidal 

OME.tiff data format. Samples were washed with graded ethanol washes for 30s (70% EtOH, 100% EtOH, 

Carnoy’s Fluid, 100% EtOH, H2O, 100% EtOH) and Carnoy’s fluid for 3min (6 ethanol: 3 chloroform: 1 

acetic acid) to remove salts and lipids. Samples were allowed to dry under vacuum prior to trypsin digestion. 

Regions targeted for digestion were annotated on microscopy images using ImageJ (U.S. National Institutes 

of Health, Bethesda, MD) and converted into instrument coordinates for the piezoelectric spotter using an 

in-house script (Figure S1). Trypsin was dissolved in ddH2O to a final concentration of 0.048 µg/mL. A 

piezoelectric spotting system (sciFLEXARRAYER S3, Princeton, NJ) was used to dispense ~250 pL 

droplets of trypsin. Trypsin was dispensed on regions of interest (ROIs) 20 times with one drop per run in 

order to reduce spot size, with 4 spots per ROI. The four trypsin spots were positioned so that all tryptic 

peptides for an ROI could be collected using a single LESA experiment. Following trypsin deposition, 

samples were incubated at 37°C for three hours in 300 µL ammonium bicarbonate. 

 

LESA

Liquid surface extraction was completed using a TriVersa NanoMate (Advion Inc., Ithaca, NY) with the 

LESAplusLC modification. Digested samples were scanned using a flatbed scanner and uploaded to the 

Advion ChipSoft software. 5 µL of extraction solvent (2:8 acetonitrile/water with 0.1% formic acid) was 

aspirated into the glass capillary. The capillary was then lowered to a height of approximately 0.5 mm above 

the sample surface and 2.5 µL of solvent was dispensed onto ROIs. Contact with the surface was maintained 

for 10s and 3.0 µL of solvent was re-aspirated into the capillary. The initial 5 µL volume was dispensed 

into a 96-well plate containing 200 µL of water/0.1% formic acid. The LESA extraction was repeated twice 

at the same ROI and combined. Three wash cycles of the instrument were completed between each ROI set 

to prevent carryover from other biological regions. Resulting extracts were then dried down under vacuum 

and stored at -80˚C until LC-MS/MS analysis. 

 



LC-MS/MS 

Dried peptide samples were reconstituted in 10 µL of water/0.1% formic acid prior to analysis. Tryptic 

peptides from tissue extracts were injected and gradient eluted on a pulled tip emitter column packed in-

house with C18 material (Waters BEH C18). The column was heated to 60˚C with a flow rate of 400 nL/min 

using an Easy-nLC 1000 UHPLC (Thermo Scientific, San Jose, CA). Mobile phase A consisted of H2O 

with 0.1% formic acid, and mobile phase B consisted of acetonitrile with 0.1% formic acid. Peptides were 

eluted on a linear gradient of 2-20% B for 100 minutes, followed by 20-32% B for 20 minutes, and lastly 

32-95% B for one minute. Eluting peptides were analyzed using an Orbitrap Fusion Tribrid mass 

spectrometer (Thermo Scientific, San Jose, CA). MS1 scans were acquired at 120,000 resolving power at 

m/z 200 using the Orbitrap, with a mass range of m/z 400-1600, and an automatic gain control target of 

1.0x106.

 

Data Analysis

For peptide identification, tandem mass spectra were searched using Protalizer software (Vulcan Analytic, 

Birmingham, Alabama) and MaxQuant(4) against a database containing both the mouse and  S. aureus 

strain USA300 LAC proteome created from the UniprotKB(5). Modifications such as glycosylation, 

phosphorylation, methionine, oxidation, and deamidation were included in the Protalizer database search 

with an FDR of 1%. For MaxQuant analysis, raw files were processed using a label-free quantification 

method implemented in MaxQuant version 1.6.7. Spectra were searched against mouse and Staphylococcus 

aureus (strain USA300) reference databases downloaded from UniProt KB. These were supplemented with 

the reversed sequences and common contaminants automatically (decoy database) and used for quality 

control and estimation of FDR by MaxQuant. Carbamidomethylation was set as a fixed modification and 

acetyl (protein N-term) and oxidation (M) were set as variable modifications. Minimal peptide length was 

7 amino acids. Peptide and protein FDRs were both set to 1%. The resultant protein groups file from 

MaxQuant was analyzed for outliers by calculating z-scores for each sample based on number of protein 



groups identified; 3 samples out of 42 were excluded as outliers. Proteins identified as “reverse”, “only 

identified by site”, or “potential contaminants” were also removed. 

Proteins identified by Protalizer and MaxQuant were filtered based on the following criteria: 2 

unique peptides contributed to the protein identification, proteins were detected in 2+ biological replicates, 

and proteins were detected in 2+ serial sections. Bacterial proteins also met these criteria, with the exception 

of those listed in Table S3 (designated as ‘lower confidence’) that only met 1 of the 2 replicate requirements 

criteria but did meet the 2+ unique peptide criteria. We believe these proteins did not fulfil the requirements 

for high confidence due to potentially relevant differences in abundance or due to heterogeneity between 

abscesses. Since these proteins have previously been studied in a primarily targeted manner rather than our 

discovery-based approach, we include these data but additional confirmation is required. The lists generated 

by each dataset were cross compared for all proteins, to aid in identification from the protein groups 

generated by MaxQuant. Tables S1 and S2 include the full list of identified proteins, and include the search 

algorithm(s) were used for identification 

Pathway analysis was conducted using a similar workflow described previously by Gutierrez and 

colleagues(6). Briefly, data were uploaded into a central in-house database and organized by identifiers 

such as tissue location and infection time. Project data were exported into a custom data analysis and 

visualization tool for network construction (SIMONE) in a data driven manner. Data was entered into 

Reactome(7), a free online pathway mapping software, and proteins associated with metabolism were 

selected from the Reactome output. The genes encoding for these proteins were then input into the network 

construction software as root nodes. Network construction was performed as described(8) in conjunction 

with a custom user interface that provided visualization (through the use of Cytoscape24) of the constructed 

data networks.  

https://europepmc.org/article/pmc/pmc6469931#R24


Additional Supporting Information

Figure S1: High resolution images of S. aureus-infected kidneys. a) Autofluorescence, H&E 
stained and overlaid image showing the locations of microLESA sampling (colored dots). Regions are 
shown by color-coded circles. b) 5x and 10x magnification of abscess and abscess edge regions. 



Figure S2: Spatiotemporal distribution of metabolic proteins during infection. Blue circles 
denote proteins that were present at the specified timepoint/region, while grey circles depict the 
absence of a specific protein. 



A list of all host-derived proteins detected are included in Table S1, and all bacterial proteins are included 

in Table S2 (higher confidence identifications) and Table S3 (lower confidence identifications) which are 

included as separate PDF files. Descriptions of these tables are included below. 

Table S1: List of host-derived proteins found by presence at time point and biological region, including 

platform used for identification (P = Protalizer, MQ = MaxQuant).

Table S2: List of bacterial proteins detected and their localizations based on stringent search criteria from 

Protalizer and MaxQuant. No bacterial proteins were detected in the cortex.

Table S3: List of bacterial proteins detected and their localizations with lower identification confidence.  
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