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Non-typhoidal salmonellae (NTS) are common causal agents of acute food-
borne disease worldwide, with the bacterium Salmonella Typhimurium a leading 
cause. In the U.S. alone there are ~1.4 million cases of Salmonella infections 
annually at an estimated cost of ~$3 billion/year (CDC - 07/08). Because of the 
increasing prevalence of antibiotic-resistant isolates, an understanding of the 
growth and pathogenesis of NTS, specifically Salmonella Typhimurium, is 
important for developing new therapeutic agents. As such, we applied 
quantitative label-free LC-MS-based proteomics measurements to gain an 
understanding of the systems involved in virulence of Salmonella Typhimurium.

We hypothesized that proteins coordinately regulated by Salmonella regulatory 
proteins required for virulence will represent the best targets for therapeutics 
(inset figure). As a first step in understanding how virulence is regulated, we 
constructed in-frame non-polar deletions of 84 regulators thought to play a role 
in Salmonella Typhimurium virulence and tested them for virulence. Proteomics 
profiling was carried out for each of the 15 most attenuated mutants under host-
free culture conditions to identify proteins coordinately regulated by Salmonella
regulatory proteins.

Our proteomics analysis has revealed a set of proteins that are coordinately 
regulated by a preponderance of the Salmonella regulatory proteins examined, 
co-regulated with known Salmonella virulence factors, and whose expression is 
up-regulated upon infection of host macrophage cells. These observations have 
been validated by Western Blot analysis. Taken together our data suggest this 
set of proteins play a central role in Salmonella infection of host cells, providing 
novel targets for therapeutics. 

Introduction

Commonly regulated 
proteins represent best 
targets for therapeutics
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Overview
• Salmonella infection is a major public health threat with 

~1.4 million cases of infection annually at an estimated 
cost of ~$3 billion/year in the U.S. alone

• With the recent emergence of antibiotic-resistant isolates, 
an understanding of the pathogenesis of Salmonella is 
important for developing new therapeutic agents

• Knock-out mutants of 15 Salmonella regulators critical to 
systemic infections were developed, and the resulting 
perturbations relative to the wild-type proteome were 
analyzed using quantitative label-free LC-MS-based 
proteomics measurements to gain an understanding of 
the systems involved in virulence of Salmonella

• We identified a set of proteins coordinately regulated by a 
preponderance of the Salmonella regulators examined 
and up-regulated upon infection of host macrophage 
cells, providing novel targets for therapeutics

Methods

AMT tag approach: High throughput 
proteomics methodology

• In-frame non-polar deletions of 84 regulators constructed using method of 
Datsenko and Warner (PNAS 2000, 97, 6640-6645), in which the entire coding 
region of a gene is replaced with a selectable antibiotic resistance gene (kan)

• Functional disruption of mutant derivatives confirmed by PCR analysis 

• BALB/c mice i.p. infected with ~200 cfu of either regulator deletion mutant strain 
or wildtype strain  

Virulence screen

Salmonella Typhimurium grown in host-free culture conditions

• Laboratory conditions
– Growth in  Luria Bertani broth (LB) to log phase (Log)
– Growth in LB to stationary phase (Stat)

• Intracellular environment mimic
– Stat phase cells transferred to acidic minimal media for 4 h, then harvested 

(MgM Shock)
– Stat phase cells diluted 1:100 into acidic minimal media growth for 4 h, then 

harvested (MgM Dilution)

High throughput quantitative proteomics
• Peptides identified from LC-MS peaks by matching both measured accurate 

masses and normalized elution times to those in AMT tag database within 
specified values

• Protein abundance value calculation:
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Peptide 1 of
Protein X

Peptide 2 of
Protein X

Peptide 3 of
Protein X

Summed Peak Intensity for 
Peptide 1

Summed Peak Intensity for 
Peptide 2

Summed Peak Intensity for 
Peptide 3

Average of all Summed Peak 
Intensities for all

Peptides of Protein X

Abundance Value for 
Protein X

Protein Extraction

Biological Sample

Protein Extraction

Biological Sample

AMT tag database generation
• Complex samples fractionated, 

analyzed by LC-MS/MS, and spectra 
analyzed using SEQUEST

• Contains MS/MS peptide sequences, 
normalized elution times, and 
calculated masses 

• Serves as  “look-up table” for 
subsequent high throughput 
LC-MS analyses

pSLT041 (spvR) STM1142 (csgD) STM2361 STM3501/3502 (envZ/ompR)
STM0014 STM1230/1231 (phoQ/phoP) STM2413 (yfeC) STM3547
STM0030 STM1266 STM2557 (cadC) STM3670
STM0034 STM1315 (celD) STM2575 STM3736
STM0052/0053 STM1355 (ydiP) STM2640 (rpoE) STM3759 (marT)
STM0096 (hepA) STM1382 (orf408) STM2688 (smpB) STM3778
STM0115 (leuO) STM1392 (ssrA) STM2826 (csrA) STM3785
STM0118 (fruR) STM1430 (purR) STM2866 (sprB) STM4005/4006 (glnG/glnL)
STM0237 (rof) STM1444 (slyA) STM2867 (hilC) STM4058/4059 (cpxA/cpxR)
STM0430 (phnR) STM1519 (marA) STM2875 (hilD) STM4127 (yijC)
STM0550 (fimY) STM1660 (fnr) STM2876 (hilA) STM4165 (rsd)
STM0604 (ybdM) STM1671 STM2912 STM4291/4292 (basS/basR)
STM0606 (ybdO) STM1704 (yciT) STM2924 (rpoS) STM4297 (melR)
STM0634 (ybeF) STM1753 (hnr) STM2958 (barA) STM4315
STM0764 STM1955 (fliZ) STM3031 STM4317
STM0859 STM2036 (pocR) STM3096 (yqgE) STM4322 (yjdC)
STM0959 (lrp) STM2159 (yehU) STM3120 STM4361 (hfq)
STM0982 (himD) STM2269/2270 (yojN/rcsB) STM3124 STM4547 (yjjQ)
STM1001 STM2275 STM3245 (tdcA) STM4548 (bglJ)
STM1003 STM2281 STM3385 (fis) STM4558 (rimI)
STM1095/1096 (copS/copR) STM2331 (yfbQ) STM3466 (crp) STM4598 (arcA)
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pSLT041 ( spvR )
STM0118 ( fruR )
STM0982 ( himD )
STM1230/1231 ( phoQ/phoP )
STM1392 ( ssrA )
STM1444 ( slyA )
STM1753 ( hnr )
STM2640 ( rpoE )
STM2688 ( smpB )
STM2826 ( csrA)
STM2924 ( rpoS )
STM3120
STM3466 ( crp )
STM3501/3502 ( envZ/ompR )
STM4361 ( hfq )

• BALB/c mice i.p. infected with ~ 200 cfu 
of Salmonella strain and observed for 
21 days

• Percentage surviving mice shown for 
each strain

Screening for regulatory proteins 
required for systemic infection

Label-free LC-MS analysis

spvRWT ssrABMutant

Biol. Rep.

Cell Fraction

Anal. Rep.

X4 Contrasting Conditions

Pooled

himD phoPQslyA hnrrpoE fruR Etc…

…

…

…

…

Correlation plot of variation across MgM dilution growth condition

• Samples blocked and randomized prior to analysis by LC-LTQ-Orbitrap 
• Each LC-LTQ-Orbitrap replicate analysis has a strong correlation to the other two 

replicate analyses for each sample, indicating reproducibility between replicate runs

Results

In vivo validation of LC-MS discovered biomarkers 
via Western blot
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• Label-free proteomics has helped identify and 
validate a set of proteins including STM0082, 
STM1548, STM1599, STM1633, and STM3595
that are:

– Coordinately regulated by Salmonella
regulatory proteins required for virulence

– Co-regulated with the SPI-2 TTSS, a well 
characterized system critical for virulence and 
intra-macrophage replication and survival 

• Confirmatory western blot analysis of the LC-MS 
discovered biomarker proteins following infection 
of host macrophage cells showed their expression 
was up-regulated validating the LC-MS results   

• Collectively, the data suggest STM0082, 
STM1548, STM1599, STM1633, STM3595 play a 
role in Salmonella infection of host cells and may 
represent promising targets for therapeutic 
intervention 

• Expression of STM0082, STM1548, STM1599, STM1633, STM3595 up-regulated upon infection of host 
macrophage cells, validating LC-MS results

• Results suggest STM0082, STM1548, STM1599, STM1633, STM3595 play a role in Salmonella infection 
of host cells

Attenuated virulence of S. Typhimurium
15 regulatory mutants in BALB/c mice

Salmonella proteomic data resource:
http://www.proteomicsresource.org/

Replicate analysis to account for variation

Application of label-free quantitative LC-MS-based proteomics for biomarker 
identification in Salmonella Typhimurium 

Criteria for inclusion in candidate list 
of highly regulated proteins:

• Protein must exhibit ≥ 2-fold reduction in expression in mutant compared to WT (ANOVA; p<0.05)
• Protein must be coordinately regulated in minimum of 7/12 regulator mutants
• Protein must be identified by ≥ 3 peptides

Generating a candidate list

Type three secretion system (TTSS)

• SPI-2 TTSS - well characterized system critical for virulence and intra-macrophage replication 
and survival

• Proteins co-regulated with known virulence proteins are likely serve some type of support role in 
the bacterial processes related to virulence or may be important virulence factors themselves

Significantly down-regulated proteins under MgM dilution growth condition (intra-macrophage like)

COLOR KEY
Not significantly different compared to WT
Down-regulated relative to WT (number represents fold change)

Frequency (n = 12) -- number of regulatory mutants protein is coordinately down-regulated in
Peptides -- number of peptides used to identify and quantify proteins coordinately regulated

Putative targets co-regulated with SPI-2 TTSS under MgM dilution growth condition

Protein Frequency Peptides SpvR FruR HimD PhoP/Q SsrA/B SlyA Hnr RpoE CsrA RpoS STM3120 OmpR/EnvZ
STM0082 8 4 -4 NSD -11 -11 -12 NSD NSD -11 -11 -11 NSD -11
STM0831 8 8 -2 -3 -10 -3 -2 NSD NSD NSD NSD -13 -4 -6
STM1165 8 4 NSD NSD -9 -9 -9 -9 -9 -11 NSD -11 NSD -11
STM1231 7 9 NSD NSD -9 -11 -9 -7 -2 -5 NSD NSD NSD -3
STM1469 10 3 NSD -10 -10 -10 -7 -10 -10 -7 -7 -5 NSD -7
STM1548 7 7 NSD NSD -10 -10 -11 NSD NSD -12 -12 -12 NSD -12
STM1599 7 5 NSD NSD -11 -12 -12 NSD NSD -12 -12 -11 NSD -12
STM1633 7 8 NSD NSD -11 -11 -11 NSD NSD -11 -9 -9 NSD -11
STM1796 8 4 NSD NSD -11 -11 -9 NSD NSD -11 -11 -11 -4 -11
STM2473 9 8 -5 NSD -11 -9 -6 -10 -9 NSD -11 -11 NSD -8
STM2474 7 3 NSD NSD -9 -9 NSD -9 -9 NSD -10 -10 -10 NSD
STM3165 10 3 -10 -10 -10 -9 -10 -10 -10 NSD -11 -6 NSD -11
STM3595 7 10 NSD NSD -11 -11 -6 NSD NSD -13 -13 -3 NSD -13
STM4519 9 7 NSD NSD -11 -6 -11 -4 -5 NSD -11 -11 -11 -11

SPI-2 TTSS
(A

vg. fold change ~19)

Proteins 
co-regulated 

w
ith SPI-2

Protein Description Fold Change  
STM1391 Secretion system regulator (ssrB) 3
STM1392 Secretion system regulator (ssrA) 12
STM1394 Secretion system apparatus (ssaC) 30
STM1396 Secretion system effector (ssaE) 29
STM1397 Secretion system effector (sseA) 12
STM1399 Secretion system chaparone (sscA) 20
STM1402 Secretion system effector (sseE) 3
STM1407 Secretion system apparatus (ssaH) 27
STM1409 Secretion system apparatus (ssaJ) 25
STM1412 Secretion system apparatus (ssaL) 25
STM0082 putative secreted protein 90
STM1548 putative S-adenosylmethionine:tRNA-rib 48
STM1599 Periplasmic dipeptidase for D-ala-D-ala d 34
STM1633 putative periplasmic binding protein 46
STM3595 putative phosphatase 307



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


