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ABSTRACT Lon protease is a global regulator in bacteria affecting biofilm formation,
antibiotic resistance, toxin-antitoxin complexes, and proteolysis of damaged proteins. In
Klebsiella pneumoniae, Lon has roles in iron response, protein transport, and membrane
assembly. Here, we apply bottom-up proteomics to identify proteins in the extracellular
environment of WT and Alon K. pneumoniae.
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n bacteria, Lon protease is a cytosolic enzyme involved in key cellular functions, such

as iron homeostasis (1), DNA replication (2-4), virulence (1, 5-7), capsule production
(8-10), and stress response, through the proteolysis of damaged proteins. Our previous
study on the cellular proteome implications of lon deletion in Klebsiella pneumoniae
highlighted known and novel targets of the protease, including proteins associated
with transport (e.g., PgaA) and outer membrane assembly (e.g., BamA) (1). In this study,
we present an investigation into the secretome of Alon compared to wild-type (WT)
K. pneumoniae to explore the downstream implications of lon disruption on bacterial
transport and secretory regulation.

For the experiments, K. pneumoniae WT K52 serotype (ATCC 700721) and Alon were
inoculated in 6 mL Luria-Bertani (LB) overnight at 37 °C with 200 RPM shaking. Next,
1 mL of culture was collected, centrifuged at 3,500 x g for 10 min, and washed twice
with 1 mL M9 minimal media (MM; Chelex 100-treated [Bio-Rad] MilliQ water, glassware
rinsed with 3 M HCl, 6.78 g/L NayHPOy, 3 g/L KH,PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, and
0.4% [w/v] glucose with 2 mM MgSO4 and 0.1 mM CaCly) (1). Cells were resuspended
in 1 mL MM and subcultured into 5 mL of LB (i.e., rich), MM (i.e., iron limited), or MM
supplemented with 10 uM Fe5(SOy4)3 (i.e., iron replete). Cells were grown at 37 °C with
200 RPM shaking, and the supernatant was collected at late-log phase (approximately 14
h for strains grown in LB and 6 h for strains in MM).

Samples were prepared for mass spectrometry analysis as previously described (1,
11-14), with five replicates per strain and media condition. Briefly, 1.2 mL supernatant
was filtered using a 0.22 um pore filter syringe; 333 pL of 8 M urea/40 mM HEPES was
added; and samples were reduced using dithiothreitol (10 mM final concentration) at
95 °C for 10 min (800 rpm) and alkylated using iodoacetamide for 20 min (55 mM final
concentration; room temperature, in the dark). Samples were digested overnight at room
temperature with 4 pL trypsin/LysC protease (Promega). Peptides were dried and purified
using STop And Go (STAGE) tips (15) and reconstituted in 40 pL 0.1% formic acid. Next,
1.5 ug of each sample (according to Thermo NanoDrop One measurement at 280 nm
wavelength) was loaded onto Evotips according to the manufacturer’s instructions (16)
and analyzed with a 15 cm PepSep column (150 um diameter and 1.9 uM beads) over
88 min on an Evosep One liquid chromatography system coupled to a Thermo Scientific
Orbitrap Exploris 240. Mass spectrometry analysis was performed in data-dependent,
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positive ion mode with 400-2,000 m/z precursor range, 60,000 resolution, and intensity
threshold of 2.5e4. Charge states 2-8 were included.

The .RAW files were processed using MaxQuant v2.4.0.0 (17) with default parame-
ters unless stated otherwise. Peptides were searched against K. pneumoniae subsp.
pneumoniae K52 serotype (5,126 protein sequences from UP000000265 proteome ID;
accessed 2 Dec. 2022) (18). Modifications: trypsin specificity with a maximum of two
missed cleavages, cysteine carbamidomethylation (fixed), and methionine oxidation and
N-acetylation (variable). The number of peptides for protein identification was two, and
protein abundance was quantified by label-free quantification (LFQ) with a ratio count
set to 1 (19). Match between runs was enabled with a match window of 0.7 min and an
alignment window of 20 min (19).

TABLE 1 Proteins identified in Alon and WT secretomes in LB, iron replete, or minimal media and their
associated function based on UniProt annotations (23)

UniProt Gene name Media Strain Protein function
accession no. condition
A6T4F8 rpsT Iron replete Alon & WT  30S ribosomal protein S20
and
LIM
A6T509 mitD Iron replete Alon & WT  Peptidoglycan lytic exotransglycosy-
and lase
LIM
A6T513 hupB Iron replete Alon & WT  DNA-binding protein HU-beta, NS1
and (HU-1)
LIM
A6T556 KPN_00497 LB Alon YdgH/BhsA/McbA-like domain-con-
taining protein
A6T751 ompA Iron replete Alon & WT  Outer membrane protein A
and
LIM
A6T7Q9 gapA Iron replete Alon & WT  Glyceraldehyde-3-phosphate
and dehydrogenase
LIM
A6T970 KPN_01710 Iron replete Alon & WT  Glyceraldehyde-3-phosphate
and dehydrogenase
LIM
A6T9Z5 sodC LB Alon Superoxide dismutase [Cu-Zn]
A6TBS4 eco LB Alon Ecotin
A6TDT1 pgk LIM Alon Phosphoglycerate kinase
A6TEV5 rpsE Iron replete Alon & WT  Small ribosomal subunit protein uS5
and
LIM
A6TGN5 rplK Iron replete Alon & WT  50S ribosomal protein L11
and
LIM
A6TGN6 rplA Iron replete Alon & WT  50S ribosomal protein L1
and
LIM
A6TGQ7 hupA Iron replete Alon DNA-binding protein HU-alpha
and
LIM
A6THB4 rpll Iron replete Alon 50S ribosomal protein L9
and
LIM
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FIG 1 WT and Alon secretome profiling. (a) Venn diagram illustrating identification of proteins in WT and Alon secretome. (b) Volcano plot illustrating proteins
more abundant in Alon versus WT secretome in LIM condition. (c) Volcano plot illustrating proteins more abundant in Alon versus WT secretome in iron-replete
condition. Statistical analysis for volcano plot is a Student’s t-test, P-value < 0.05; FDR = 0.05; So = 1.

In Perseus v2.0.7.0 (20), contaminants modified by site and reverse peptides were
removed, and valid value filtering of three out of five replicates per media condition
was set. LFQ intensities were log,-transformed, and missing values were replaced by
imputation from the normal distribution (i.e, by downshift of —1.8 standard devia-
tions from the mean, with values selected within a 0.3 standard deviation width;
between —1.95 and —1.65 standard deviation window). Significant differences in protein
abundance were determined by a Student’s t-test using a confidence interval of 95%,
Benjamini-Hochberg false discovery rate (FDR) cutoff of 5%, and an Sg = 1. Visualization
performed using ProteoPlotter (21).

We identified 15 proteins secreted by Alon and nine proteins secreted by WT (across
all three media conditions) (Table 1); six proteins were exclusive to the Alon secretome
(Fig. 1a). Notably, ribosomal proteins were detected in the secretome, suggesting
potential cell lysis or identification of extracellular vesicle-associated proteins (22). Two
proteins were identified in the Alon secretome in higher abundance than WT in LIM
(i.e., RpsT, RplK; Fig. 1b); five proteins were more abundant in Alon compared to WT
in iron-replete conditions (i.e.,, HupB, Rpll, RplA, GapA, and HupA; Fig. 1c), and three
proteins were more abundant in WT compared to Alon in iron-replete conditions (i.e.,
RplK, RpsT, and MItD; Fig. 1¢).

ACKNOWLEDGMENTS

The authors would like to thank Rapid Novor for the use of their mass spectrometers
and the funding provided to J.G.-M. from the Natural Sciences and Engineering Research
Council of Canada (NSERC—Discovery Grant).

AUTHOR AFFILIATION

'Molecular and Cellular Biology Department, University of Guelph, Guelph, Ontario,
Canada

AUTHOR ORCIDs

Jennifer Geddes-McAlister { http://orcid.org/0000-0002-4257-2096

FUNDING

Funder Grant(s) Author(s)

Natural Sciences and Engineering Research  Discovery Grant Jennifer Geddes-McAlis-
Council of Canada ter

April 2026 Volume 15  Issue 4 10.1128/mra.00311-25 3


http://orcid.org/0000-0002-4257-2096
http://dx.doi.org/10.13039/501100000038
https://doi.org/10.1128/mra.00311-25

Announcement

AUTHOR CONTRIBUTIONS

Microbiology Resource Announcements

Chelsea Reitzel, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing — original draft, Writing -
review and editing | Jennifer Geddes-McAlister, Conceptualization, Funding acquisition,
Project administration, Supervision, Writing - review and editing

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD057415.

REFERENCES

1.

April 2026 Volume 15

Muselius B, Sukumaran A, Yeung J, Geddes-McAlister J. 2020. Iron
limitation in Klebsiella pneumoniae defines new roles for lon protease in
homeostasis and degradation by quantitative proteomics. Front
Microbiol 11:546. https://doi.org/10.3389/fmicb.2020.00546

Zeinert RD, Baniasadi H, Tu BP, Chien P. 2020. The lon protease links
nucleotide metabolism with proteotoxic stress. Mol Cell 79:758-767. htt
ps://doi.org/10.1016/j.molcel.2020.07.011

Nicoloff H, Perreten V, Levy SB. 2007. Increased genome instability in
Escherichia coli lon mutants: relation to emergence of multiple-
antibiotic-resistant (Mar) mutants caused by insertion sequence
elements and large tandem genomic amplifications. Antimicrob Agents
Chemother 51:1293-1303. https://doi.org/10.1128/AAC.01128-06

Jonas K, Liu J, Chien P, Laub MT. 2013. Proteotoxic stress induces a cell-
cycle arrest by stimulating Lon to degrade the replication initiator DnaA.
Cell 154:623-636. https://doi.org/10.1016/j.cell.2013.06.034

Rogers A, Townsley L, Gallego-Hernandez AL, Beyhan S, Kwuan L, Yildiz
FH. 2016. The LonA protease regulates biofilm formation, motility,
virulence, and the type VI secretion system in Vibrio cholerae. J Bacteriol
198:973-985. https://doi.org/10.1128/JB.00741-15

Kirthika P, Senevirathne A, Jawalagatti V, Park S, Lee JH. 2020. Deletion
of the lon gene augments expression of Salmonella Pathogenicity Island
(SPN)-1 and metal ion uptake genes leading to the accumulation of
bactericidal hydroxyl radicals and host pro-inflammatory cytokine-
mediated rapid intracellular clearance. Gut Microbes 11:1695-1712. http
s://doi.org/10.1080/19490976.2020.1777923

Song X, Zhang H, Ma S, Song Y, Lv R, Liu X, Yang B, Huang D, Liu B, Jiang
L. 2019. Transcriptome analysis of virulence gene regulation by the ATP-
dependent Lon protease in Salmonella Typhimurium. Future Microbiol
14:1109-1122. https://doi.org/10.2217/fmb-2019-0118

Gur E. 2013. The Lon AAA+ protease. Subcell Biochem 66:35-51. https://
doi.org/10.1007/978-94-007-5940-4_2

Ching C, Yang B, Onwubueke C, Lazinski D, Camilli A, Godoy VG. 2019.
Lon protease has multifaceted biological functions in Acinetobacter
baumannii. J Bacteriol 201:e00536-18. https://doi.org/10.1128/JB.00536-
18

Torres-Cabassa AS, Gottesman S. 1987. Capsule synthesis in Escherichia
coli K-12 is regulated by proteolysis. J Bacteriol 169:981-989. https://doi.
org/10.1128/jb.169.3.981-989.1987

Geddes-McAlister J, Gadjeva M. 2019. Mass spectrometry-based
quantitative proteomics of murine-derived polymorphonuclear
neutrophils. Curr Protoc Immunol 126:e87. https://doi.org/10.1002/cpim
.87

Sukumaran A, Pladwig S, Geddes-McAlister J. 2021. Zinc limitation in
Klebsiella pneumoniae profiled by quantitative proteomics influences
transcriptional regulation and cation transporter-associated capsule
production. BMC Microbiol 21:43. https://doi.org/10.1186/s12866-021-0
2091-8

Issue 4

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Reitzel C, Sukumaran A, Zanetti C, Muselius B, Geddes-McAlister J. 2023.
Phosphoproteome profiling of Klebsiella pneumoniae under zinc-limited
and zinc-replete conditions. Microbiol Resour Announc 12. https://doi.or
9/10.1128/mra.00258-23

Reitzel C, Sukumaran A, Muselius B, O'Connor S, Geddes-McAlister J.
2023. Profiling of the Klebsiella pneumoniae phosphoproteome under
iron-limited and iron-replete conditions. Microbiol Resour Announc
12:e0018623. https://doi.org/10.1128/mra.00186-23

Rappsilber J, Mann M, Ishihama Y. 2007. Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics
using stagetips. Nat Protoc 2:1896-1906. https://doi.org/10.1038/nprot.2
007.261

Bache N, Geyer PE, Bekker-Jensen DB, Hoerning O, Falkenby L, Treit PV,
Doll S, Paron |, Miller JB, Meier F, Olsen JV, Vorm O, Mann M. 2018. A
novel LC system embeds analytes in pre-formed gradients for rapid,
ultra-robust proteomics. Mol Cell Proteomics 17:2284-2296. https://doi.
org/10.1074/mcp.TIR118.000853

Cox J, Mann M. 2008. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat Biotechnol 26:1367-1372. https://doi.org/10.
1038/nbt.1511

Cox Jurgen, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M.
2011. Andromeda: a peptide search engine integrated into the
MaxQuant environment. J Proteome Res 10:1794-1805. https://doi.org/1
0.1021/pr101065j

Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. 2014. Accurate
proteome-wide label-free quantification by delayed normalization and
maximal peptide ratio extraction, termed MaxLFQ. Molecular & Cellular
Proteomics 13:2513-2526. https://doi.org/10.1074/mcp.M113.031591
Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox
J. 2016. The Perseus computational platform for comprehensive analysis
of (prote)omics data. Nat Methods 13:731-740. https://doi.org/10.1038/
nmeth.3901

Olabisi-Adeniyi E, McAlister JA, Ferretti D, Cox J, Geddes-McAlister J.
2025. ProteoPlotter: an executable proteomics visualization tool
compatible with perseus. J Proteome Res 24:2698-2708. https://doi.org/
10.1021/acs.jproteome.4c00963

Lucena ACR, Ferrarini MG, de Oliveira WK, Marcon BH, Morello LG, Alves
LR, Faoro H. 2023. Modulation of Klebsiella pneumoniae outer membrane
vesicle protein cargo under antibiotic treatment. Biomedicines 11:1515.
https://doi.org/10.3390/biomedicines11061515

Bateman A, Martin M-J, Orchard S, Magrane M, Adesina A, Ahmad S,
Bowler-Barnett EH, Bye-A-Jee H, Carpentier D, Denny P, et al. 2025.
UniProt: the universal protein knowledgebase in 2025. Nucleic Acids Res
53:D609-D617. https://doi.org/10.1093/nar/gkae1010

10.1128/mra.00311-25 4


https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD057415
https://doi.org/10.3389/fmicb.2020.00546
https://doi.org/10.1016/j.molcel.2020.07.011
https://doi.org/10.1128/AAC.01128-06
https://doi.org/10.1016/j.cell.2013.06.034
https://doi.org/10.1128/JB.00741-15
https://doi.org/10.1080/19490976.2020.1777923
https://doi.org/10.2217/fmb-2019-0118
https://doi.org/10.1007/978-94-007-5940-4_2
https://doi.org/10.1128/JB.00536-18
https://doi.org/10.1128/jb.169.3.981-989.1987
https://doi.org/10.1002/cpim.87
https://doi.org/10.1186/s12866-021-02091-8
https://doi.org/10.1128/mra.00258-23
https://doi.org/10.1128/mra.00186-23
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1074/mcp.TIR118.000853
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1021/pr101065j
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1021/acs.jproteome.4c00963
https://doi.org/10.3390/biomedicines11061515
https://doi.org/10.1093/nar/gkae1010
https://doi.org/10.1128/mra.00311-25

	Lon protease-mediated secretome profiling in Klebsiella pneumoniae

