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Francisella tularensis is the causative agent of tularemia and a category A potential agent of bioterrorism, but the pathogenic
mechanisms of F. tularensis are largely unknown. Our previous transposon mutagenesis screen identified 95 lung infectivity-
associated F. tularensis genes, including those encoding the Lon and ClpP proteases. The present study validates the impor-
tance of Lon and ClpP in intramacrophage growth and infection of the mammalian host by using unmarked deletion mu-
tants of the F. tularensis live vaccine strain (LVS). Further experiments revealed that lon and clpP are also required for F.
tularensis tolerance to stressful conditions. A quantitative proteomic comparison between heat-stressed LVS and the iso-
genic Lon-deficient mutant identified 29 putative Lon substrate proteins. The follow-up protein degradation experiments
identified five substrates of the F. tularensis Lon protease (FTL578, FTL663, FTL1217, FTL1228, and FTL1957). FTL578 (or-
nithine cyclodeaminase), FTL663 (heat shock protein), and FTL1228 (iron-sulfur activator complex subunit SufD) have
been previously described as virulence-associated factors in F. tularensis. Identification of these Lon substrates has thus
provided important clues for further understanding of the F. tularensis stress response and pathogenesis. The high-
throughput approach developed in this study can be used for systematic identification of the Lon substrates in other pro-

karyotic and eukaryotic organisms.

Francisella tularensis is a highly infectious Gram-negative, fac-
ultative intracellular bacterium that causes tularemia in many
species, including humans (1). F. tularensis is divided into four
subspecies or biotypes: F. tularensis subsp. tularensis (type A), F.
tularensis subsp. holarctica (type B), F. tularensis subsp. mediasi-
atica, and F. tularensis subsp. novicida. While the F. tularensis sub-
species are all genetically similar and capable of causing lethal
infection in mice, only the type A and B strains are associated with
human disease (2). Because of its high virulence, extreme infectiv-
ity, and ability to disseminate by aerosols, F. tularensis is catego-
rized as a category A bioterrorism agent (3). An attenuated live
vaccine strain (LVS) derivative of a type B strain has been used
extensively as a model organism to study tularemia pathogenesis
due to the ability of LVS to cause a lethal infection in mice that
resembles human tularemia (4, 5). However, the molecular and
genetic bases of F. tularensis infectivity and virulence are not com-
pletely understood.

Several high-throughput in vivo mutagenesis screens have
identified many putative virulence-associated genes of F. tularen-
sis (6-8). Our signature-tagged mutagenesis (STM) study identi-
fied 95 lung infection-associated genes in F. tularensis LVS (8),
particularly those encoding the Lon and ClpP proteases. Lon and
ClpP are ATP-dependent proteases that are found widely in both
prokaryotic and eukaryotic organisms (9, 10). Lon is a hexameric
serine protease with a carboxyl-terminal catalytic domain and an
amino-terminal ATPase domain composed of Walker A and
Walker B motifs, required for hydrolysis and ATP binding, respec-
tively. ClpP is a serine protease that is composed of ClpP (protease
subunit) and ATPases (ClpX or ClpA in Gram-negative bacteria
and ClpX and ClpC in Gram-positive bacteria). The catalytic sites
of these proteases are located in the central chamber formed by the
barrel-shaped organization of the subunits. Substrate recognition
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of Lon and ClpP is specified by the ATPase subunits through di-
rect interaction with target proteins and/or indirect association
with other adaptor proteins. Substrates need to be unfolded and
translocated by the associated ATPases into the protease chambers
in response to physiological conditions of the cells (9).

The main functions of Lon and CIpP are to degrade damaged
or incompletely synthesized proteins and to regulate the abun-
dance and activity levels of the selected cellular proteins in re-
sponse to environmental and cellular conditions (9, 11). Lon reg-
ulates a wide range of bacterial functions, including encapsulation
(11,12), motility (13), competence (14), heat shock response (15),
DNA replication and repair (16, 17), drug resistance (18), and
production of virulence factors (19). Significant attenuation in
fitness and/or virulence has been reported for the lon mutants of
many pathogens, including Brucella abortus (20), Pseudomonas
aeruginosa (21), Salmonella enterica serovar Typhimurium (22,
23), and Yersinia pestis (24). ClpP is involved in the proteolytic
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regulation of the heat shock response (25, 26), cell division (27—
29), competence (26, 30), and biofilm formation (31). Disrupting
ClpP also leads to impaired in vivo survival in many pathogens,
such as Helicobacter pylori (32), Mycobacterium tuberculosis (33),
and Staphylococcus aureus (34). Lastly, ClpP is a promising target
for antimicrobials. ClpP-activating acyldepsipeptides have been
shown to effectively kill both actively growing bacteria (35) and
persisters (36).

Previous studies have identified many proteins that are specif-
ically degraded by ClpP in Escherichia coli (37), Caulobacter cres-
centus (28), and S. aureus (38, 39) by a substrate-trapping method
using inactive forms of ClpP or ClpC. Raju et al. identified 132 and
107 putative ClpP substrates in M. tuberculosis and Mycobacterium
smegmatis, respectively, by quantitative proteomic profiling of the
wild-type and ClpP knockdown strains (40). The two ClpP ho-
mologs (ClpP1 and ClpP2) in M. tuberculosis and M. smegmatis
form the ClpP proteolytic core and are essential for mycobacterial
survival in vitro and during infection of mice (33, 40, 41). How-
ever, systematic identification of the Lon substrates has not been
reported. Bissonnette et al. previously mentioned the identifica-
tion of approximately 200 putative Lon substrates in E. coli by a
substrate-trapping method as reported in a personal communica-
tion (15), but no details of this study have been published.

The Francisella Lon and ClpP proteases are encoded by the
protease locus, which consists of four genes (tig, clpP, clpX, and
lon) (Fig. 1A). The available full genome sequences reveal virtually
identical sequences in the locus among the strains from the four
subspecies of F. tularensis. Although transposon insertions in each
of tig, clpP, clpX, and lon led to significant attenuation of F. tular-
ensis LVS in the murine model of respiratory tularemia in our
previous study (8), the results could not define the precise contri-
butions of individual genes to the F. tularensis physiology and
pathogenesis because of potential polar effects of the transposon
insertions on the downstream genes. In this work, we demon-
strated the importance of Lon and ClpP in F. tularensis stress tol-
erance and infection of mammalian hosts. Surprisingly, the clpX
deletion mutant of LVS had no obvious phenotype. Lastly, we
identified five authentic substrates of F. tularensis Lon by a com-
bination of phenotypic enrichment of the potential Lon sub-
strates, tandem mass spectrometry (MS/MS)-based isobaric mul-
tiplexed quantitative proteomics, and protein degradation.

MATERIALS AND METHODS

Bacterial cultivation, plasmids, chemicals, and primers. The bacterial
strains and plasmids used in this work are listed in Table 1. For all exper-
iments except those for growth assessment and protein induction, F. tu-
larensis LVS and its derivatives were cultured in Mueller-Hinton broth
(MHB) as described previously (8). Inducible production of proteins in
LVS derivatives was carried out in Chamberlain’s defined medium
(CDM) (42). Where necessary, kanamycin (10 pg/ml) or hygromycin
(200 pg/ml) was added to the medium. For measurement of the growth
kinetics of F. tularensis LVS and its derivatives, the strains were individu-
ally cultured overnight in 5 ml of CDM at 37°C with aeration. The bacte-
rial cells were diluted to an optical density at 600 nm (ODg,) of approx-
imately 0.05 with 5 ml of fresh CDM or MHB and incubated at 37°C with
aeration. Growth kinetics was monitored by measuring the OD, at the
indicated time points. E. coli strains were grown in Luria-Bertani (LB)
medium in the presence or absence of ampicillin (100 pg/ml), kanamycin
(50 wg/ml), or hygromycin (200 pg/ml). Unless stated otherwise, all bac-
terial media and chemicals were purchased from Sigma (Shanghai,
China). All enzymes for DNA cloning were supplied by New England
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BioLabs (NEB) (Beijing, China). The primers used in this study are listed
in Table S1 in the supplemental material.

Isolation of bacterial RNA and reverse transcriptase PCR (RT-PCR).
Total RNA was isolated from F. tularensis LVS cultures using the SV total
RNA isolation kit (Promega, Madison, WI) according to the supplier’s
instructions. LVS and its derivatives were cultured in MHB to an OD, of
~0.4 before being harvested for RNA purification. To remove residual
DNA, RNA samples were treated with the DNA-free DNA treatment and
removal kit (Ambion, Austin, TX). RNA concentration and integrity were
determined by spectrophotometry and agarose gel electrophoresis, re-
spectively.

Cotranscription of the F. tularensis genes was determined by RT-PCR
essentially as described previously (43). The intergenic cDNAs were syn-
thesized with the total RNA extract of LVS using the SuperScript III kit
(Invitrogen, Carlsbad, CA) and primers Pr1050 (tig), Pr1426 (clpP),
Pr1048 (cIpX), Pr1203 (lon), and Pr1658 (hupB). The junction PCR prod-
ucts were generated with the above-described reverse transcription reac-
tions and primer pairs Pr1049/Pr1050 (hyp-tig), Pr1298/Pr1426 (tig-
clpP), Pr1425/Pr1048 (clpP-clpX), Pr1370/Pr1203 (clpX-lon), and Pr1002/
Pr1658 (lon-hupB). Control reactions included amplifications of RNA
lacking cDNA and chromosomal DNA.

Promoter mapping in the protease locus was performed using quan-
titative RT-PCR (qRT-PCR) with the total RNA extract of LVS and iso-
genic transposon mutants essentially as described previously (44, 45). The
tig (tig:Tn, ST1284) and clpP (clpP::Tn, ST1292) transposon insertion
mutants were generated in our previous study (8). Our unpublished data
showed that the EZ-TN transposon possessed transcriptional termination
activity and thereby exerted a polar effect on the gene downstream of the
insertion site (J.-R. Zhang, unpublished observation). The target genes
were amplified with primer pairs Pr11118/Pr11119 (tig), Pr1425/Pr1426
(cIpP), Pr1427/Pr1428 (clpX), Pr1429/Pr1430 (lon), and Pr1812/Pr1813
(hupB). The data were normalized to the DNA helicase gene (FTL1656),
which was amplified with primers Pr7867 and Pr7868 as described previ-
ously (46). The fold change of target gene transcription in each mutant is
presented as mean percentage of the wild-type value * standard error of
the mean (SEM) (n = 3).

The transcriptional response to heat stress was determined with cul-
tures of LVS or isogenic tig and clpP transposon mutants by qRT-PCR as
described above. Briefly, LVS and its derivatives were grown in 5 ml MHB
at 37°Cto ODg,, of 0.4 and split into two parts. One part of the culture was
placed at 37°C, whereas the other was incubated at 44°C for 20 min before
being harvested for RNA extraction, as described previously (46). The
total RNA extracts were used to perform qRT-PCR as described above.
The fold change of target gene transcription for the cultures incubated at
44°C is presented as a percentage of the value for the 37°C counterpart.

Transcription of the episomal Lon target genes in LVS or the iso-
genic Alon mutant ST1120 was determined by qRT-PCR as described
above. The Lon target genes were amplified with primer pairs Pr10246/
Pr10247 (FTL578), Pr7861/Pr7862 (FTL663), Pr8151/Pr8152 (FTL1217),
Pr10256/Pr10257 (FTL1228), Pr7863/Pr7864 (FTL1957), and Pr7865/
Pr7866 (clpX). The data are presented as mean normalized fold expression
relative to the value for the helicase gene = SEM (n = 3).

Construction of F. tularensis LVS deletion mutants. In-frame dele-
tion in the coding region of lon, clpP, or clpX was done in F. tularensis LVS
by allelic replacement and sacB-mediated counterselection as described
previously (47). The up- and downstream sequences of each target gene
were amplified by PCR from LVS genomic DNA with primer pairs
Pr1235/Pr1238 and Pr1236/Pr1237 for lon, Pr1062/Pr1065 and Pr1063/
Pr1064 for clpP, and Pr1058/Pr1061 and Pr1059/Pr1060 for clpX and
linked by fusion PCR as described previously (45). Each fusion product
was initially cloned into the Xhol (for clpP and clpX) or Xhol/NotI (for
lon) sites of pBluescript IT (SK—) (Stratagene, La Jolla, CA) and subcloned
into the Apal/BamHI (for clpP and clpX) or Apal/Notl (for lon) sites of
pMP590 (Table 1). The pMP590 derivatives were electroporated into LVS
to generate kanamycin-resistant transformants, which were counterse-
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FIG 1 Transcription of the F. tularensis protease locus. (A) Schematic illustration of the gene arrangement in the protease locus. The gene orientations and
promoters identified in panel C are marked by straight and bent arrows, respectively. (B) Cotranscription of the protease locus genes determined by RT-PCR.
FTL890-tig, tig-clpP, clpP-clpX, clpX-lon, and lon-hupB junctions were amplified using cDNA, RNA, or DNA as a template. A 1,200-bp internal fragment of lon
was amplified as a positive control. The sizes of molecular markers are indicated at the sides of the panel in kilobases. (C) Detection of promoter activity of the
5" noncoding sequence of each gene in the protease locus with the B-galactosidase reporter. The 5" noncoding sequence (~500 bp) immediately upstream of each
gene in the protease locus was placed in front of a promoterless 3-galactosidase gene in the pMP633 shuttle plasmid. The LVS derivatives containing individual
reporter constructs were grown to an ODg, of 0.4 in MHB in the presence of hygromycin (200 pg/ml) at 37°C before being lysed to measure 3-galactosidase
activity. The constructs for the E. coli pTAC and F. tularensis clpB promoters were used as negative and positive controls, respectively. Bars represent the average
-galactosidase activity = SEM (n = 3) from one of three independent experiments. (D) Transcription of the protease locus genes in wild-type (WT) LVS and
the isogenic tig (tig::Tn) and clpP (clpP::Tn) transposon insertion mutants. The mRNA levels of the protease locus genes, as well as hupB, were quantified by
qRT-PCR and normalized on the basis of the DNA helicase gene (FTL1656). The fold changes of the mRNA level in the mutants were converted to percentages
of the wild-type value. Bars represent the average = SEM (n = 3) from one of three independent experiments. (E) Heat-inducible transcription of the protease
locus genes in LVS under physiological (37°C) or heat stress (44°C) conditions. The transcripts of the target genes with the total RNA extracts from the LVS
culture grown at 37°C or 44°C were quantified and presented as in panel D. (F) Heat-inducible expression transcription of Jon from the tig promoter but not from
its own promoter. The lon transcripts in LVS (WT) and isogenic tig and cIpP transposon insertion mutants were measured with the total RNA extracts from the
cultures grown at 37°C or 44°C as for panel D.

lected on chocolate agar plates containing 5% sucrose. The resulting ka-
namycin-sensitive/sucrose-resistant clones were tested for the loss of the
target sequences by PCR amplification using the flanking primers
(Pr1062/Pr1063 for clpP, Pr1058/Pr1059 for clpX, and Pr1235/Pr1236
for lon). The resultant clones were further characterized by Southern

May 2016 Volume 84 Number 5

Infection and Immunity

hybridization and DNA sequencing essentially as described previously
(48). Genomic DNA from LVS or its derivatives was digested with
HindIII and probed with a digoxigenin (DIG)-labeled PCR fragment
representing the 3’ end of the tig coding sequence (a PCR product of
primers Pr1298 and Pr1299).
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid

Description

Antibiotic resistance®

Reference or source

F. tularensis subsp.
holarctica strains

LVS

ST1101
ST1116
ST1118
ST1120
ST1284

ST1292
ST1796
ST1889

E. coli strains
DH5a

TOPI0F

BL21
Rosetta

ER2566

Plasmids
pACYCDuet-1
pBS
pBAD18
pDL

pEDLI17
pET28a
pGEX-2T
pMP590
pMP633
pST1010
pST1012
pST1100
pST1105
pST1136
pST1138
pST1728
pST1760
pST1864
pST1923
pST1934
pST1936
pST1938
pST1940
pST1956
pST1958
pST2700
pST3001
pST3621
pST3749
pST3750
pST4218

Live vaccine strain

LVS derivative, AmglA

LVS derivative, AclpX

LVS derivative, AclpP

LVS derivative, Alon

LVS derivative, tig::Tn, transposon insertion between nucleotides
1104 and 1105 in tig

LVS derivative, clpP::Tn, transposon insertion between
nucleotides 255 and 256 in clpP

ST1118 (pST1760); AclpP mutant complemented in trans with
the wild-type LVS clpP driven by native tig promoter

ST1120 (pST1864); LVS Alon mutant complemented in trans
with wild-type LVS lon driven by native tig promoter

F~ endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG
$80dlacZAM15 A(lacZYA-argF)U169 hsdR17(r ™ my ") N~

F’ [lacI? Tn10(Tet")] mcrA A(mrr-hsdRMS-mcrBC)
$»80lacZAM15 AlacX74 deoR nupG recAl araD139 A(ara-
leu)7697 galU galK rpsL(Str") endA1 N~

BF™ dem ompT hsdS(ry™ my~ ) gal

BF" dem ompT hsdS(ry~ my ) gal dem N (DE3 [lacl lacUV5-T7
gene 1 indl sam7 nin5])

F~ N fhuA2 [lon] ompT lacZ::T7 gene 1 gal sulA11 A(merC-
mrr)114:ISI0R(mcr-73:miniTn10-Tet*)2
R(zgb-210::Tn10)(Tet®) endAl [dcm]

E. coli protein expression vector

pBluescript II (SK—)

E. coli protein expression vector

Bacillus subtilis integration vector with bgaB of Bacillus
stearothermophilus as a reporter gene

Francisella-E. coli shuttle plasmid

E. coli protein expression vector

E. coli protein expression vector

F. tularensis suicide vector

Francisella-E. coli shuttle plasmid

pBS::AclpP

pBS::AclpX

pBS::Alon

pMP590::Alon

pMP590::AclpP

pMP590:AclpX

pMP633::pTAC

pST1728::TIG-clpP

pST1728::pTIG-lon

pST1728::bgaB

pST1923::pTIG-bgaB

pST1923::pLON-bgaB

pST1923::pCLPB-bgaB

pST1923::pHUPB-bgaB

pST1923::pCLPP-bgaB

pST1923::pCLPX-bgaB

PGEX-2T derivate; a multiple-cloning site was added

pST2700::lon

pET28a derivate; an Ascl site was added

pST2700:clpX

pST2700::clpP

pST3621:FTL1017

Kan
Kan"®
Hyg

Hyg

8

75

This study
This study
This study
8

This study

This study

Biomed (Beijing, China)

Invitrogen

Biomed
Biomed

NEB

Novagen

Stratagene

53

Bacillus Genetic Stock Center

57
Novagen
GE Healthcare Bio-Science
76

76

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Strain or plasmid Description

Antibiotic resistance® Reference or source

pST4609 pACYCDuet-1::FTL663
pST4611 pACYCDuet-1::FTL1957
pST4635 pBAD18::lon

pST4816 pACYCDuet-1::FTL478
pST4818 pACYCDuet-1::FTL1017
pST4819 pACYCDuet-1:clpX
pST4861 pEDL17::FTL663
pST4863 pEDL17:FTL1957
pST4865 pEDL17::FTL478
pST4867 pEDL17:FTL1017
pST4869 pEDL17::clpX

pST5007 PACYCDuet-1::FTL578
pST5009 pACYCDuet-1::FTL1217
pST5072 pEDL17:FTL1217
pST6927 pACYCDuet-1::FTL40
pST6928 pACYCDuet-1::FTL398
pST6930 pACYCDuet-1::FTL687
pST6931 pACYCDuet-1::FTL891
pST6935 pACYCDuet-1::FTL1191
pST6936 pACYCDuet-1::FTL1228
pST6937 pACYCDuet-1::FTL1267
pST6938 pACYCDuet-1::FTL1358
pST6939 pACYCDuet-1::FTL1609
pST6955 pEDL17:FTL578
pST6956 pEDL17:FTL1228
pST7043 pACYCDuet-1::FTL87
pST7044 pACYCDuet-1::FTL593
pST7045 pACYCDuet-1::FTL595
pST7046 pACYCDuet-1::FTL599
pST7048 pACYCDuet-1::FTL1611
pST7049 pACYCDuet-1::FTL1724

Cm'" This study
Cm" This study
Amp" This study
Cm'" This study
Cm" This study
Cm" This study
Hyg" This study
Hyg" This study
Hyg" This study
Hyg" This study
Hyg" This study
Cm" This study
Cm'" This study
Hyg" This study
Cm" This study
Cm'" This study
Cm" This study
Cm" This study
Cm'" This study
Cm" This study
Cm" This study
Cm’ This study
Cm" This study
Hyg" This study
Hyg" This study
Cm" This study
Cm" This study
Cm’ This study
Cm" This study
Cm" This study
Cm’ This study

@ Amp", ampicillin resistance; Cm", chloramphenicol resistance; Kan', kanamycin resistance; Hyg', hygromycin resistance.

Generation of complementation and transcriptional reporter plas-
mids. The in trans complementation constructs were prepared by cloning
the entire coding sequences of the LVS lon and clpP genes immediately
downstream of the 505-bp tig promoter in plasmid pMP633 as described
previously (47). This promoter was amplified from LVS genomic DNA
with primers Pr1643 and Pr1644, linked to the 5" end of the wild-type cIpP
or lon by fusion PCR (48), and cloned into the AvrII/Kpnl site of pST1728
(see below). lon and clpP were amplified from LVS genomic DNA with
primer pairs Pr1529/Pr1667 and Pr1645/Pr1642, respectively. The result-
ing plasmids pST1760 (clpP) and pST1864 (lon) were verified by DNA
sequencing before being electroporated in the target LVS derivatives.

Transcriptional reporter constructs were established in pMP633 as
described previously (49). A starter plasmid was initially generated by
cloning the E. coli pTAC promoter and multiple-cloning site (MCS) se-
quence of pGEX-2T (GE Healthcare Bio-Science, Piscataway, NJ) into the
EcoRYV site of pMP633, resulting in pST1728 (pMP633::pTAC). The in-
sert was amplified with primers Pr1607 and Pr1608. To exclude the activ-
ity of the endogenous B-galactosidase, the Bacillus stearothermophilus
B-galactosidase (bgaB) gene encoding a thermostable enzyme was used in
this work. bgaB was amplified with primers Pr1732 and Pr1733 from
plasmid pDL (49) and cloned into the Kpnl/Xhol site of pST1728 (down-
stream of the pTAC promoter) as a transcriptional reporter, yielding plas-
mid pST1923 (pST1728::pTAC). The tig promoter reporter pST1934
(pST1923::pTIG-bgaB) was prepared by replacing the pTAC promoter
with a 505-bp sequence upstream of the tig coding region (pTIG). pTIG
was amplified from LVS genomic DNA with primers Pr1643 and Pr1690
and cloned into the AvrII/Kpnl site of pST1923. Similar procedures were
used to construct the reporter constructs for cIpP (pST1956 with primers
Pr1699 and Pr1700), clpX (pST1958 with primers Pr1701 and Pr1702), lon
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(pST1936 with primers Pr1370 and Pr1691), hupB (pST1940 with primers
Pr1703 and Pr1704), and clpB (pST1938 with primers Pr1705 and
Pr1706). The reporter plasmids were individually electroporated into
strain LVS to generate the reporter strain for each target sequence. The
B-galactosidase activity was determined with the LVS strain essentially as
described previously (49). Briefly, each LVS reporter strain was grown to
an ODy, of ~0.4 in MHB supplemented with hygromycin (200 pg/ml) at
37°Cand pelleted at 10,000 X g for 10 min at 4°C. Bacterial cells were lysed
in Z buffer (100 mM Na,HPO,, 20 mM KCl, 2 mM MgSO,, 0.8 mg/ml
cetyl trimethyl ammonium bromide, 0.4 mg/ml sodium deoxycholate,
and 2.7 wl/ml B-mercaptoethanol) and incubated with 200 .l of the sub-
strate (4 mg/ml of o-nitrophenyl-f-p-galactoside in Z buffer) at 55°C
until sufficient color developed, and the reaction was stopped with 1 M
sodium carbonate. The transcriptional activity of each reporter is ex-
pressed as the mean (3-galactosidase activity = SEM (n = 3) in Miller
units.

Antibody production and immunoblotting. Antisera against Franci-
sella Lon, ClpP, ClpX, and FTL1017 were prepared with recombinant
forms of these proteins in New Zealand White rabbits essentially as de-
scribed previously (47). Lon, ClpP, and ClpX were expressed as glutathi-
one S-transferase (GST) fusion proteins by amplifying their coding re-
gions from LVS genomic DNA with primer pairs Pr3230/Pr3231 (lon),
Pr5476/Pr5477 (clpP), and Pr5478/Pr5479 (clpX) and cloning each of the
PCR products in the Notl/Ascl site of pST2700, a modified pGEX-2T with
additional cloning sites (Table 1). pST2700 was constructed by insertion
of an MCS sequence into the BamHI/EcoRI site of pGEX-2T. The MCS
fragment was generated by annealing reverse complementary oligonucle-
otides Pr3110 and Pr3111. His-tagged FTL1017 was similarly produced
with primers Pr6434 and Pr6435 in pST3621, a pET28a (Novagen, Mad-
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ison, WI, USA) derivative with additional AscI site between the Xhol and
Notl sites of the original plasmid (Table 1). The resulting plasmids
pST3001 (Lon), pST3750 (ClpP), pST3749 (ClpX), and pST4218
(FTL1017) were used to produce recombinant proteins by affinity chro-
matography with the glutathione-Sepharose 4 Fast Flow resins (Lon,
ClpP, and ClpX) or Ni Sepharose 6 Fast Flow (FTL1017) resins (GE
Healthcare Bio-Sciences) according to the supplier’s instructions. The
fusion proteins were visualized by SDS-PAGE, quantified with the bicin-
choninic acid (BCA) assay kit (Solarbio, Beijing, China), and used to
immunize rabbits for antiserum production. Immunoblot detection of F.
tularensis proteins was carried out as described previously (47). The anti-
sera and horseradish peroxidase (HRP)-conjugated secondary antibodies
(ZSGB-Bio, Beijing, China) were used at dilutions of 1:5,000 and 1:10,000,
respectively.

Mouse infection. Experiments with F. tularensis LVS and its deriva-
tives were carried out in female BALB/c mice (6 to 8 weeks old) as de-
scribed previously (8). All animal experiments (including antibody pro-
duction in rabbits) were in compliance with the guidelines of the
Institutional Animal Care and Use Committee of Tsinghua University.
The wild-type and mutant strains were individually diluted in phosphate-
buffered saline (PBS) based on predetermined CFU values. Groups of six
mice were each intranasally inoculated with ~2.5 X 10° CFU of F. tular-
ensis/mouse in a total volume of 40 pl and were sacrificed at days 0, 2, 4,
and 7 postinfection. The lungs were aseptically removed and processed to
determine the bacterial burden (CFU) as described previously (8). All of
the mouse infection experiments were repeated at least twice. The bacte-
rial burden levels in the representative experiments are presented as mean
log CFU = SEM (n = 6).

Macrophage infection. Intracellular replication of F. tularensis LVS
derivatives was assessed in the murine alveolar macrophage cell line MH-S
and the human promyelomonocytic cell line THP-1 (ATCC, Manassas,
VA) as described previously (47). MH-S and THP-1 cells were grown in
RPMI 1640 medium supplemented with 10% (vol/vol) fetal bovine serum
and 50 WM B-mercaptoethanol. MH-S cells were grown in 24-well plates
(HyClone, Logan, UT) to approximately 80% confluence prior to infec-
tion. THP-1 cells were treated with phorbol myristate acetate (PMA) (200
ng/ml) for 48 h before being infected. Bacteria were grown overnight in
MHB, pelleted by centrifugation, and resuspended to an OD, of ~0.2 in
prewarmed medium without serum. After a brief rinse with medium,
macrophages were infected at a multiplicity of infection (MOI) of 100 F.
tularensis bacteria per macrophage (0 h). After 2 h of incubation at 37°C,
the cells were washed with medium and incubated in gentamicin-contain-
ing medium (50 pg/ml) for 1 h at 37°C. The cells were rinsed three times
with medium and subsequently cultured without antibiotic. The medium
from the last washing was plated on antibiotic-free dishes to determine the
killing efficacy. This treatment routinely resulted in complete eradication
of the extracellular bacteria (data not shown). At 3, 24, and 48 h postin-
fection, the culture medium of infected macrophages was moved to sterile
tubes before the cells were lysed in situ with prechilled sterile water, be-
cause there were substantial levels of bacteria in the medium at each of
these time points. The medium and lysates from each well were mixed,
diluted with sterile PBS, and spread on chocolate agar plates to enumerate
CFU. Each infection experiment was repeated at least three times.
The results of representative experiments are presented as mean log
CFU/well £ SEM (n = 3).

Stress tolerance test. The tolerance of F. tularensis to stress conditions
was determined as described previously (34). Overnight cultures of the
wild-type LVS and isogenic mutants were pelleted, washed once in PBS by
centrifugation, and resuspended in PBS to an ODj, of 0.2 (~10® CFU/
ml). The suspensions were 10-fold serially diluted in PBS, and an aliquot
of each dilution (10 pl) was spotted onto chocolate agar plates in the
presence or absence of 1.5% NaCl. The LVS strains in each comparative
group or on a plate were adjusted to a similar concentration of viable
bacteria (CFU) and serially diluted in the same manner before being spot-
ted. Plates were incubated for 5 to 7 days at 37°C or 39°C prior to photog-
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raphy. These conditions (39°C and 1.5% NaCl) were used because of
minimal inhibition against growth of LVS; higher temperatures or NaCl
concentrations typically resulted in a substantial loss of LVS growth in our
pilot experiments (not shown).

MS. For identification of the F. tularensis Lon substrates under heat
stress, LVS and ST1120 were grown in 30 ml of MHB at 39°C to an OD,
of 0.8 with aeration. Cells were harvested by centrifugation at 3,500 rpm
for 10 min at 4°C, resuspended in 1 ml of ice-cold Tri-Cl buffer (0.02 M
Tris, 0.1 M NaCl, pH 8.0) supplemented with 1 mM phenylmethanesul-
fonyl fluoride (PMSF), and lysed by sonication. Protein concentrations of
the lysates were determined with the BCA kit. The F. tularensis protein
samples were processed for quantitative mass spectrometry (MS) essen-
tially as described previously (50, 51). Briefly, total proteins (~65 g per
sample) were separated in SDS-polyacrylamide gels, and gel slices were
processed for in-gel digestion of proteins with trypsin (Promega, Fitch-
burg, WI) according to the instructions of the supplier. The peptides were
extracted from the gel slices and labeled with isobaric tandem mass tag
(TMT) 6-plex labeling reagent (Pierce, Rockford, IL, USA). Equal
amounts of TMT-labeled proteins from different bacterial samples were
combined and analyzed by liquid chromatography-tandem MS (LC-MS/
MS). The MS/MS spectra from each LC-MS/MS run were searched
against the F. tularensis LVS FASTA database downloaded from NCBI
(release date, June 2013; 1,716 entries) using in-house Sequest HT Algo-
rithm in Proteome Discoverer software (version 1.4) with the following
parameters: peptide MS tolerance of 20 ppm, MS/MS tolerance of 20
milli-mass units (mmu), carbamidomethylation of Cys, TMT of lysine
and N-terminal peptide as the fixed modification, and oxidation on Met
as the variable modification. Peptide spectral matches (PSM) were vali-
dated using Percolator provided by Proteome Discoverer software based
on q values at a 1% false-discovery rate (FDR). The false-discovery rate
was also set to 0.01 for protein identifications. Relative protein quantifi-
cation was performed using Proteome Discoverer software (version 1.4)
according to the manufacturer’s instructions on the reporter ion intensi-
ties per peptide. Proteins with at least two unique peptides were regarded
as having confident identifications and were further quantified. Protein
ratios were calculated as the median of all peptide hits belonging to a
protein. Quantitative precision was expressed as protein ratio variability.
A difference of 1.5-fold or more between proteins from two compared
samples was initially considered to be significant. Other related parame-
ters (e.g., number of unique peptides and sequence coverage rate) were
also used for assessment of data reliability.

Protein degradation test. Protein degradation by Lon was screened by
coexpressing F. tularensis Lon and its putative substrate proteins in the
Lon-deficient E. coli strain ER2566 (NEB) essentially as described previ-
ously (52). To produce a C-terminally His-tagged recombinant form of
F. tularensis Lon, its entire coding region was amplified with primers
Pr7259 and Pr7260 and cloned in the EcoRI/Kpnl site of pPBAD18 (53)
under transcriptional control of the arabinose-inducible promoter
(yielding plasmid pST4635). The other C-terminally His-tagged F. tu-
larensis proteins were cloned in the Ncol/EcoRI site of pACYCDuet-1
(Novagen, Madison, WI, USA) behind an isopropyl-B-p-1-thiogalac-
topyranoside (IPTG)-inducible T7 promoter. The primers and result-
ing plasmids are listed in Table 2. Both pST4635 (F. tularensis Lon) and
one of pACYCDuet-1 derivatives expressing other F. tularensis proteins
were transformed into E. coli ER2566. At an ODg, of 0.3, arabinose or
sterile water (negative control) was added to the cultures in LB broth to
induce F. tularensis Lon for 2 h, followed by induction of the putative Lon
substrates or control proteins with IPTG for 3 h at 16°C and 120 rpm (for
FTL578, FTL663, and FTL1228) or 0.5 h at 37°C and 220 rpm (for the
rest). New protein synthesis was blocked by adding spectinomycin (100
pg/ml) to the cultures as described previously (54). A fraction of the
cultures (1 ml) was removed at the indicated time points, pelleted at 4°C,
resuspended in 50 pl of ice-cold Tris-Cl buffer, lysed in 5X SDS-PAGE
sample buffer (55), and analyzed by immunoblotting using anti-His,
monoclonal antibody (ZSGB-Bio) as described above. The protein half-
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TABLE 2 F. tularensis proteins tested for Lon degradation in Lon-deficient E. coli

Francisella tularensis Proteases

Abundance ratio

Gene Protein function from MS data® Primer set, plasmid” Degradation® Reference(s)?
FTL663 Hypothetical protein 3.786 Pr7261/Pr7262, pST4609 Yes 8
FTL1957 Heat shock protein 2.447 Pr7263/Pr7264, pST4611 Yes 46
FTL578, ocd Ornithine cyclodeaminase 2.118 Pr7755/Pr7756, pST5007 Yes 64
FTL1217 Hypothetical protein 2.022 Pr7751/Pr7752, pST5009 Yes
FTL1191, dnaK Molecular chaperone DnaK 1.409 Pr10091/Pr10092, pST6935 No 64
FTL1267 Hypothetical protein 1.350 Pr10095/Pr10096, pST6937 No 7
FTL891, tig Trigger factor 1.338 Pr10083/Pr10084, pST6931 No 8
FTL1609, flmK Dolichyl-phosphate-mannose protein 1.145 Pr10099/Pr10100, pST6939 No 7
FTL1228, sufD SufS activator complex, SufD subunit 1.059 Pr10093/Pr10094, pST6936 Yes 6
FTL893, clpX ClpX 1.028 Pr7522/Pr7523, pST4819 No 8
FTL1017, cmk Cytidylate kinase 1.011 Pr7518/Pr7519, pST4818 No
FTL478, gcvH Glycine cleavage system protein H 1.000 Pr7516/Pr7517, pST4816 No 7
FTL398, purE Phosphoribosylaminoimidazole 0.983 Pr10077/Pr10078, pST6928 No 7
carboxylase, catalytic subunit
FTL1358 Cation efflux family protein 0.957 Pr10097/Pr10098, pST6938 No 7
FTL1611, yfdH Glycosyl transferase family protein 0.932 Pr9901/Pr9902, pST7048 No 7
FTL1724 Lipoprotein 0.887 Pr9903/Pr9904, pST7049 No 7
FTL87 Acetyltransferase 0.881 Pro891/Pr9892, pST7043 No 77
FTL40 LysR family transcriptional regulator 0.856 Pr10075/Pr10076, pST6927 No 6
FTL599, wbtG Glycosyl transferase family protein 0.838 Pr9897/Pr9898 pST7046 No 7
FTL687, emrAl HlyD family secretion protein 0.814 Pr10081/Pr10082 pST6930 No 7
FTL593 Galactosyl transferase 0.797 Pr9893/Pr9894 pST7044 No 78
FTL595, wbtE Galacturonosyl transferase 0.794 Pr9895/Pr9896 pST7045 No 7,79

“ Ratio of abundance of the protein in the Alon mutant to that in the wild-type strains.

b Primer set used to amplify each target gene and pACYCDuet derivative containing the target gene.

¢ Degradable or undegradable by the F. tularensis Lon protease in E. coli.
 Previous characterization if available.

life was calculated on the basis of the immunoblot signal for each protein
as described previously (56). Immunoblot signals were quantified using
Image Lab software (Bio-Rad, Hercules, CA, USA) according to the sup-
plier’s instructions.

Protein degradation in LVS was performed virtually as described pre-
viously (54). The F. tularensis Lon substrates identified in the E. coli system
were expressed as C-terminally His-tagged recombinant proteins from a
tetracycline-inducible promoter in shuttle plasmid pEDL17 (57). The
coding sequences of FTL478, FTL578, FTL663, FTL1017, FTLI1217,
FTL1228, FTL1957, and clpX were amplified from LVS genomic DNA
with the following primer pairs, respectively: Pr7409/Pr7410, Pr10050/
Pr10051, Pr7405/Pr7406, Pr7411/Pr7412, Pr7869/Pr7870, Pr10229/
Pr10230, Pr7407/Pr7408, and Pr7631/Pr7632. The sequences were then
cloned in the Mlul/Xmal site of pEDL17 (replacing the original mOr-
gange2 gene), resulting in the following recombinant plasmids: pST4865
(FTL478), pST6955 (FTL578), pST4861 (FTL663), pST4867 (FTL1017),
pST5072 (FTL1217), pST6956 (FTL1228), pST4863 (FTL1957), and
pST4869 (clpX). The pEDL17 derivatives were individually electroporated
into LVS derivatives. The resultant strains were cultivated to an ODg, of
0.6 in CDM broth before induction of target genes with 100 ng/ml anhy-
drotetracycline (ATc) (Clontech, Mountain View, CA, USA) for 4 h with
aeration. A fraction of the cultures (1 ml) was removed and pelleted by
centrifugation for detection of target proteins by immunoblot analysis
using the anti-His, antibody. For gRT-PCR, aliquots of the same samples
were washed twice in ice-cold PBS by centrifugation and stored at —80°C
until being used for total RNA extraction.

Statistical analysis. Statistical differences between control and exper-
imental groups in the macrophage and mouse infection experiments were
determined using the Student ¢ test in Microsoft Excel. Statistical signifi-
cance is defined by a P value of <0.05 (*), <0.01 (**), or <0.001(***).

RESULTS

The genes in the F. tularensis protease locus are cotranscribed.
The gene sequence and organization of the protease locus are
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highly conserved among the four F. tularensis subspecies (Fig. 1A).
The coding regions of tig, clpP, clpX, and lon are separated by only
25, 23, and 24 nucleotides, respectively, suggesting potential
cotranscription of these genes. We tested this possibility by RT-
PCR to amplify intergenic regions of the protease locus. As shown
in Fig. 1B, RT-PCR yielded “gene junction” PCR products with
predicted sizes and sequences. The specificity of the RT-PCR re-
sults was confirmed by the lack of detectable PCR products in the
absence of the reverse transcriptase in the RT reactions. Consis-
tently, no RT-PCR product was detected for the intergenic region
between tig and the upstream gene FTL890 (encoding thymidine
kinase). The RT-PCR analysis also indicated that hupB (encoding
histone-like protein HU form B), the 3’ neighboring gene of lon, is
cotranscribed with lon despite a relative large intergenic region (86
bp). Finally, a 1,241-bp lon coding sequence was successfully am-
plified under the same RT-PCR conditions (Fig. 1B, last panel).
These results indicate that the four genes in the LVS protease locus
are cotranscribed under the in vitro culture conditions.

We next tested possible promoter activity within the protease
locus by using a B-galactosidase reporter (49). The sequence
(~400 bp) upstream of each gene in this locus was amplified and
fused to the 5" end of the promoterless B. stearothermophilus bgaB
gene in the E. coli-Francisella shuttle vector pMP633. The reporter
plasmids were electroporated into LVS to determine the tran-
scriptional activity of each construct. Compared to the positive-
control construct pST1938 containing the clpB promoter (260
Miller units), the tig reporter construct pST1934 produced a
higher level of 3-galactosidase activity (801 Miller units) (Fig. 1C),
thus confirming the presence of a strong promoter upstream of
the tig gene based on the RT-PCR result (Fig. 1B). Interestingly,
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the reporter constructs carrying the upstream sequences of lon
(pST1936) and hupB (pST1940) also displayed B-galactosidase
activity that was either comparable to (lon; 343 Miller units) or
higher than (hupB; 647 Miller units) that of the cIpB reporter
control. This indicated that, besides the transcriptional read-
through from the upstream genes, lon and hupB are also separately
transcribed under these conditions. In sharp contrast to the re-
porter constructs of lon and hupB, the counterparts of clpP
(pST1956) and clpX (pST1956) showed only residual levels of
B-galactosidase activity (9 and 36 Miller units, respectively).

We also assessed the relative contributions of the tig and lon
promoters to the transcription of the protease operon by qRT-
PCR using two LVS mutants, each carrying an insertion of the
EZ-TN transposon (8). Our preliminary data showed that the
EZ-TN transposon possessed a transcriptional termination activ-
ity and thereby exerted polar effect on the downstream gene
(Zhang, unpublished observation). We thus reasoned that inser-
tion of this transposon in the 5’ region (e.g., tig and clpP) of the
locus should block the expression of the downstream genes (e.g.,
clpX, lon, and hupB) if the genes in these genes are indeed cotran-
scribed. Consistent with the reporter experiment (Fig. 1C), the
transcription of tig, cIpP, and clpX was undetectable in the tig
mutant, whereas tig expression was intact in the c/pP mutant (Fig.
1D), thus verifying the cotranscription of these genes. There was
still a low level of the lon mRNA in both the tig and clpP mutants,
which was reduced by 56- and 66-fold compared with the level in
the wild type. The transcript level of hupB was comparable be-
tween the wild type and mutants, indicating that the expression of
hupB is independent of the protease locus, and the detected
cotranscription with lon (Fig. 1B) was due to leaky transcription
from the tig and/or lon promoter. The reporter and qRT-PCR
results demonstrated that the tig promoter drives the transcrip-
tion of tig, clpP, clpX, and lon but that lon is capable of independent
transcription from its own promoter at a much lower capacity.

To determine whether the tig and lon promoters are regulated
by stressful conditions, we determined the transcription of the
protease operon under heat stress by qRT-PCR. Incubation of the
mid-log-phase LVS culture at 44°C for 20 min significantly in-
duced the expression of all four genes in the operon but not hupB
(Fig. 1E). The transcripts of tig, clpP, clpX, and lon in the heat-
shocked cells were increased by 1.5- to 2.5-fold compared with
those in the bacteria incubated at 37°C. This result proved that the
protease operon is upregulated by heat shock. This finding agrees
with the presence of a putative RpoH-binding site in tig promoter
sequence (46). Because the lon promoter also contains a putative
RpoH-binding site (46), we tested whether its activity is also reg-
ulated by heat stress. The gqRT-PCR result showed that the lon
transcript was significantly increased by heat stress only in the wild
type and not in the tig and c/pP mutants (Fig. 1F), suggesting that
the lon promoter is not regulated by heat stress. These experiments
have demonstrated that the transcription of the tig, clpP, clpX, and
lon genes is subject to regulation by heat stress.

Lon and ClpP contribute to the in vivo fitness of F. tularensis
LVS. Multiple transposon insertion mutants of the LVS clpP, clpX,
and Jon genes were identified to be attenuated in a mouse lung
infection model (8). We sought to confirm this finding with the
unmarked AclpP, AclpX, and Alon mutants of strain LVS. The
clpP, clpX, and lon coding sequences were deleted by allelic re-
placement and counterselection. The resulting strains, ST1116
(AclpX), ST1118 (AclpP), and ST1120 (Alon), were verified by
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PCR (Fig. 2A) and Southern blotting (Fig. 2B). The loss of ClpP,
ClpX, or Lon in the unmarked mutants was confirmed by immu-
noblotting. The antisera raised with the recombinant forms of the
F. tularensis proteins detected major protein bands in LVS, which
were consistent with the predicted molecular sizes (in kDa) of
ClpX (46.3), ClpP (22.2), and Lon (86.2) (Fig. 2C). In contrast,
ClpP and ClpX were completely absent in the corresponding mu-
tants (Fig. 2C). The Alon mutant produced a truncated Lon of 44
kDa due to the in-frame deletion of the internal coding region.
The missing ClpP and Lon proteins in the mutants were restored
by in trans complementation with the wild-type clpP or lon of LVS.
The presence of two additional bands (44 and 10 kDa) in the
complemented AclpP mutant appeared to be due to overproduc-
tion of ClpP from the high-copy-number plasmid. No comple-
mentation was attempted with the AclpX mutant because it
showed only marginal attenuation in animal infection or stress
tolerance experiments (see below). We finally characterized the
growth kinetics of these mutants in both nutritionally poor
(CDM) and rich (MHB) media. The AclpP, AclpX, and Alon mu-
tants exhibited growth patterns comparable to that of the parent
strain in CDM broth (Fig. 2D), although they grew slightly slower
in the log phase in MHB medium (Fig. 2E). This result showed
that the unmarked clpP, clpX, and lon deletion mutants did not
suffer from a major growth defect under the in vitro culture con-
ditions.

To determine the contributions of ClpP, ClpX, and Lon to the
infectivity of F. tularensis LVS, we compared the bacterial burdens
in the lungs of the mice infected with LVS or isogenic protease
gene mutants at four time points after intranasal inoculation. The
results obtained from the mice sacrificed immediately after the
infection procedure (time zero) indicated that all groups of mice
received a similar level of viable bacteria (~1.5 X 10°> CFU) (Fig.
3). The Alon mutant displayed significantly impaired growth at
the later time points, with reduction in tissue bacterial burden by
5.6-fold on day 2, 13.5-fold on day 4, and 38.7-fold on day 7 (Fig.
3A). In contrast, the AclpP mutant showed much less attenuation
throughout the testing period. While a marginal attenuation (0.7-
fold reduction in tissue bacterial burden) was observed with the
AclpP mutant-infected mice on day 2, there were small but statis-
tically significant impairments in growth on day 4 (by 1.0-fold)
and day 7 (by 1.7-fold) (Fig. 3B). The AclpX mutant showed even
milder attenuation, with no (day 2) or modest (days 4 and 7)
growth impairment. This result indicated that the Lon protease
plays a more crucial role in the in vivo fitness of F. tularensis LVS
than the ClpXP protease. It should also be mentioned that the
levels of attenuation obtained with the unmarked lon, clpP, and
clpX deletion mutants in this study are substantially lower than
those with the corresponding transposon insertion mutants ob-
served in our previous study (8). Potential reasons for this discrep-
ancy are described in Discussion.

Lon and ClpP contribute to intramacrophage growth of F.
tularensis LVS. Based on the significant attenuation of the Alon
and AclpP mutants in mice (Fig. 3), we initially tested intramac-
rophage growth of these mutants in murine alveolar macrophage
MH-S cells. At the end of the gentamicin treatment (3 h postin-
fection), all of the LVS mutants except for the AmglIA strain had
levels of intracellular bacteria similar to those the parent strain
LVS (Fig. 4A). MglA is a transcriptional regulator required for
intracellular growth of F. tularensis (58, 59). This result indicated
that the ClpXP and Lon proteases are not essential for F. tularensis
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FIG 2 Verification of unmarked deletions in clpX, clpP, and lon. (A) PCR detection of gene deletions. The protease locus was amplified from genomic DNA of
LVS or isogenic clpX, clpP, and lon deletion mutants with the flanking region primers Pr1062/Pr1236. The molecular sizes of DNA markers are marked in kb. (B)
Southern blot detection of gene deletions. Genomic DNA preparations of LVS and isogenic AclpX, AclpP, and Alon mutants were digested with HindIII and
separated by agarose gel electrophoresis. The DNA blot was probed with a PCR fragment (Pr1298/Pr1299) representing a 137-bp coding region of tig. (C)
Detection of ClpX, ClpP, and Lon in LVS (WT) or isogenic clpX, cIpP, and lon mutants. Cell lysates of each strain (10 pg of total proteins) were separated by
SDS-PAGE and tested by immunoblotting with the specific rabbit antiserum for each protein. The sizes of protein standards are indicated at the left in kDa. (D)
Growth kinetics of LVS and its derivatives in CDM. The optical densities at 600 nm of LVS (open circles) and the AclpX (filled circles), AclpP (filled triangles),
and Alon (filled squares) mutants were determined at the indicated time points. The values represent the means = SEM for three independent cultures from one
of the three independent experiments. (E) Growth kinetics of LVS and its derivatives in MHB.

uptake or initial intracellular growth. However, macrophages in-
fected with the AclpP mutant (ST1118) showed 38.0- and 15.5-
fold reductions in intracellular growth at 24 and 48 h postinfec-
tion, respectively. Similarly, the Alon strain ST1120 displayed
significantly impaired intracellular growth at h 24 (4.8-fold) and
48 (46.3-fold). These defects were partially rescued by the clpP
(pST1760) and lon (pST1764) complementation constructs in
both the Alon and AclpP mutants.

We further sought to verify the phenotypes of the Alon and
AclpP mutants in human macrophage THP-1 cells. Although the
overall attenuation levels were lower in the THP-1 cells than in the
MH-S cells, both the Alon and AclpP mutants showed significant
defects in intracellular growth in the THP-1 cells at h 24 (4.4-fold
for AclpP; 11.1-fold for Alon) and 48 (9.0-fold for AclpP; 16.1-fold
for Alon) (Fig. 4B). These defects were almost completely allevi-
ated by the lon and cIpP complementation constructs. In both cell
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bar represents the mean log CFU = SEM. All of the mouse infection experiments were repeated at least twice. The relative difference with each pair of LVS and
isogenic mutant is indicated by fold change and a P value (¥, <0.05; **, <0.01; ***, <0.001).
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FIG 4 Intracellular growth of the lon and clpP mutants. MH-S cell (A) or
THP-1 (B) cell monolayers (2.5 X 10° cells/well) were infected with F. tular-
ensis LVS (WT), the isogenic AclpP and Alon mutants, or complemented mu-
tants; intracellular bacteria were enumerated at 3, 24, and 48 h postinfection.
The data shown represent one of three independent experiments. Each bar
represents the mean log CFU per well = SEM (n = 3). Statistical analysis was
performed only between LVS and each of the mutants.

culture models, the Alon mutant generally exhibited more severe
impairment than the AclpP counterpart in multiple independent
experiments (data not shown), suggesting nonredundant roles of
each protease in enhancing F. tularensis intracellular growth. As a
positive control, the mglA mutant showed minimal intracellular
growth during the entire course of infection in both cell culture
models, as reported previously (58). Lastly, consistent with the
lung infection results (Fig. 3C), deleting c/pX in LVS did not lead
to significant alteration in the level of intracellular growth in either
of the MH-S and THP-1 cell culture models (data not shown).
Lon and ClpP are required for F. tularensis LVS tolerance to
stress conditions. To understand the molecular mechanisms be-
hind the contribution of the Lon and ClpP proteases to the F.
tularensis fitness during intracellular infection of mammalian
hosts, we initially tested the impact of cIpP, clpX, or lon deletion on
tolerance of LVS to heat stress. The AclpP (ST1116), AclpX
(ST1118), and Alon (ST1120) mutants showed slight but repro-
ducible retardation in growth when they were cultivated at 37°C
or 39°C in MHB (data not shown). At 37°C, growth on agar plates
was comparable for these strains and the parent strain LVS (Fig. 5,
top row). However, the growth of the AclpP and Alon mutants on
agar plates was reduced by >100-fold based on the CFU counts
when the temperature was shifted to 39°C (Fig. 5). The growth
defects of the AclpP and Alon mutants under heat stress were com-
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FIG 5 Growth of the lon, clpP, and clpX mutants under stress conditions.
Overnight cultures of LVS (WT) and its derivatives were adjusted to an OD,
0f0.2 in PBS and diluted 10-, 100-, 1,000-, and 10,000-fold in PBS. A chocolate
agar plate was spotted with 10 wl of each dilution and incubated at 37°C, at
39°C, or in the presence of 1.5% NaCl.

pletely restored by in trans complementation with the wild-type
cIpP or lon gene, respectively (Fig. 5). In contrast, the elevated
temperature did not significantly alter the growth of the AclpX
mutant (Fig. 5, middle row).

We also tested the impact of clpP, clpX, or lon deletion on F.
tularensis fitness under high-salt conditions. In a pattern similar to
that for the heat stress conditions, adding 1.5% NaCl to the agar
medium slowed the growth of the AclpP and Alon mutants by
>100-fold at 37°C compared with that of the wild type, but the
AclpX strain grew similarly in the presence of 1.5% NaCl (Fig. 5,
bottom row). The growth defects of the AclpP and Alon mutants
under heat stress and in the presence of 1.5% NaCl were com-
pletely alleviated by in trans complementation with lon and clpP,
respectively (Fig. 5). These data demonstrated that ClpP and Lon
but not ClpX are important for F. tularensis fitness under stressful
conditions.

Identification of the Francisella Lon substrates under heat
stress. Because the Alon and AclpP mutants showed a clear growth
defect at 39°C (Fig. 5), we reasoned that the these mutants had
suffered from abnormal accumulation of the Lon and ClpP sub-
strates under the heat shock condition, which are proteolytically
removed in the parent strain LVS. This condition was thus used to
identify the substrates of the Lon protease by determining the
proteomic profiles from three sets of LVS and Alon (ST1120) sam-
ples (three biological replicas). Each set was derived from a pair of
independently prepared cultures of LVS and ST1120. Equal
amounts of total proteins (~65 pg per sample) from each of 6
samples (3 per strain) were processed by SDS-PAGE, digested
with trypsin, and differentially labeled with a unique TMT tag
before being pooled for LC-MS/MS analysis as described in Ma-
terials and Methods. A total of 1,099 F. tularensis proteins were
identified from the combined data of the LVS and ST1120 tripli-
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FIG 6 Degradation of the F. tularensis proteins by Lon in E. coli ER2566 (Lon ™). (A) Detection of protein stability in the presence of the F. tularensis Lon protease.
The Lon-deficient E. coli strain ER2566 carrying two expression plasmids for the coproduction of the F. tularensis Lon protease and its putative Lon substrate were
treated with a combination of arabinose (for Lon) and IPTG (for the target protein). After adding spectinomycin (0-min time point), the cells were harvested 80
min later (80-min time point) to determine the amount of each target protein by immunoblotting using the anti-His, antibody. The sizes of protein standards
are indicated at the left in kDa. (B) Detection of protein stability in the absence of the F. tularensis Lon protease, as for panel A but with no induction for Lon
protease production. (C) Assessment of protein half-life in the presence of the F. tularensis Lon protease, as for panel A with additional sampling time points.

cate samples, representing 64.0% of the entire proteome (1,716 pro-
teins) predicted from the LVS genome (accession number
NC_007880). The complete list of the proteins identified in this anal-
ysis is shown in Table S2 in the supplemental material. Comparative
analysis revealed 29 proteins that were significantly more abundant in
the Alon mutant than in LVS (see Table S3 in the supplemental ma-
terial), referred to as putative Lon substrates here.

To identify authentic substrates of the F. tularensis Lon pro-
tease and test the reliability of the MS data, we performed protein
degradation tests in E. coli with a total of 22 F. tularensis proteins
identified in the MS analysis, including four putative Lon sub-
strates, three additional proteins with mutant/wild-type ratios
slightly below the cutoff values (1.3 to 1.50), and 15 proteins with
even lower values (<1.3) (Table 2). All of these proteins, except
for FTL1217 and FTL1957, have been implicated to be necessary
for F. tularensis pathogenesis in previous studies (see the refer-
ences in Table 2). FTL1217 was included in the analysis because it
shares 45.2% amino acid sequence identity with FTL663, which
had the highest protein ratio value between the lon mutant and
wild-type strains. FTL1957 was selected on the basis of its protein
sequence homology with heat shock chaperone IbpA of E. coli, a
known substrate of the Lon protease (15). lon and each target gene
were coexpressed with an arabinose (for lon)- or IPTG (for target
proteins)-inducible promoter as His-tagged recombinant pro-
teins from two different plasmids in E. coli ER2566, which lacks
the endogenous lon gene. Proteolytic degradation of the target
proteins was assessed by monitoring the stability of the target pro-
teins in the presence or absence of the F. tularensis Lon protease.
To minimize the impact of the newly synthesized proteins in the
assay, spectinomycin was added to the reaction mixtures at the
beginning of each experiment to block translation.

In the presence of F. tularensis Lon, five proteins (FTL578,
FTL663, FTL1217, FTL1228, and FTL1957) were rapidly dimin-
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ished after nascent protein synthesis was blocked by spectinomy-
cin (Fig. 6A). In the absence of F. tularensis Lon, these proteins
were stable (Fig. 6B), indicating that these proteins are authentic
substrates of the F. tularensis Lon protease. FTL1217 was reduced
even in the absence of Lon, suggesting that it was also susceptible
to degradation by an endogenous E. coli protease(s). In sharp con-
trast, the levels of the remaining 17 proteins were not obviously
altered by the presence of Lon during the entire course of the test
(80 min), as exemplified by FTL478, FTL1017, and ClpX (Fig. 6A
and B, Table 2, and data not shown). The result suggested that
these proteins are not F. tularensis Lon substrates. All of the four
proteins (FTL578, FTL663, FTL1217, and FTL1957) selected from
the list of overrepresented proteins (see Table S3 in the supplemental
material) were degraded by the Lon protease. FTL1228 was the only
Lon substrate identified in this test from the 18 proteins that had
mutant/wild-type ratios below the cutoff value (Table 2). This anal-
ysis has thus demonstrated that phenotypic enrichment (heat stress
in this case) of the Lon substrates coupled with the quantitative pro-
teomic and protein degradation analyses can be an effective approach
to identify the substrates of the Lon protease.

We further determined the degradation kinetics of the five
Francisella Lon substrates in E. coli ER2566. The amount of each
protein was evaluated at various time points after addition of spec-
tinomycin. All of the five proteins were rapidly degraded by Fran-
cisella Lon protease; the half-lives of FTL578, FTL663, FTL1217,
FTL1228,and FTL1957 were6 = 1,8 = 1,8 * 1,5+ 1,and8 £ 1
min, respectively (Fig. 6C). This result is similar to the degrada-
tion kinetics of SoxS (half life = 2 min) and SulA (half life = 1.2
min), two known Lon substrates of E. coli (60, 61). In sharp con-
trast, FTL478, FTL1017, and ClpX were highly stable, with a half-
life of longer than 80 min. This experiment provides further evi-
dence that FTL578, FTL663, FTL1217, FTL1228, and FTL1957 of
F. tularensis LVS are authentic Lon substrates.
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FIG 7 Stability of the Lon substrate proteins in LVS and its protease-deficient
mutants. Each pEDL17 derivative containing the coding region of clpX (A),
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the episomal copy of each target gene was detected by immunoblotting as
described in Materials and Methods. The protein encoded by endogenous
(chromosomal) FTL1017 was detected with an antiserum as a loading control.

Inducer

Characterization of the Lon substrates in F. tularensis LVS.
We attempted to characterize the 5 substrates of the F. tularensis
Lon protease in LVS by a strategy similar to that we used in E. coli.
The coding regions of FTL578, FTL663, FTL1217, FTL1228, and
FTL1957 were cloned in the E. coli-F. tularensis shuttle plasmid
pEDL17 to express His-tagged proteins in a tetracycline-inducible
manner. However, the original plan to visualize degradation of the
five proteins in LVS was unsuccessful. All of the 5 proteins were
barely detectable in LVS by immunoblotting after the correspond-
ing pEDL17 derivatives were transformed in LVS and induced by
ATc (data not shown). We then used an alternative approach by
comparing the relative levels of target proteins in LVS and ST1120
(Alon mutant). As a stable protein control, ClpX was detectable in
both LVS and ST1120 after ATc induction (Fig. 7A), thus validat-
ing the protein expression system in LVS. Although FTL578 (Fig.
7B), FTL663 (Fig. 7C), and FTL1957 (Fig. 7D) were barely detect-
able by immunoblotting in LVS derivatives containing the corre-
sponding pEDL17 constructs after induction with ATc, they were
readily detectable in ST1120 (Alon), suggesting that these proteins
were specifically degraded by the Lon protease in the parent strain
LVS. To determine whether these Lon substrates are also degrad-
able by the ClpP protease, we performed a similar protein expres-
sion experiment in a c/pP-deficient mutant of LVS (ST1118). The
immunoblotting result showed that FTL578 (Fig. 7B) and FTL663
(Fig. 7C) were barely detectable in both LVS and ST1118, but the
levels of FTL1957 were comparable in the lon and clpP mutants
(Fig. 7D, lanes 4 and 6). Quantification of the immunoblotting
signals showed that strains ST1118 (AclpP) and ST1120 (Alon)
produced approximately 4.6-fold more FTL1957 than the wild
type. This result suggested that FTL578 and FTL663 are unique
substrates of Lon but that FTL1957 is degradable by both Lon
and ClIpP.

The above-described episomal protein expression approach
failed to produce detectable levels of FTL1217and FTL1228 even
in ST1120 (Alon) (data not shown). One of the possibilities to
explain this outcome is inactive transcription from the episomal
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FTL1217 and FTL1228 constructs. We tested this hypothesis by
comparing the mRNA levels of each target gene between the LVS
and ST1120 backgrounds by qRT-PCR. As predicted from the
protein level of ClpX (Fig. 7A), clpX was transcribed at similar
levels in LVS and ST1120 (Fig. 8A). Similar results were observed
for the transcripts for FTL578, FTL663, and FTL1957 (Fig. 8B to
D), further confirming that the differences in the amounts of the
FTL578, FTL663, and FTL1957 proteins between the two strain
backgrounds were due to the absence of the Lon protease in the
Alon mutant. The transcription of FTL1217 (Fig. 8E) and
FTL1228 (Fig. 8F) from the episomal constructs in LVS was en-
hanced to a similar degree by ATc induction, demonstrating that
the absence of these two proteins in LVS was not due to failure at
the transcription level. For an unknown reason(s), the mRNA
levels of both FTL1217 and FTL1228 were substantially lower in
the Alon mutant for both the endogenous (Fig. 8E and F, open
bars) and episomal (Fig. 8E and F, filled bars) copies of these
genes. This result might have contributed to the undetectable pro-
duction of both the proteins in the Alon mutant (ST1120). In the
context of the protein degradation result from the E. coli system
(Fig. 6), the protein stability experiments in F. tularensis further
confirmed that FTL578, FTL663, and FTL1957 are Lon substrates
in LVS and very likely in virulent F. tularensis subspecies because
of the high conservation of the protease locus and these proteins
among strains of different F. tularensis subspecies.

DISCUSSION

This work represents the first systematic study of the F. tularensis
protease locus. Our initial experiments demonstrated that the Lon
and ClpP proteases encoded by the F. tularensis protease locus are
important for bacterial fitness in mammalian hosts by using un-
marked deletion mutants of LVS. This finding is consistent with
the impaired growth of LVS in cultured macrophages and under
stressful conditions. Our high-throughput quantitative proteomic
approach identified many putative F. tularensis Lon substrates. Fur-
ther analysis of these putative Lon substrates by protein degradation
testing in E. coli revealed five novel Lon substrates. Three (FTL578,
FTL663, and FTL1957) of these Lon substrates were rapidly degraded
by the Lon protease in the F. tularensis setting, because they were
undetectable (FTL578 and FTL663) or barely detectable (FTL1957)
in the wild-type LVS even when they were overexpressed. Identifica-
tion of these Lon substrates has provided important clues for a more
complete understanding of the Lon protease in the F. tularensis stress
response and pathogenesis.

The contributions of the five Lon substrates identified in this
work to the physiology and pathogenesis of F. tularensis are largely
undefined, although the substrates are present in all four subspe-
cies of this species. FTL578 is a putative ornithine cyclodeaminase
(Ocd), which catalyzes the conversion of L-ornithine to L-proline
in several plant and soil bacteria (62, 63). An FTL578 transposon
mutant of F. novicida U112 exhibited reduced growth in macro-
phages (64), but its activity as an ornithine cyclodeaminase re-
mains to be defined in F. tularensis. FTL1228 is homologous to the
Fe-S cluster assembly protein (SufD). In E. coli, SufD forms the
Fe-S cluster biosynthesis complex with SufB and SufC during ox-
idative stress (65). All of the fully sequenced F. tularensis genomes
possess homologs of sufBCD as an apparent operon. The sufD
mutant of F. novicida U112 is attenuated in the inhalation infec-
tion model of mice (6). Neither Ocd nor SufD has been previously
shown as a substrate protein of the Lon protease in any bacteria.
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FIG 8 Transcription of the genes encoding the F. tularensis Lon substrates in

LVS and its isogenic Alon mutant. The parent strain (WT) or its Alon mutant

(ST1120) containing an episomal tetracycline-inducible copy of the target gene (on the pEDL17 shuttle plasmid) was grown to an ODy, of 0.6 in CDM in the
presence of hygromycin (200 pg/ml) at 37°C before being treated with the tetracycline analog ATc for 4 h. The total RNA samples were purified from each pair
of LVS and ST1120 carrying the same expression construct of clpX (A), FTL578 (B), FTL663 (C), FTL1957 (D), FTL1217 (E), or FTL1228 (F). The mRNA level

of each target gene in the presence (filled bars) or absence (open bars) of ATc
presented as the mean level = SEM (n = 3).

FTL663, FTL1217, and FTL1957 appear to be heat shock proteins,
because FTL663 and FTL1957 are induced by elevated tempera-
ture in LVS (46). FTL1217 shares 45.2% amino acid sequence
identity with FTL663. An FTL663 transposon insertion mutant of
LVS was attenuated in the mouse lung infection model (8).
FTL1957 is homologous to the members of the small heat shock
protein family, such as E. coli IbpA and IbpB. IbpA and IbpB are
involved in keeping client proteins in a refoldable state under
stress conditions (66—68). Both IbpA and IbpB are also substrates
of the Lon protease (15). Degradation of Ibps by Lon in E. coli
keeps these proteins at levels appropriate to their detrimental
binding to functional proteins and allows refolding of Ibp-bound
client proteins (15). The Lon protease in F. tularensis may target
FTL1957 and other small heat shock proteins for similar reasons
under heat stress.

Our results indicated that the Lon and ClpP proteases of F.
tularensis regulate the homeostasis of different proteins and func-
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was quantified by qRT-PCR, normalized on the basis of the helicase gene, and

tional pathways. First, there are clear phenotypic differences be-
tween the lon and clpP mutants of LVS. The animal infection trial
indicated that the Alon mutant is substantially more attenuated
than the isogenic clpP mutant in the mouse lung infection model.
The same trend is true in the intramacrophage growth and toler-
ance to 1.5% NaCl of the lon and clpP mutants, although both
mutants showed similar levels of deficiency in growth under heat
stress. These results consistently showed that Lon is more instru-
mental in F. tularensis-host interactions but that both the Lon and
ClpP proteases are similarly important in the stress response of F.
tularensis. Second, Lon and ClpP target different substrates. The
protein stability experiment in LVS showed that ClpP does not
appear to degrade two of the Lon substrates (FTL578 and FTL663),
but another Lon substrate (FTL1957) was degraded by ClpP.
These lines of information imply that Lon and ClpP regulate ho-
meostasis of different F. tularensis proteins, although certain pro-
teins are degraded by both proteases. Lastly, functional partition
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between Lon and ClpP is also supported by the observation that
clpP is transcribed only from the common promoter of the pro-
tease locus but the transcription of lon is additionally driven by its
own promoter, in addition to that from the tig promoter. Because
the protease locus is extremely conserved in gene sequence and
organization among different subspecies of F. tularensis, the data
from this study thus provide highly valuable information for a
comprehensive understanding of protein homeostasis and patho-
genesis in F. tularensis.

The discrepancy between the results obtained with the un-
marked deletion and transposon mutants of c/pX may be ex-
plained by the polar effect of the transposon insertion on the tran-
scription of the downstream genes. Because cIpX is cotranscribed
with two downstream genes, lon and hupB (Fig. 1B), the attenua-
tion in the in vivo fitness observed with the Tn5-based EZ: TN
transposon mutant could be due to the transcriptional blockage of
lon and/or hupB (8). The lack of phenotypic changes with the clpX
deletion mutant in in vivo infectivity and stress tolerance is remi-
niscent of similar observations made with the ClpX and ClpA in E.
coli. ClpP is necessary for degradation of the hybrid protein
CRAG, but this activity occurs in a clpA clpB clpX triple mutant
(69). This phenomenon is thought to be mediated by the overlap-
ping functions of the chaperones (e.g., trigger factor, GroEL, and
GroES) (69, 70). It is possible that these chaperones play redun-
dant roles with ClpX in facilitating protein degradation by ClpP in
F. tularensis. Alternatively, F. tularensis ClpP may functionally
couple with an uncharacterized ATPase partner(s), like its coun-
terparts in other bacteria. ClpX appears to be a major ATPase
partner of the ClpP protease, given the fact that cIpX is cotrans-
cribed with cIpP in the protease locus; F. tularensis does not appear
to possess homologs of E. coli CIpA or the other ATPases that
couple with ClIpP in other bacteria (71). However, there is not
evidence to rule out an unknown ATPase(s) that may act as a
functional ATPase partner for ClpP in the absence of ClpX.

To our knowledge, this represents the first study to identify the
Lon substrates at a genome level by a high-throughput approach.
Previous studies have identified many ClpP substrates in E. coli
(37), C. crescentus (28), S. aureus (38, 39), and Mycobacterium spp.
(40), but there is no similar report of searching for Lon substrates
in any bacteria. Our approach takes advantage of Lon substrate
enrichment in the F. tularensis Alon mutant under the heat stress
condition, the high-throughput capacity of the quantitative pro-
teomic technology, and convenient tools for testing protein deg-
radation by exogenous Lon protease in E. coli. This screen led to
the identification of five substrates of the F. tularensis Lon pro-
tease. In this context, our experience in this work has indicated
that characterizing Lon substrates in the native host bacteria can
be challenging because of the difficulty in producing the substrate
proteins to workable levels. As an example, wild-type F. tularensis
LVS did not produce four of the five Lon substrates to a detectable
amount even when they were overexpressed by a well-character-
ized tetracycline-inducible promoter from a multicopy plasmid;
two of the overexpressed Lon substrates remained undetectable
even in the Alon mutant of LVS. As a result, we were able to
characterize only three of the five F. tularensis Lon substrates
(FTL578, FTL663, and FTL1957) because they were expressed to
detectable levels in the Alon mutant of LVS. Because the non-Lon
substrate proteins, as exemplified by ClpX, were readily produced
by the same episomal system in both the wild-type LVS and its
Alon mutant, it appears that these Lon substrates were tightly re-
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stricted in the native host. The two undetectable Lon substrates
(FTL1217 and FTL1228) in the Alon mutant may be degraded by
other proteases, such as ClpP and HslU. This observation indi-
cates additional technical difficulties in direct screening of Lon
substrates in the native host bacteria. This makes the approach
used to identify Lon substrates in this work appealing for the iden-
tification of the Lon substrates in other bacteria, particularly those
whose genetic manipulation is not readily achievable.

Homologs of the bacterial Lon proteases are also present in the
mitochondrial matrix of humans (LONP1), mice (Lon), and
many other eukaryotic organisms (72). Lon has been implicated
in controlling mitochondrial matrix protein quality, regulating
aerobic respiratory function, degrading oxidized proteins, and
maintaining mitochondrial DNA (mtDNA) nucleoid integrity
(73). Dysfunction of human LONP1 has been associated with age-
ing, cancer, and CODAS syndrome, a multisystem developmental
disorder in humans (73, 74). LONPI1 has been proposed as an
anticancer target (10). In part because Lon is absent in Saccharo-
myces cerevisiae, the best-characterized eukaryotic model organ-
ism, its substrates and functions are much less understood than
those of the bacterial counterparts. Only a few putative substrates
of human LONP1 have been described (10). In this context, the
approach we developed in this study may also be applicable to
systematic identification of the Lon substrates in humans and
other eukaryotic organisms.
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