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Abstract 

Lawsonia intracellularis, a Gram-negative obligate intracellular bacterium causing porcine proliferative enteropathy, 
possesses a type III secretion system (T3SS), yet only a handful of its substrates have been experimentally charac-
terized. In this study, we identify that LI0758 can be secreted by the Yersinia T3SS, which suppresses yeast growth 
and activates mitogen-activated protein kinase (MAPK) and nuclear factor-kappa B (NF-κB) signaling pathway 
in mammalian cells. Bioinformatics analyses indicate that LI0758 is an ortholog of Rce1, a eukaryotic CAAX protein 
endoprotease, sharing a similar subcellular localization on the endoplasmic reticulum (ER). While displaying unique 
activity in the yeast a-factor reporter system, LI0758 restores Ras2 localization in Rce1Δ mutant strains, implying func-
tional similarity. Our findings underscore LI0758’s pivotal role in activating MAPK pathways and suggest its potential 
to modulate the localization and function of host CAAX proteins. Further investigation holds promise for elucidating 
novel bacteria-host interaction mechanisms and fostering the development of innovative therapies against prolifera-
tive enteritis.
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Introduction
Lawsonia intracellularis, a Gram-negative, anaerobic 
obligate intracellular bacterium, is the sole species in the 
bacterial genus Lawsonia and is the etiologic agent of 
proliferative enteropathy (PE) [1]. L. intracellularis typi-
cally infects the small intestine of pigs, although occa-
sional infections of the large intestine have been reported 
in pigs and other animals, such as hamsters and horses 
[1]. The infection presents with symptoms including 

proliferation, hemorrhage, necrosis, commonly known 
as “ileitis”, which compromises the health and productiv-
ity of farmed pigs [2]. Prophylactic measures against L. 
intracellularis infection in pigs encompass the admin-
istration of subtherapeutic levels of in-feed antibiotic 
growth promoters or vaccination. Although the former 
strategy has demonstrated efficacy in controlling L. intra-
cellularis, the anticipated regulatory restrictions on sub-
therapeutic antibiotics in numerous countries highlight 
the need for alternative approaches [2]. Despite exten-
sive research over several decades that has elucidated the 
infection dynamics of L. intracellularis both in vitro and 
in vivo, the underlying pathogenesis and virulence factors 
of this organism remain poorly understood [3].

The type III secretion system (T3SS), a well-studied 
mechanism, plays crucial roles in the pathogenicity of 
numerous Gram-negative bacterial pathogens [4]. Cur-
rently, several enteropathogenic bacteria are known to 
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utilize T3SS for infecting their hosts and causing vari-
ous infectious diseases [5]. The Ysc-Yop T3SS of Yers-
inia, often regarded as the archetypal T3SS, was the first 
to be characterized [6]. Due to the conserved structural 
framework of T3SS across different animal bacterial 
pathogens, Yersinia has been effectively used as a model 
system to identify novel T3SS substrates in genetically 
intractable strains [7]. The genes encoding the T3S appa-
ratus have been identified in the complete genome of L. 
intracellularis strain PHE/MN1-00, and the expression 
of some components has been confirmed through RT-
PCR and serological response during infection [8]. Given 
the microaerophilic obligate intracellular lifestyle of L. 
intracellularis, identifying its T3SS substrate directly 
presents a significant challenge [2]. Recently, our labora-
tory utilized the Yersinia T3SS in vitro secretion system 
to successfully identify two effectors of L. intracellula-
ris, LI0666 and LfliC, along with two T3SS translocators, 
LI1158 and LI1159 [9–11].

Prenylation, defined as the covalent attachment of iso-
prenoid lipids to eukaryotic proteins, exerts regulatory 
control over the subcellular localization and functional 
activity of a diverse array of proteins that play pivotal 
roles in biological regulatory processes [12]. Most pre-
nylated proteins are categorized as CAAX proteins, 
wherein the prenylation process is initiated by the liga-
tion of either a 15-carbon farnesyl or a 20-carbon gera-
nylgeranyl isoprenoid lipid to the cysteine (Cys) residue 
[12]. Subsequently, these proteins can undergo further 
enzymatic processing: first by RAS-converting CAAX 
endopeptidase 1 (RCE1), which catalyzes the removal of 
the -AAX sequence, and then by isoprenylcysteine car-
boxylmethyltransferase (ICMT), which methylates the 
carboxyl group of the resulting carboxyterminal isopre-
noid-modified Cys residue, effectively “capping” it with a 
methyl group [12].

Rce1, an integral membrane protease residing in the 
endoplasmic reticulum (ER), was originally discovered 
in Saccharomyces cerevisiae through genetic and bio-
chemical studies of the yeast a-factor [13]. It functions 
as a type II CAAX prenyl endopeptidase, collaborating 
with the type I CAAX-processing enzyme ZMPSTE24/
Ste24p (also known as AFC1p) [13]. ZMPSTE24/Ste24p 
is a zinc metalloprotease with a distinct role in process-
ing prelamin A in all eukaryotes and the a-factor spe-
cifically in yeast. Conversely, Rce1 demonstrates broader 
specificity, catalyzing the processing of all farnesylated 
and geranylgeranylated CAAX proteins, encompassing 
the a-factor in yeast and members of the Ras superfamily 
of small GTPases [14].

The MAPK (Mitogen-Activated Protein Kinase) path-
way is widely acknowledged as a fundamental and proto-
typical downstream element of the Ras signaling cascade, 

serving as a pivotal intermediary in transmitting signals 
from Ras to evoke cellular responses [15]. These MAPK-
signaling cascades constitute ubiquitous processes within 
eukaryotic cells and are frequently targeted by T3SS 
effectors of enteropathogenic bacteria to modulate the 
host’s innate immune response [5]. Despite the diver-
gence in the outputs of these signaling cascades across 
different organisms, ranging from yeast to mammals, the 
signaling components of these pathways exhibit a high 
degree of conservation [16].

In yeast, five distinct and well-documented MAPK 
signaling pathways have been characterized: the phero-
mone response pathway (Fus3), the filamentous growth 
pathway (Kss1), the hyperosmotic/glycerol growth path-
way (Hog1), the cell wall integrity pathway (Slt2), and the 
spore wall assembly pathway (Smk1) [16]. In mamma-
lian cells, MAP kinases can be classified into three pri-
mary families: the ERKs (Extracellular-Signal-Regulated 
Kinases), the JNKs (Jun Amino-Terminal Kinases), and 
the p38 kinases [17].

Rce1 is a member of the ABI (Abortive Infection) fam-
ily of putative integral membrane proteases, which lacks 
paralogs in eukaryotes [14]. Although prenylation modifi-
cations are not observed in prokaryotic cells and archae-
bacteria, numerous Rce1p orthologs have been identified 
across all three domains of life [18, 19]. The pair-wise 
identity among RCE1 orthologs varies between 14 and 
27%. Despite this relatively low level of primary sequence 
conservation, all examined Rce1p orthologs have been 
found to be capable of substituting for yeast Rce1p in the 
maturation of the yeast a-factor mating pheromone [14, 
19, 20]. These findings imply that the RCE family may 
possess conserved substrate specificity.

In this study, we reveal LI0758 as a T3SS effector 
exported by Yersinia, inhibiting yeast growth and sig-
nificantly activating MAPK pathways in HEK293T cells. 
Bioinformatics analyses suggest LI0758 is an ortholog 
of Rce1, with similar localization on the ER. Although 
it exhibits distinct in  vivo activity in the yeast a-factor 
reporter system, LI0758 restores Ras2 localization in 
Rce1Δ mutant strains, suggesting a functional resem-
blance. These findings highlight LI0758’s role in MAPK 
pathway activation and suggest it may regulate host 
CAAX proteins’ localization and function. Further explo-
ration promises to uncover new bacteria-host interaction 
patterns and pave the way for innovative drug develop-
ment against proliferative enteritis.

Materials and methods
Strains, cell lines, and medium
The plasmid amplification was performed using 
E. coli DH5α (TransGen Biotech, Beijing, China), 
which was cultivated in Luria–Bertani (LB) medium 
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containing 100 μg mL−1 ampicillin at 37 ℃ with agitation 
or on LB agar plates. T3S-proficient Y. pseudotuberculo-
sis IP2666ΔyopHOPEMT, Y. enterocolitica MRS40ΔyopHOPEM 
and T3SS-deficient Y. enterocolitica MRS40ΔyspF were 
routinely grown in brain heart infusion (BHI; TransGen 

Biotech) agar, and 200 µg  mL−1 ampicillin was added to 
select expression vectors.

The yeast strains used in this study, along with the 
primers used for their construction, are listed in Tables 1 
and 2. Briefly, W303-1A and BY4741 were employed 

Table 1  Yeast strains used in this study 

Strain Relevant genotype Source

W303-1A MATa ade2-1 ura3-1 his3-11,15 trp1-1, leu2-3,112 can-100 Clontech

W303-1B MATα ade2-1 ura3-1 his3-11,15 trp1-1, leu2-3,112 can-100 Clontech

BY4741 MATa his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Clontech

W303-1A Rce1Δ MATa ade2-1 ura3-1 his3-11,15 trp1-1, leu2-3,112 can-100 RCE1::TRP1 This study

W303-1A ste24Δ MATa ade2-1 ura3-1 his3-11,15 trp1-1, leu2-3,112 can-100 ste24::HIS3 This study

W303-1A rce1Δste24Δ MATa ade2-1 ura3-1 his3-11,15 trp1-1, leu2-3,112 can-100 RCE1::TRP1 ste24::HIS3 This study

Table 2  Primers used in this study 

Primer Sequence 5′—3′ (Restriction enzyme sites are underlined)

ScRce1-TRP1-recombinant-F CCT​TTG​ATG​ATT​TTA​TTA​CCT​TTA​TTT​TAA​GTT​ACT​AAA​ATA​TCG​AGA​TTG​TAC​TGA​GAG​TGC​ACC​

ScRce1-TRP1-recombinant-R AAA​CAG​TTG​TCA​TGG​AGC​CTT​CCT​GTA​ATT​GCT​CAT​AAG​CAT​GGT​GTG​CGG​TAT​TTC​ACA​CCGC​

ScSte24-HIS3-recombinant-F GAA​AAA​AAA​GGA​GGA​AAT​AGA​AAA​CTG​CAG​GCC​TTT​ATT​CAT​GAC​AGA​GCA​GAA​AGC​CCT​

ScSte24-HIS3-recombinant-R CTG​AAT​TTA​ACG​GTA​CAT​GCT​AAT​ATG​TGT​ACT​CTA​TAG​ACT​ACA​TAA​GAA​CAC​CTT​TGG​

rce1Δ(rce1::trp1)-TEST-F AAA​CCA​TCT​TGG​CGT​AGC​G

rce1Δ(rce1::trp1)-TEST-R AGA​CTT​CCG​TTT​ATC​CCT​TT

ste24Δ(ste24::his3)-TEST-F GGC​AGA​TGT​GGA​AGG​TAA​GA

Ste24Δ(ste24::his3)-TEST-R ATA​CTT​CCA​ATC​TGT​TGT​GCC​

pBAD24-LI0758-F GAG​GAA​TTC​ATG​AAA​AAT​CAT​ACA​CCT​

pBAD24-LI0758-R GTA​GTC​GAC​ACC​TAA​AAT​AGG​GAA​AAG​

pRS416-LI0758-F GAG​GAG​CGG​CCG​CGA​TGA​AAA​ATC​ATA​CAC​CT

pRS416-LI0758-R CAT​GAC​TCG​AGT​TAA​CCT​AAA​ATA​GGG​AAA​AG

pRS416-ScRce1-F GAG​GAG​CGG​CCG​CGA​TGC​TAC​AAT​TCT​CAA​CAT​TTC​

pRS416-ScRce1-R CAT​GAC​TCG​AGC​TAA​AGG​GTT​ATT​CTA​TAA​C

pRS416-mCherry-F AAG​GAA​AAA​AGC​GGC​CGC​GAT​GGT​GAG​CAA​GGG​CGA​G

pRS416-mCherry-R CCG​CTC​GAG​TTA​CTT​GTA​CAG​CTC​GTC​

pRS416-mCherry-LI0758-F CCG​CTC​GAG​ATG​AAA​AAT​CAT​ACA​

pRS416-mCherry-LI0758-R CGG​GGT​ACC​TTA​ACC​TAA​AAT​AGG​

pRS416-mCherry-ScRce1-F CCG​CTC​GAG​ATG​CTA​CAA​TTC​TCA​ACA​

pRS416-mCherry-ScRce1-R CGG​GGT​ACC​TTA​TTC​TAT​AAC​CAG​GAG​

pESC-LEU-EGFP-F CCC​TCG​AGA​TGG​TGA​GCA​AGG​GCG​AG

pESC-LEU-EGFP-R CCC​AAG​CTT​ACT​TGT​ACA​GCT​CGT​CCAT​

pESC -LEU-EGFP-Ras2-F GAT​CAC​TCT​CGG​CAT​GGA​CGA​GCT​GTA​CAA​GCC​GGA​ATT​CAT​GCC​TTT​GAA​CAA​GTCG​

pESC -LEU-EGFP-Ras2-R AGC​TAG​CCG​CGG​TAC​CAA​GCT​TTT​AAC​TTA​TAA​TAC​AACA​

pCDNA3.1( +)-mCherry-N-F AAT​CTG​TAT​CGC​GGT​CGC​CGA​GGC​CAT​GGT​GAG​CAA​GGG​CGA​GGA​

pCDNA3.1( +)-mCherry-KDLE-R TTT​AAA​CGG​GCC​CTC​TAG​AGC​TAC​AGC​TCA​TCC​TTC​TTG​TAC​AGC​TCG​TCC​ATG​C

pCDNA3.1( +)-signal-BamHI-F CCG​GGA​TCC​ATG​GGC​GTG​AAA​GTG​CTG​TTC​GCA​TTA​ATC​TGT​ATC​GCG​GTC​GCC​GAG​GCC​

pEGFP-C1-LI0758-F CAG​ATC​TCG​AGC​TAT​GAA​AAA​TCA​TAC​ACC​T

pEGFP-C1-LI0758-R GGT​GGA​TCC​TTA​ACC​TAA​AAT​AGG​GAA​AAG​

pEGFP-N1-LI0758-F CCG​GAT​CTC​GAG​ATG​AAA​AAT​CAT​ACA​CCT​

pEGFP-N1-LI0758-R CCG​CAG​AAT​TCG​ACC​TAA​AAT​AGG​GAA​AAG​
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for growth inhibition assays, whereas W303-1A and 
W303-1B served in quantitative mating assays. Further-
more, W303-1A was specifically selected for the RAS2 
localization assay. To investigate CAAX protease speci-
ficity, two pairs of primers were used to generate three 
strains in the W303-1A background, each lacking the 
CAAX protease genes (RCE1 and/or STE24). Specifically, 
the rce1Δ strain replaces the RCE1 open reading frame 
with TRP1, the ste24Δ strain replaces the STE24 open 
reading frame with HIS3, and the rce1Δste24Δ double 
mutant strain replaces both the RCE1 and STE24 open 
reading frames with TRP1 and HIS3, respectively. All 
deletion strains were verified through PCR amplification 
of the corresponding loci using test primers. All strains 
were cultured at either 30 ℃ or 37 ℃ in yeast extract pep-
tone dextrose (YPD) or synthetic complete drop-out (SC) 
medium.

The human embryonic kidney cell line (HEK) 293  T 
(Thermo Fisher Scientific, San Jose, CA, USA) was cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, 
Invitrogen Tech, Carlsbad, CA, USA) supplemented with 
10% (v/v) fetal bovine serum (FBS, Gibco, Waltham, MA, 
USA), 1 mmol L−1 glutamine, and 100 U mL−1 penicillin 
and streptomycin.

Plasmid construction
The primers utilized for plasmid construction and plas-
mids used in this study are listed in Tables 2,  3, respec-
tively. The LI0758 gene was amplified from genomic 
DNA extracted from L. intracellularis-positive porcine 
ileal mucosa and then inserted into the galactose-induc-
ible yeast expression vector pRS416-GAL1, along with an 
N-terminal 3 × Flag epitope tag fragment. The DNA frag-
ment encoding mCherry, amplified from the pBAD24-
mCherry plasmid was cloned into the pRS416-GAL1 

vector. Furthermore, the DNA fragments encoding full-
length ScRce1 and LI0758 were separately subcloned 
into the pRS416-mCherry plasmid. The DNA fragment 
encoding full-length ScRAS2, amplified from genomic 
DNA extracted from the W303-1A, and EGFP, amplified 
from the pEGFP-C1 vector, were sequentially cloned into 
the pESC-Leu plasmid and fused for expression. Yeast 
transformation was carried out using the lithium acetate 
method and yeast whole cell lysates were prepared from 
yeast cells grown to log phase in selective medium and 
resolved by SDS-PAGE.

Additionally, the DNA fragment encoding full-length 
LI0758 was independently subcloned into both pEGFP-
C1 and pEGFP-N1 vectors. The DNA fragment, which 
encodes mCherry fused with a secretion signal peptide 
from Gaussia luciferase at its N-terminus and a C-ter-
minal KDEL amino acid sequence, was successfully sub-
cloned into the pcDNA3.1 vector. Subsequently, plasmid 
DNA was harvested from E. coli using an endotoxin-free 
DNA isolation kit (Qiagen, Valencia, CA, USA).

Yersinia T3S secretion assay
The T3S-proficient strains Y. pseudotuberculo-
sis IP2666ΔyopHOPEMT and Y. enterocolitica 
MRS40ΔyopHOPEM, along with the T3SS-null strain 
Y. enterocolitica MRS40ΔyscF, were utilized accord-
ing to previously described methods [9]. Briefly, Yers-
inia cultures were grown in BHI medium supplemented 
with either 5 mM EGTA and 20 mM MgCl2 to induce a 
Ca2+-depleted environment (–Ca2+) or 5  mM CaCl2 to 
ensure Ca2+ availability (+ Ca2+). To induce gene expres-
sion, 0.2% L-arabinose was added to the cultures. Bac-
terial pellets and culture supernatants were separated 
through centrifugation, and the proteins contained 
within were analyzed using SDS-PAGE. Subsequently, 

Table 3  Plasmids construction in this study 

Plasmids Genotype/Description Source

pRS416-GAL1-ScRce1 Gal1 promoter, 3 × flag-ScRce1, URA3, ampicillin This study

pRS416-GAL1-LI0758 Gal1 promoter, 3 × flag-LI0758, URA3, ampicillin This study

pYES2/NTA-RipI Gal1 promoter, EGFP-RipI, URA3, ampicillin Lu Lab

pGBKT7 T7 promoter, c-Myc, kanamycin Clontech

pESC-Leu Gal1 promoter, c-Myc, ampicillin Agilent

pESC-Leu-EGFP-Ras2 Gal1 promoter, c-Myc-EGFP-Ras2, ampicillin This study

pBAD24-mCherry Arabinose Bad promoter, mCherry, ampicillin Feng shao lab

pRS416-mCherry-ScRce1 Arabinose Bad promoter, mCherry-ScRce1, URA3, ampicillin This study

pRS416-mCherry-LI0758 Arabinose Bad promoter, mCherry-LI0758, URA3, ampicillin This study

pCDNA3.1( +)-mCherry-KDEL CMV promoter, signal- mCherry-KDEL, ampicillin This study

pEGFP-C1 CMV promoter, EGFP, kanamycin Clontech

pEGFP-C1-LI0758 CMV promoter, EGFP-LI0758, kanamycin This study

pEGFP-N1-LI0758 CMV promoter, LI0758-EGFP, kanamycin This study
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the proteins were transferred onto PVDF membranes 
and probed with a rat monoclonal anti-HA antibody 
(CST). For immunoblot detection, secondary antibodies 
specific to rabbit antibodies, conjugated to horseradish 
peroxidase (Thermo Fisher), were employed along with 
ECL chemiluminescent substrate (Proteintech, Wuhan, 
China).

Yeast growth assays and immunoblot analysis
Yeast growth assays and immunoblot analysis were con-
ducted following the previously described method [21]. 
In brief, overnight cultures of recombinant strains grown 
in SD-Ura medium were washed, and their absorbance 
values were adjusted to OD600 of 1.0. Each strain was 
serially diluted tenfold four times and then spotted (4 µL) 
onto solid selective medium containing either repression 
(2% glucose) or induction (2% galactose). Following this, 
the yeast cultures were incubated at 30 °C for 2 to 4 days.

For immunoblotting, the yeast cells were harvested 
by centrifugation and immediately snap-frozen. Pro-
teins were subsequently extracted from the yeast cells 
and subjected to SDS-PAGE analysis. The resulting gels 
were transferred onto PVDF membranes and probed 
with mouse monoclonal anti-Flag antibodies (Pro-
teintech). The immunoblot detection was carried out 
using secondary antibodies specific to mouse antibod-
ies and conjugated to horseradish peroxidase (Thermo 
Fisher), together with ECL chemiluminescent substrate 
(Proteintech).

Yeast MAPK phosphorylation assays
Yeast cells harboring either the pRS416-GAL1-Flag-
LI0758 plasmid or the control empty pRS416-GAL1-
Flag vector were grown overnight in selective media 
supplemented with 2% raffinose. The next morning, 
the cultures were diluted to an OD600 of 1.0 in fresh 
media and incubated at 30 ℃ for a 2  h. Subsequently, 
the expression of LI0758 was then induced by the addi-
tion of 2% galactose. The cells were then incubated for 
another 2  h at 30 ℃ prior to the application of stress 
conditions, which were executed as previously detailed. 
Heat shock stress was administered by diluting the cells 
1:1 with medium that had been preheated to 55  ℃, 
subsequently incubating them at 39 ℃ for 30  min. To 
terminate the stress response, the cells were further 
diluted 1:1 with an ice-cold stop mix. For the activation 
of the mating and invasive growth MAPK pathways, 
200  nM a-factor was introduced for 15  min. Mean-
while, the HOG pathway was stimulated by the addi-
tion of 400 mM NaCl for 5 min. In every case, upon the 
completion of the stress protocol, the yeast cells were 
collected through centrifugation and promptly snap-
frozen. Proteins were then extracted from the yeast 

cells and analyzed via SDS-PAGE. The resultant gels 
were transferred onto PVDF membranes and probed 
with specific antibodies. The phospho-p42/44 antibody 
was employed to detect phosphorylated Slt2, Fus3, and 
Kss1 in yeast, whereas the phospho-p38 antibody was 
used to recognize phosphorylated Hog1.

Extract preparation and immunoblot analysis 
in mammalian cells
Mammalian cell extract preparation and immunoblot 
analysis were conducted as previously described [10]. 
Briefly, asynchronously growing HEK293T cells were 
seeded at a density of 2.5 × 105 cells per well in a 6-well 
tissue culture plate and serum-starved overnight. Sub-
sequently, two micrograms of plasmid DNA were trans-
fected into the HEK293T cells using Lipofectamine® 
2000 reagent (Invitrogen), following the manufactur-
er’s protocol. After 48 h of transfection, the cells were 
washed with ice-cold PBS containing 1  mM Na3VO4 
and 10  mM NaF, and then lysed with 300  µL of RIPA 
buffer containing protease inhibitor mixture (Roche 
Molecular Biochemicals). The protein extracted from 
the cells was quantified using a BCA reagent. Equal vol-
umes of samples were subjected to SDS-PAGE, and the 
proteins were transferred to PVDF membranes (Immo-
bilon-P, Merck Millipore). These membranes were then 
probed with mouse monoclonal anti-GFP antibodies 
(Proteintech).

For MAPK activation immunoblotting, protein extracts 
were probed with a 1:2000 dilution of primary antibod-
ies, including rat monoclonal phospho-p38 antibody, p38 
antibody, phospho-ERK42/44 antibody, ERK42/44 anti-
body, phospho-JNK antibody, JNK antibody (CST), and 
mouse monoclonal tubulin antibody (TransGen Biotech) 
in TBST overnight at 4 °C. This was followed by incuba-
tion with a 1:2000 dilution of either goat antimouse IgG 
HRP conjugate (Transgen Biotech) or goat anti-rabbit 
IgG HRP conjugate (Proteintech) secondary antibody for 
1 h. The protein bands were visualized using ECL chemi-
luminescent substrate (Proteintech).

NF‑κB assay
The NF-κB assay was conducted as previously described 
[10]. Briefly, 5 × 106 HEK293T cells were transfected with 
2  μg plasmid with Lipofectamine® 2000 reagent (Invit-
rogen). After 48 h, the cells were stimulated with TNFα 
(50  ng  mL−1) for 30  min. Nuclear and cytosolic protein 
extracts were then prepared using the NE-PER nuclear 
and cytoplasmic extraction reagents (Thermo Fisher). 
The data were analyzed by western blotting for nuclear 
p65. Histone H3 and β-tubulin were used to normalize 
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the protein concentrations of the nuclear and cytoplas-
mic fractions, respectively.

Fluorescence microscopy to determine subcellular 
localization in mammalian cells
HEK293T cells were seeded at a density of 2.5 × 105 cells 
per well in a 6-well tissue culture plate. The plasmids 
were transfected into the HEK293T cells using Lipo-
fectamine™ 2000 (Invitrogen) according to the manu-
facturer’s protocol, and the plates were incubated at 
37  °C for 24  h. Subsequently, the transfected cells were 
grown on coverslips and fixed in 4% paraformaldehyde 
(PFA, Sigma) in 1 × PBS for 20 min at room temperature. 
The cells were then rinsed in 1 × PBS before incubation 
in blocking solution (0.1% BSA in PBS, pH 7.4) contain-
ing 0.1% Triton for 10  min. The cells were then stained 
with rhodamine-conjugated phalloidin overnight at 4 °C. 
After rinsing 5 times in 1 × PBS, the cells were mounted 
on glass coverslips using DAPI-containing mounting 
medium (Invitrogen). The samples were visualized using 
conventional laser excitation and filter sets on a confocal 
laser scanning microscope (Nikon A1R).

Yeast mating assays
Quantitative mating assays were performed with minor 
adjustments to a previous described method [22]. Briefly, 
MATa yeast strains (W303-1A wild-type or rce1Δste24Δ 
mutant, both carrying pRS416 empty vector, pRS416-
ScRce1 or pRS416- LI0758 plasmid) were cultivated in 
SC-Ura medium for 36  h. Concurrently, MATα yeast 
strain W303-1B (containing pESC-LEU empty plas-
mid) was grown in SC-Leu medium. After standardizing 
cultures to OD600 ~ 1.0, MATa yeast suspensions were 
diluted ten-fold in triplicate using SC-Ura medium. Ali-
quots were mixed with undiluted MATα yeast and incu-
bated in YPD medium at 30  °C for 6 h to allow mating. 
Yeast cells were then collected, resuspended, and plated 
on mating-selective (SC-Leu-Ura) and control (SC-Ura) 
agar plates. After 3  days of incubation, colonies were 
counted, adjusted for dilution, and normalized. Mating 
efficiencies were calculated as percentages relative to the 
wild-type strain.

Fluorescence microscopy to determine subcellular 
localization in yeast
The plasmid pRS416-mCherry-ScRce1 or pRS416-
mCherry-LI0758, along with the plasmid pESC-LEU-
EGFP-RAS2, was transformed into yeast strain W303-1A. 
The transformed yeast was then grown in SC-URA-LEU 
medium at 30  °C until it reached the exponential phase 
(OD600 ~ 0.8–1.0). Afterward, the cells were pelleted, 
washed, and cultured in selective induction medium con-
sisting of 2% galactose and 1% raffinose. Following 12 h of 

induction, the cells were fixed in 3.7% formaldehyde for 
30 min at room temperature and washed twice with PBS 
containing 1 mg  mL−1 BSA. The mCherry and GFP sig-
nals were visualized using conventional laser excitation 
and filter sets on a confocal laser scanning microscope 
(Nikon A1R).

Results
Secretion and export of LI0758 through the Yersinia T3SS 
system
Since the T3SS apparatus structure is conserved across 
various pathogens, we aimed to determine whether 
LI0758 functions as a T3SS effector using Y. enterocol-
itica as a heterologous system. We expressed HA-tagged 
LI0758 in both T3S-competent (WT) and T3S-null 
(ΔyscF) strains of Y. enterocolitica under the control of an 
arabinose-inducible promoter. Our results showed that 
LI0758 was abundant in the supernatants of wild-type Y. 
enterocolitica under T3SS-inducing conditions (−Ca2+), 
but not under T3SS-repressive conditions (+ Ca2+). Com-
parable results were observed for the positive control 
YopE, an endogenous T3SS substrate. Importantly, these 
results were not due to bacterial lysis, as evidenced by 
the detection of the Yersinia cytoplasmic protein RplJ (a 
negative control) only in whole-cell pellets and not in the 
supernatant (Figure 1A). Furthermore, LI0758 and YopE 
were undetected in the supernatant of the ΔyscF strain, 
confirming that LI0758 secretion is dependent on a func-
tional virulence-associated T3SS in Yersinia (Figure 1A). 
Consistent results were also obtained with the T3S-com-
petent Y. pseudotuberculosis (Figure  1B). Overall, these 
findings demonstrate that LI0758 can be exported by the 
Yersinia T3SS.

Growth inhibition of yeast by LI0758
The budding yeast S. cerevisiae is a crucial heterologous 
system for functionally characterizing T3SS effectors 
within a eukaryotic environment [23]. To explore LI0758 
function, we cloned the LI0758 gene fragment under the 
control of the GAL1 promoter into the low copy number 
vector pRS416-GAL1, creating the recombinant plas-
mid pRS416-GAL1-Flag-LI0758. Flag-tagged LI0758 was 
induced for expression in the S. cerevisiae strain BY4741. 
Under inducing conditions on solid agar media, LI0758 
exhibited moderate growth inhibition in yeast, although 
this effect was less prominent compared to the posi-
tive control RipI (Figure  2A). To further investigate the 
impact of LI0758 on yeast growth under stress, we intro-
duced the gene into yeast cells and subjected them to 
various stressors: sorbitol, an osmotic stressor particu-
larly toxic to HOG MAPK pathway mutants; NaCl, which 
imposes both osmotic and ionic stress and is detrimental 
to both HOG MAPK pathway mutants and those with 
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ion homeostasis defects; and heat stress at 37 °C, which 
causes a multitude of effects in yeast [24]. We observed 
that all three stressors augmented the growth inhibition 
caused by LI0758. Notably, even under non-inducing 
conditions and at 37  °C, the basal expression of LI0758 
had a mild inhibitory effect on yeast growth. Upon induc-
tion, LI0758 severely inhibited yeast growth (Figure 2A).

To verify LI0758 function in another genetic back-
ground, we transformed the pRS416-GAL1-Flag-LI0758 
construct into strain W303-1A, where LI0758 exhibited 
severe growth inhibition (Figure  2A). Growth curves in 
liquid medium corroborated these results (Figures 2B, C). 
Western blot analyses confirmed similar LI0758 expres-
sion levels in different strains (Figures  2B, C). Overall, 
these results demonstrate that LI0758-induced expres-
sion targets conserved signaling pathways within eukary-
otic cells and inhibits S. cerevisiae growth. Given that the 
inhibitory effect of LI0758 was more pronounced in the 

W303-1A strain than in BY4741, W303-1A was chosen 
for further experiments.

LI0758 modulate the MAPK signaling pathway in yeast
The severe growth inhibition observed in yeast cultured 
in liquid media can be attributed to LI0758’s inhibition of 
multiple yeast MAPK signaling pathways [25]. To further 
elucidate the specific action of LI0758, we utilized the 
cross-reactivity of mammalian phospho-specific MAPK 
antibodies with phosphorylated MAPK in yeast. Our 
findings reveal that upon induction of LI0758 expres-
sion, it slightly activates the phosphorylation of FUS3 in 
the pheromone response pathway and HOG1 in the high 
osmolarity pathway, yet it does not elicit phosphorylation 
of SLT2 in the cell wall integrity pathway (Figures 3A–C).

Given that MAPK pathway activation is minimal in 
wild-type yeast under standard laboratory conditions, we 
assessed LI0758’s ability to block MAPK pathway activa-
tion induced by heat stress, hypoosmotic shock, or mat-
ing factor treatment. Our results indicate that LI0758 
expression does not inhibit the phosphorylation of SLT2, 
HOG1, and KSS1, but selectively inhibits the phospho-
rylation of FUS3 after pheromone treatment, without 
altering total Fus3 levels (Figures 3A–C). In conclusion, 
our experimental data suggest that the MAPK pathway 
is a target of LI0758. To enhance our understanding of 
LI0758’s effects on the MAPK pathway, we intend to con-
duct additional validation experiments in mammalian 
cells.

Activation of MAPK and NF‑κB signaling pathways 
by LI0758 in HEK293T cells
To test whether LI0758 alters MAPK signaling during 
transfection, we compared MAPK phosphorylation pat-
terns in mammalian cells transfected with EGFP-LI0758 
or empty vector. We transiently transfected HEK293T 
cells with a recombinant LI0758 expression plasmid for 
36 h and examined whole cell lysates using western blot 
analysis. The results showed that EGFP-LI0758 expres-
sion induced significant increases in the phosphorylation 
of ERK1/2, p38, and JNK1/2 compared with the empty 
EGFP control (Figure  4A). Using an antibody against 
GFP, we detected that the expression level of EGFP-
LI0758 was lower than that of the control, thus ruling out 
the possibility that differences in phosphorylation phe-
notypes were due to variations in expression levels (Fig-
ure 4A). These observations demonstrate that LI0758 can 
activate multiple downstream MAPK pathways.

Given that EGFP-LI0758 expression augments ERK1/2 
phosphorylation, we explored the possible impact of 
LI0758 on the nuclear translocation of the NF-κB tran-
scription factor p65. Our results revealed a modest 
increase in p65 nuclear abundance in cells transfected 

Figure 1  LI0758 is a substrate of the Yersinia T3SS. A. Y. 
enterocolitica T3S assays. Two Y. enterocolitica strains (T3S-proficient 
MRS40ΔyopHOPEM and T3S-null MRS40∆yscF), expressing 
HA-tagged proteins, were cultivated in BHI medium under conditions 
that either repressed (+ Ca2+) or induced (-Ca2+) the T3SS. After 
growth at 37 ℃ for 6 h with L-arabinose induction, cell-free culture 
supernatants (CS) and whole-cell pellets (WC) were isolated, 
and resolved on 12% (w/v) polyacrylamide gels. Proteins were 
detected by immunoblotting. B. Y. pseudotuberculosis T3S assays. The 
Y. pseudotuberculosis IP2666ΔyopHOPEMT, also expressing HA-tagged 
proteins, underwent the same cultivation, induction, isolation, 
resolution, and immunoblotting procedure as described for (A).
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with EGFP-LI0758, albeit not as pronounced as that 
observed with TNFα treatment (Figure 4B). These obser-
vations indicate that transient transfection of LI0758 into 
mammalian cells leads to a slight activation of the NF-κB 
pathway.

Characterization of L. intracellularis LI0758
To gain deeper insights into the mechanisms underly-
ing LI0758-mediated activation of MAPK and NF-κB, 
we undertook a comprehensive series of bioinformatics 
analyses. Initially, we annotated the domain architec-
ture of LI0758’s amino acid sequence by employing the 

HMMSCAN tool in conjunction with the Pfam data-
base [26]. Our analysis unveiled two notably match-
ing domains, both belonging to the Rce1-like family. 
Precisely, domain A resides from positions 3 to 91 with 
an E-value of 0.39, whereas domain B (alternatively 
termed the ABI domain) extends from positions 106 to 
199, exhibiting a more pronounced E-value of 1.4e-17. 
Buoyed by the high significance of domain B and draw-
ing on prior research, we executed a multiple sequence 
alignment focusing on the C-terminal ABI domains of 
LI0758 and its Rce1 orthologs spanning three domains of 
life. Our findings revealed that both LI0758 and its Rce1 

Figure 2  Effect of LI0758 on yeast growth. A. Examples of growth defects in yeast strains expressing LI0758 proteins. The yeast strains BY4741 
and W303-1A, each transformed with an empty vector, RipI (serving as a positive control), and LI0758 under the regulation of the GAL1 promoter, 
were cultivated to late logarithmic phase in medium containing 2% dextrose. Subsequently, tenfold serial dilutions (ranging from 100 to 104) were 
spotted onto agar plates containing either glucose (as a repressor) or galactose (as an inducer), supplemented with 0.5 M NaCl or 0.8 M sorbitol. 
The plates were then incubated at temperatures of 30 °C or 37 °C. The experiments were conducted in triplicate, with consistent results obtained. B. 
Liquid growth assay and western blot of yeast strains BY4741. Three clones transformed with LI0758 (denoted as clones 1, 2, and 3) were randomly 
selected. These clones were first subjected to expression level analysis via western blotting. Subsequently, their growth over time was analyzed 
in a liquid growth assay. The error bars represent the standard deviation of the mean values from three independent experiments. C. Liquid growth 
assay and western blot of yeast strains W303-1A. Three clones transformed with LI0758 (denoted as clones 1, 2, and 3) were randomly selected. 
These clones were first subjected to expression level analysis via western blotting. Subsequently, their growth over time was analyzed in a liquid 
growth assay. The error bars represent the standard deviation of the mean values from three independent experiments.
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orthologs harbor several conserved amino acids, postu-
lated to act as catalytic residues: specifically, two contigu-
ous glutamates and two distinct histidines (Figure 5A).

Subsequently, we utilized the SignalP signal peptide 
analysis tool to scrutinize the first 30 amino acids at 
LI0758’s N-terminus [27]. The outcomes indicated an 
absence of a signal peptide, implying that LI0758 might 
not be secreted via the signal peptide pathway. This 

aligns with our earlier conclusion that LI0758 is secreted 
through a type 3 secretion system (Figure 1).

To further explore LI0758’s structural features, we 
leveraged the DeepTMHMM server to predict its trans-
membrane structure [28]. The findings suggested that 
LI0758 potentially possesses 6–7 transmembrane seg-
ments, classifying it as a multiple transmembrane pro-
tein (Figure  5B). This observation correlates with the 

Figure 3  Effect of LI0758 on yeast MAPK signaling pathway. A. Heat shock activation of CWI (SLT2 phosphorylation) pathway. Yeast strains, 
transformed with control or LI0758-expressing plasmids, were heat-shocked at 39 °C for 30 min after 2 h induction. Immunoblotting showed 
total and activated SLT2 levels, with tubulin as a loading control. LI0758 expression was confirmed using an anti-Flag antibody. B. NaCl activation 
of HOG (HOG1 phosphorylation) pathway. Yeast strains, harboring control or LI0758-expressing plasmids, were treated with NaCl to induce a state 
of high osmolarity for 5 min after a 2 h induction period. Immunoblotting revealed both the total and activated forms of HOG1, with tubulin 
serving as a loading control. LI0758 expression was verified using an anti-Flag antibody. C. α-Factor activation of pheromone response (FUS3 
phosphorylation) and filamentous growth (KSS1) pathways. Yeast strains, transformed with control or LI0758-expressing constructs, were 
exposed to 200 nM α-factor for 15 min following a 2 h induction. Immunoblotting demonstrated the total and activated states of FUS3 and KSS1, 
with tubulin as a loading control. The expression of LI0758 was confirmed by an anti-Flag antibody.
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hydrophobicity and multiple sequence alignment results 
of Rce1 orthologs derived from humans (HsRce1), S. cer-
evisiae (ScRce1), and various other species [14]. Depend-
ing on the species, Rce1 orthologs are anticipated to 
exhibit 7 or 8 transmembrane helices [14].

In pursuit of a more profound understanding of 
LI0758’s structure and function, we aligned it with 
known structural sequences using Phyre2.2 software 
[29]. We presented the top three protein templates 
ranked by confidence level from the sequence alignment 
with LI0758 (Figure  5C). These findings imply a strong 

homology between LI0758 and Rce1. Despite a relatively 
low sequence match percentage, the model’s results carry 
significant weight due to a high confidence level of 99.9%.

Finally, we predicted LI0758’s subcellular localization 
in prokaryotic and eukaryotic cells using ProtComp and 
Cell-PLoc 2.0, respectively [30]. The results indicated 
that, in line with Rce1 orthologs, LI0758 is probably situ-
ated on the bacterial plasma membrane and localized to 
the ER in eukaryotic cells [14].

In conclusion, the aforementioned predictive outcomes 
uniformly indicate that LI0758 is likely an ortholog 

Figure 4  LI0758 activates MAPK and NF-κB signaling in HEK293T cells. A. LI0758 induces MAPK activation in HEK293T cells. Immunoblots were 
performed on extracts from HEK293T cells transfected with pEGFP-C1-LI0758 or pEGFP-C1 (as a negative control) for 48 h. Cell lysates were analyzed 
for total and phosphorylated forms of ERK1/2, p38, and JNK, along with tubulin as a loading control. Data are presented as the means ± SEM of three 
independent experiments. Statistical significance was determined by a two-tailed unpaired Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). B. 
LI0758 modulates NF-κB signaling in the nucleus and cytoplasm of HEK293T cells. Immunoblots show the distribution of proteins in the nucleus 
and cytoplasm of HEK293T cells transfected with pEGFP-C1-LI0758 or pEGFP-C1 for 24 h, with or without exposed to 10 ng mL−1 TNF-α for 45 min. 
Specific antibodies were used to detect p65 (a component of NF-κB), Histone H3 (a nuclear marker), EGFP (to confirm LI0758 expression), 
and tubulin (as a control). Data are presented as the means ± SEM of three independent experiments. Statistical significance was determined 
by a two-tailed unpaired Student’s t-test (*p < 0.05).
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of Rce1, the CAAX protein endoprotease found in 
eukaryotes.

Localization of LI0758 at the ER in HEK293T cells
To verify LI0758 localization characteristics, we fused 
the LI0758 gene with either the N-terminus or C-termi-
nus of the EGFP gene and expressed the fusion proteins 
in HEK293T cells. Confocal laser scanning microscope 
observation showed that LI0758 fused with EGFP at the 
C-terminus exhibited a diffuse distribution, consistent 
with the empty vector (Figure  6A). Conversely, LI0758 
fused with EGFP at the N-terminus displayed a specific 
localization pattern, forming a ring-like structure with a 
reticular appearance, speculated to be the ER (Figure 6A).

To further verify ER localization, we co-transfected a 
plasmid containing mCherry with an ER retention sig-
nal (KDEL) and EGFP-LI0758 into HEK293T cells. The 
results showed that mCherry-KDEL and EGFP-LI0758 
exhibited similar localization patterns, with significant 
colocalization (Figure  6B). Additionally, ER-Tracker 
dye labeling confirmed LI0758 localization on the ER 
(Figure 6C). Overall, these results indicate that LI0758 
localization is consistent with bioinformatics predic-
tions and RCE1 localization, particularly on the ER 
within mammalian cells.

In vivo activity and function of LI0758
To investigate whether LI0758 exhibits in  vitro pro-
teolytic activity, we attempted to express and purify 
LI0758 fused with various tags, but all attempts were 
unsuccessful due to its multiple transmembrane prop-
erties [19]. To determine whether LI0758 possesses 
RCE1 proteolytic activity in  vivo, we used a yeast 
quantitative mating assay as described by Huyer et  al. 
[31]. We constructed null alleles of RCE1 (rce1Δ) and 
STE24 (ste24Δ), and a double mutant (rce1Δ ste24Δ) 
in the W303-1A strain background. In line with previ-
ous research, only the double mutants (rce1Δ ste24Δ) 
were entirely impaired in mating, whereas both sin-
gle mutants (rce1Δ and ste24Δ) retained some activity 
[31]. Complementation with ScRce1 partially rescued 
the mating defect in double mutants, whereas comple-
mentation with LI0758 did not exhibit such an effect 
(Figure 7A). Utilizing Flag as an antibody, we confirmed 
that the expression level of Flag-LI0758 was compa-
rable to that of Flag-ScRce1, thereby eliminating the 
possibility that differences in mating phenotypes were 
attributed to variations in expression levels (Figure 7B). 
Therefore, the yeast mating assay indicates that LI0758 
does not possess similar in vivo activity to Rce1.

Apart from yeast a-factor pheromone serving as 
a reporter gene to monitor the in  vivo activity and 

function of RCE1, GFP tagging of Ras and other Ras-
related GTPases also constitutes an effective method 
for assessing the crucial role of Rce1 in regulating the 
subcellular localization of small GTPases [13, 14]. To 
further elucidate LI0758 activity, we examined the 
subcellular localization pattern of fluorescently tagged 
RAS2 protein in the yeast rce1Δ mutant strains. In 
the rce1Δ mutant strain with an empty vector, EGFP-
RAS2 was primarily localized to the cytoplasm. How-
ever, when LI0758 was introduced, it co-localized with 
RAS2 and restored the plasma membrane localization 
of Ras, mimicking the function of ScRce1 (Figure 7C). 
These observations suggest that, while prenylation itself 
is required for RAS2 membrane localization, LI0758 
restores the plasma membrane localization of Ras2 in 
rce1Δ mutant strains.

Discussion
Despite decades of research on L. intracellularis, our 
current comprehension of its molecular pathogenesis 
remains quite limited due to its obligate intracellular 
nature, genetic intractability, and the lack of an in  vitro 
mature bacterial model [2]. Furthermore, there is limited 
understanding regarding the T3SS effectors of this patho-
gen, which are facilitated by a T3SS enabling the trans-
fer of proteins into targeted host cells to modify their 
functions. Our study identified LI0758, a T3SS effector 
secreted by Yersinia, which suppresses yeast growth and 
activates MAPK and NF-κB signaling pathways in mam-
malian cells, potentially contributing to inflammatory 
responses. The bioinformatics and fluorescence localiza-
tion analyses have collectively revealed that LI0758 is an 
ortholog of Rce1, exhibiting a comparable localization 
pattern within the ER. Despite displaying unique activ-
ity in the yeast a-factor reporter system, LI0758 restores 
Ras2’s proper location in rce1Δ mutant strains, indicat-
ing a functional similarity to Rce1. These discoveries 
highlight LI0758’s role in activating MAPK and NF-κB 
signaling pathways in host cells, potentially modulating 
the localization and function of CAAX proteins, which 
may indirectly benefit bacterial survival or virulence. 
Continued investigation holds promise for revealing 
novel bacteria-host interaction mechanisms and foster-
ing the development of novel treatments for proliferative 
enteritis.

In both our current and previous research endeavors, 
we have consistently identified the L. intracellularis pro-
teins, namely LI0758, LI0666, LI1158, LI1159 and LfliC, 
as T3SS substrates through in  vitro experiments utiliz-
ing Yersinia [9–11]. Following successful invasion of host 
cells, L. intracellularis promptly exits the membrane 
vesicles and proliferates within the cytoplasm, exhibit-
ing behavior akin to Shigella. The obligate intracellular 
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Figure 5  Characterization of LI0758. A. Multiple sequence alignment of ABI domains from Rce1 homologues across all three domains of life. 
HsRce1: Homo sapiens (UniProt: Q9Y256), ScRce1: S. cerevisiae (UniProt: Q03530), ScoRce1: Streptomyces coelicolor (UniProt: Q9XAK4), MmRce1, 
Methanococcus maripaludis, (UniProt: Q6LZY8), LpRce1: Lactobacillus plantarum, (UniProt: C6VK86) and LI0758: L. intracellularis, (UniProt: Q1MQB5). 
Critical conserved residues essential for activity are highlighted in red. B. Predicted transmembrane structure of LI0758 obtained using the TMHMM 
server. C. Top two protein templates, ranked by confidence, resulting from sequence alignment of LI0758 using Phyre2 software.
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lifestyle of L. intracellularis presents a significant chal-
lenge in identifying and functionally characterizing its 
effectors. To address this, we propose employing Shigella 
as a heterologous expression system that specifically tar-
gets the host cells of L. intracellularis, namely IPEC-J2, in 
order to validate our earlier findings derived from tran-
sient transfections in mammalian cells. This methodol-
ogy may help elucidate the underlying mechanisms of 
effector function and could potentially minimize interfer-
ences from functional redundancy or antagonism among 

different effectors, offering new perspectives on the path-
ogenic mechanisms of L. intracellularis.

In this study, we employed two yeast strains with dis-
tinct genetic backgrounds, BY4741 and W303-1A, to 
conduct a thorough analysis of the impact of LI0758-
induced expression on the growth of different yeast 
strains. The results indicated that the growth inhibition 
elicited by LI0758 induction in BY4741 was milder com-
pared to that in W303-1A; it was only under supplemen-
tary sorbitol stress that the growth inhibitory effects 

Figure 6  Localization of LI0758 to the endoplasmic reticulum (ER) in HEK293T cells. A. Transfection and actin cytoskeleton staining. HEK293T 
cells were individually transfected with pEGFP-C1-LI0758, pEGFP-N1-LI0758, and an empty pEGFP-C1 vector for 24 h. Subsequently, the actin 
cytoskeleton of these cells was stained with rhodamine-phalloidin. Visualization was achieved using a laser scanning confocal microscope, allowing 
for precise localization of the transfected constructs and actin cytoskeletons within the cells. B. Co-localization with an ER retention signal. To assess 
the localization patterns of the EGFP-LI0758 fusion protein, HEK293T cells were co-transfected with mCherry-KDEL (serving as an ER retention 
signal) and EGFP-LI0758 for 24 h. Live-cell imaging was then performed using fluorescence microscopy with the appropriate filters. C. ER tracker 
dye staining. The EGFP-LI0758 plasmid was transiently transfected into HEK293T cells for 24 h. The cells were subsequently stained with an ER 
tracker dye, which specifically targets and stains the ER compartments. Visualization under a fluorescence microscope allowed for the observation 
of the localization and distribution of the EGFP-LI0758 fusion protein. Scale bar: 10 μm.
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Figure 7  In vivo activity and function analysis of LI0758. A. Mating efficiency of yeast strains expressing LI0758. Quantitative mating assays 
were conducted in yeast as described in Materials and methods section. Each assay was conducted in triplicate, with the wild-type strain 
serving as the reference (set to 100%). The mating efficiency of mutant strains is expressed as a percentage relative to the wild-type. The error 
bars indicate the standard deviation from the mean values. B. Expression confirmation of ScRce1 and LI0758 by western blot. Western blot 
analysis was conducted using an anti-Flag antibody to verify the expression of ScRce1 and LI0758. Numbers 1, 2, and 3 indicate three randomly 
selected clones from yeast transformed with LI0758, which were later used in the mating experiments shown in A. C. Localization of GFP-Ras2 
in rce1Δ mutant strains. To compare the localization patterns and intensities of the GFP-Ras2 fusion protein, rce1Δ mutant strains were created 
that expressed GFP-Ras2 along with either an mCherry empty vector, mCherry-tagged ScRce1, or mCherry-tagged LI0758, all under the control 
of the GAL1 promoter. These strains were grown in SC-Leu-Ura medium, diluted to a 1:10 ratio, and induced for expression over 8 h at 30 ℃. 
Live-cell imaging was performed using fluorescence microscopy with appropriate filter settings. The scale bar is 10 μm.
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induced by LI0758 became comparable between the 
two strains (Figure 2). Genetic analysis revealed a 0.08% 
nucleotide difference rate between BY4741 and W303 
strains, with multiple substantial fragment deletions in 
W303-1A relative to BY4741 [32]. Further exploration is 
needed to delve into the disparities in growth inhibition 
elicited by LI0758 in yeast strains with differing genetic 
backgrounds. Additionally, we noted that while LI0758 
activates the MAPK signaling pathway in mammalian 
cells, it does not evoke a corresponding strong activa-
tion of this pathway in yeast. Furthermore, its expression 
in yeast does not obviously suppress pathway activation 
under stressful conditions. The severe growth inhibi-
tory effect of LI0758 in W303-1A suggests its potential 
influence on conserved signaling pathways in eukaryotes, 
including cell cycle, cytoskeleton, and cell death. Sub-
sequent experiments will investigate its mechanism of 
action through transcriptome analysis, proteomic analy-
sis, pathogenic genetic array analysis, multicopy suppres-
sor screening, and validation in mammalian cells.

When infected by pathogenic bacteria, hosts activate 
complex signaling pathways, notably the MAPK and 
NF-κB pathways, which then stimulate the transcription 
of downstream inflammatory factors [5]. T3SS effectors 
often intervene in these two crucial pathways, disrupting 
the host’s inflammatory response [5]. Our laboratory has 
found that L. intracellularis’ T3SS effector LI1035 inhib-
its MAPK phosphorylation, whereas LfliC and LI0758 
promote it and activate the NF-κB pathway [10, 21]. In 
our future work, we aim to discover more T3SS effectors 
in L. intracellularis that target these signaling pathways. 
Reports indicate that enteropathogenic bacteria secrete 
various effectors that specifically affect the host’s MAPK 
and NF-κB pathways, either activating or inhibiting them 
[5]. Therefore, when analyzing each stage of the infection 
process, it’s crucial to consider the significant impact of 
L. intracellularis effectors on host responses. These pro-
teins may act synergistically or independently on these 
two key pathways, employing diverse mechanisms and 
following a specific spatiotemporal sequence.

Our study utilized various bioinformatics analyses 
and fluorescence co-localization techniques to demon-
strate that LI0758, as an Rce1 ortholog, exhibits similar 
localization patterns on the ER and can restore mem-
brane localization of yeast Ras2 in the rce1Δ mutant. Our 
results indicate that the transient expression of EGFP-
LI0758 markedly activates the MAPK pathway in mam-
malian cells. Therefore, it is essential to delve deeper into 
whether LI0758 activates the MAPK pathway by altering 
Ras’s plasma membrane localization in these cells. This 
requires effectively knocking down endogenous Rce1 
using siRNA technology or conducting thorough analy-
ses of Rce1-deficient cells [33]. Notably, LI0758 does not 

rescue the mating defect of double mutants in quantita-
tive mating assays, unlike other known RCE1 proteins 
and their orthologs, emphasizing its selective action on 
CAAX proteins. Given the abundance of CAAX proteins 
in eukaryotes, which play crucial roles in cell signaling 
and regulatory processes like cell proliferation, differen-
tiation, metabolism, and apoptosis, a key future research 
direction will be to investigate which CAAX proteins, 
apart from RAS, LI0758 may target to promote bacterial 
proliferation within host cells.

Through multiple sequence alignment analysis, we have 
revealed that LI0758 and its direct Rce1 orthologs con-
tain several conserved amino acids, which are presumed 
to be catalytically functional residues (Figure  5). How-
ever, our current study has not included mutation experi-
ments targeting these conserved sites to fully explore 
the influence of pivotal amino acids on LI0758’s activity 
and function. Moving forward, we are keen to system-
atically undertake these experiments, aiming to decipher 
the precise roles of key amino acids in LI0758’s function 
and, consequently, provide profound understanding of its 
contribution to bacterial infections.

In conclusion, despite the absence of prenylation modi-
fication in prokaryotes, the eukaryotic RCE1 enzyme, 
crucial for this process, boasts numerous orthologs 
spanning all three domains of life [14]. Its evolutionary 
mechanism and significance merit deeper investigation. 
Specifically, examining the function of LI0758, an RCE1 
homolog from L. intracellularis and a T3SS effector, is 
anticipated to reveal its unique impact on host prenyla-
tion modification and the MAPK pathway, thereby shed-
ding light on LI0758’s critical role in bacterial infection 
and proliferation. This exploration not only promises to 
uncover new bacteria-host interaction patterns but also 
to lay the groundwork for developing novel therapeutics 
against proliferative enteritis.

Acknowledgements
We express our sincere gratitude to Dr Feng Shao from the National 
Institute of Biological Sciences in Beijing, China, for kindly providing us with 
the Y. pseudotuberculosis IP2666ΔyopHOPEMT strain, the Y. enterocolitica 
MRS40ΔyopHOPEM and MRS40ΔyscF strains, as well as the pBAD24-mCherry 
plasmid. Additionally, we express our sincere gratitude to Dr Yongjun Lu from 
Sun Yat-Sen University in China, for his kindness in providing us with the 
pYES2/NTA-RipI plasmid.

Authors’ contributions
YZ and YD performed the research and data analysis. FL and JZ offer helpful 
discussions and technical assistance. YD designed the experiments and wrote 
the paper. All authors read and approved the final manuscript.

Funding
This work was supported by the grants from the National Natural Science 
Foundation of China (Grant No. 32160040) and from the Natural Science 
Foundation of Jiangxi province (Grant No. 20224BAB205035).



Page 16 of 16Zhong et al. Veterinary Research           (2025) 56:29 

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 19 September 2024   Accepted: 5 December 2024

References
	1.	 Vannucci FA, Gebhart CJ (2014) Recent advances in understanding the 

pathogenesis of Lawsonia intracellularis infections. Vet Pathol 51:465–477
	2.	 Karuppannan AK, Opriessnig T (2018) Lawsonia intracellularis: revisiting 

the disease ecology and control of this fastidious pathogen in pigs. Front 
Vet Sci 5:181

	3.	 Karuppannan AK (2023) Editorial: Lawsonia intracellularis: a problem well 
understood is a problem half solved. Front Vet Sci 10:1203702

	4.	 Wagner S, Grin I, Malmsheimer S, Singh N, Torres-Vargas CE, Wester-
hausen S (2018) Bacterial type III secretion systems: a complex device for 
the delivery of bacterial effector proteins into eukaryotic host cells. FEMS 
Microbiol Lett 365:fny201

	5.	 Pinaud L, Sansonetti PJ, Phalipon A (2018) Host cell targeting by enter-
opathogenic bacteria T3SS effectors. Trends Microbiol 26:266–283

	6.	 Cornelis GR (2006) The type III secretion injectisome. Nat Rev Microbiol 
4:811–825

	7.	 da Cunha M, Milho C, Almeida F, Pais SV, Borges V, Maurício R, Borrego 
MJ, Gomes JP, Mota LJ (2014) Identification of type III secretion substrates 
of Chlamydia trachomatis using Yersinia enterocolitica as a heterologous 
system. BMC Microbiol 14:40

	8.	 Alberdi MP, Watson E, McAllister GE, Harris JD, Paxton EA, Thomson JR, 
Smith DG (2009) Expression by Lawsonia intracellularis of type III secretion 
system components during infection. Vet Microbiol 139:298–303

	9.	 Chen C, Dai Y, Yang Y, Zhu Z, Zhang Q, An X, Lai F (2022) Lawsonia intracel-
lularis LI0666 is a new EPIYA effector exported by the Yersinia enterocol-
itica type III secretion system. Vet Res 53:39

	10.	 Liu Q, Dai Y, Wu X, Zhang Q, An X, Lai F (2024) Lawsonia intracellularis 
flagellin protein LfliC stimulates NF-κB and MAPK signaling pathways 
independently of TLR5 interaction. Vet Microbiol 289:109960

	11.	 Huang B, Zhu Z, Dai Y, Yan C, Xu J, Sun L, Zhang Q, An X, Lai F (2023) 
Characterization of translocon proteins in the type III secretion system of 
Lawsonia intracellularis. Vet Res 54:108

	12.	 Wang M, Casey PJ (2016) Protein prenylation: unique fats make their mark 
on biology. Nat Rev Mol Cell Biol 17:110–122

	13.	 Boyartchuk VL, Ashby MN, Rine J (1997) Modulation of Ras and a-factor 
function by carboxyl-terminal proteolysis. Science 275:1796–1800

	14.	 Hampton SE, Dore TM, Schmidt WK (2018) Rce1: mechanism and inhibi-
tion. Crit Rev Biochem Mol Biol 53:157–174

	15.	 Sundaram MV (2006) RTK/Ras/MAPK signaling. WormBook. https://​doi.​
org/​10.​1895/​wormb​ook.1.​80.1

	16.	 Chen RE, Thorner J (2007) Function and regulation in MAPK signaling 
pathways: lessons learned from the yeast Saccharomyces cerevisiae. 
Biochim Biophys Acta 1773:1311–1340

	17.	 Morrison DK (2012) MAP kinase pathways. Cold Spring Harb Perspect Biol 
4:a011254

	18.	 Pei J, Grishin NV (2001) Type II CAAX prenyl endopeptidases belong to 
a novel superfamily of putative membrane-bound metalloproteases. 
Trends Biochem Sci 26:275–277

	19.	 Manolaridis I, Kulkarni K, Dodd RB, Ogasawara S, Zhang Z, Bineva G, 
Reilly NO, Hanrahan SJ, Thompson AJ, Iwata CN (2013) Mechanism of 
farnesylated CAAX protein processing by the intramembrane protease 
Rce1. Nature 504:301–305

	20.	 Mokry DZ, Manandhar SP, Chicola KA, Santangelo GM, Schmidt WK (2009) 
Heterologous expression studies of Saccharomyces cerevisiae reveal two 
distinct trypanosomatid CaaX protease activities and identify their poten-
tial targets. Eukaryot Cell 8:1891–1900

	21.	 Yang L, Lai F, He L, Lu Y, Zhong Q, Lai C, Dai Y (2019) LI1035, a putative 
effector secreted by Lawsonia intracellularis, targets the MAPK pathway 

and regulates actin organizationin yeast and mammalian cells. Vet Micro-
biol 235:127–135

	22.	 Krishnankutty RK, Kukday SS, Castleberry AJ, Breevoort SR, Schmidt WK 
(2009) Proteolytic processing of certain CaaX motifs can occur in the 
absence of the Rce1p and Ste24p CaaX proteases. Yeast 26:451–463

	23.	 Popa C, Coll NS, Valls M, Sessa G (2016) Yeast as a heterologous model 
system to uncover type III effector function. PLoS Pathog 12:e1005360

	24.	 Sisko JL, Spaeth K, Kumar Y, Valdivia RH (2006) Multifunctional analysis 
of Chlamydia-specific genes in a yeast expression system. Mol Microbiol 
60:51–66

	25.	 Kramer RW, Slagowski NL, Eze NA, Giddings KS, Morrison MF, Siggers KA, 
Starnbach MN, Lesser CF (2007) Yeast functional genomic screens lead to 
identification of a role for a bacterial effector in innate immunity regula-
tion. PLoS Pathog 3:e21

	26.	 Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD (2018) HMMER web 
server: 2018 update. Nucleic Acids Res 46:W200–W204

	27.	 Nielsen H, Teufel F, Brunak S, von Heijne G (2024) SignalP: the evolution of 
a web server. Methods Mol Biol 2836:331–367

	28.	 Hallgren J, Tsirigos KD, Pedersen MD, Almagro Armenteros JJ, Marcatili 
P, Nielsen H, Krogh A, Winther O (2022) DeepTMHMM predicts alpha 
and beta transmembrane proteins using deep neural networks. biorxiv 
10:487609

	29.	 Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ (2015) The Phyre2 
web portal for protein modeling, prediction and analysis. Nat Protoc 
10:845–858

	30.	 Chou KC, Shen HB (2008) Cell-PLoc: a package of Web servers for predict-
ing subcellular localization of proteins in various organisms. Nat Protoc 
3:153–162

	31.	 Huyer G, Kistler A, Nouvet FJ, George CM, Boyle ML, Michaelis S (2006) 
Saccharomyces cerevisiae a-factor mutants reveal residues critical for 
processing, activity, and export. Eukaryot Cell 5:1560–1570

	32.	 Schacherer J, Ruderfer DM, Gresham D, Dolinski K, Botstein D, Kruglyak L 
(2007) Genome-wide analysis of nucleotide-level variation in commonly 
used Saccharomyces cerevisiae strains. PLoS One 2:e322

	33.	 Mohammed I, Hampton SE, Ashall L, Hildebrandt ER, Kutlik RA, Manand-
har SP, Floyd BJ, Smith HE, Dozier JK, Schmidt DMD (2016) 8-Hydrox-
yquinoline-based inhibitors of the Rce1 protease disrupt Ras membrane 
localization in human cells. Bioorg Med Chem 24:160–178

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1895/wormbook.1.80.1
https://doi.org/10.1895/wormbook.1.80.1

	Lawsonia intracellularis T3SS effector LI0758, an Rce1 ortholog, activates MAPK and NF-κB signaling in mammalian cells
	Abstract 
	Introduction
	Materials and methods
	Strains, cell lines, and medium
	Plasmid construction
	Yersinia T3S secretion assay
	Yeast growth assays and immunoblot analysis
	Yeast MAPK phosphorylation assays
	Extract preparation and immunoblot analysis in mammalian cells
	NF-κB assay
	Fluorescence microscopy to determine subcellular localization in mammalian cells
	Yeast mating assays
	Fluorescence microscopy to determine subcellular localization in yeast

	Results
	Secretion and export of LI0758 through the Yersinia T3SS system
	Growth inhibition of yeast by LI0758
	LI0758 modulate the MAPK signaling pathway in yeast
	Activation of MAPK and NF-κB signaling pathways by LI0758 in HEK293T cells
	Characterization of L. intracellularis LI0758
	Localization of LI0758 at the ER in HEK293T cells
	In vivo activity and function of LI0758

	Discussion
	Acknowledgements
	References


