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Low leucine levels in the blood enhance the
pathogenicity of neonatal meningitis-
causing Escherichia coli

Hao Sun1,2,6, Xiaoya Li1,2,6, Xinyuan Yang1,2, Jingliang Qin1,2, Yutao Liu1,2,
Yangyang Zheng1,2, QianWang1,2, Ruiying Liu1,2, Hongmin Sun1,2, Xintong Chen1,2,
Qiyue Zhang1,2, Tianyuan Jia3, Xiaoxue Wu1,2, Lu Feng 1,2,4, Lei Wang 1,2,5 &
Bin Liu 1,2,4

Neonatal bacterial meningitis is associated with substantial mortality and
morbidity worldwide. Neonatal meningitis-causing Escherichia coli (NMEC) is
the most common gram-negative bacteria responsible for this disease. How-
ever, the interactions of NMECwith its environment within the host are poorly
understood. Here, we showed that a low level of leucine, a niche-specific signal
in the blood, promotes NMEC pathogenicity by enhancing bacterial survival
and replication in the blood. A low leucine level downregulates the expression
of NsrP, a small RNA (sRNA) identified in this study, in NMEC in an Lrp-
dependent manner. NsrP destabilizes the mRNA of the purine biosynthesis-
related gene purD by direct base pairing. Decreased NsrP expression in
response to low leucine levels in the blood, which is a purine-limiting envir-
onment, activates the bacterial de novo purine biosynthesis pathway, thereby
enhancing bacterial pathogenicity in the host. Deletion of NsrP or purD sig-
nificantly increases or decreases the development of E. coli bacteremia and
meningitis in animal models, respectively. Furthermore, we showed that
intravenous administration of leucine effectively reduces the development of
bacteremia and meningitis caused by NMEC by blocking the Lrp-NsrP-PurD
signal transduction pathway. This study provides a potential strategy for the
prevention and treatment of E. coli-induced meningitis.

Meningitis is a state of inflammation of the meninges and sub-
arachnoid space that can also involve the cortex and parenchyma of
the brain1. Bacterialmeningitis is considered themost severe formof
this disease. Despite the availability of antibiotic therapy, the mor-
tality of bacterial meningitis has remained at 20–25% for several
decades2, and ~50% of survivors sustain permanent/lifelong neuro-
logical sequelae, such as hearing loss, developmental delay, and

cognitive impairment3–5. Escherichia coli is the most common Gram-
negative bacteria that causes meningitis. Among the plethora of
serotypes, E. coli strains possessing the K1 capsular polysaccharide
are more frequently neonatal meningitis-causing Escherichia coli
(NMEC)4. With the increasing emergence of drug resistance, inno-
vative strategies for the treatment of bacterial meningitis are
becoming increasingly needed.
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Bacterialmeningitis is typically initiated byNMEC through a series
of bacterial-host interactions. These interactions encompass vertical
transmission of the causative agent from mother to infant and colo-
nization of mucosal surfaces, typically the upper respiratory or gas-
trointestinal tract6,7. Subsequently, the bacteria invade the
intravascular space, surviving and multiplying there, ultimately
resulting in bacteremia. NMEC subsequently enters the central ner-
vous system by translocating across the blood-brain barrier (BBB) and
induces inflammation in the meninges6,8. Among these steps, a high
level of bacteremia is indispensable for NMEC invasion of the BBB,
which is a prerequisite for meningitis development9. Thus, inhibiting
NMEC multiplication in the bloodstream is considered a means of
preventing E. colimeningitis. However, the bacterial determinants and
mechanisms that are essential for inducing a high level of bacteremia
remain largely unclear.

The ability to switch between different lifestyles allows bacterial
pathogens to thrive in diverse ecological niches10. Small noncoding
RNAs (sRNAs) are robust posttranscriptional regulators of gene
expression, typically by base pairing to target mRNAs, and play an
important role in the niche adaptation of pathogens11,12. Over the past
few years, a growing number of sRNAs that influence bacterial
pathogenicity have been identified in E. coli13–15. For example, a pre-
vious study demonstrated that the sRNA EsrF responds to high
ammonium concentrations in the colon and enhances the pathogeni-
city of enterohemorrhagic E. coli (EHEC) O157 by promoting bacterial
motility and adhesion to host cells14. Under oxygen-limited conditions,
the oxygen-responsive small RNA DicF enhances the expression of the
EHEC type three secretion system to promote host colonization13.
MavR, a sRNA that is conserved amongpathogenic Enterobacteriaceae,
regulates the expression of genes encoding proteins involved in
nutrient acquisition,motility, oxidative stress responses, and attaching
and effacing (AE) lesion formation16. In addition, a previous study
identified an mEp460 phage-encoded sRNA, sRNA-17, in NMEC. The
expression of sRNA-17 was found to be inhibited in the bloodstream,
leading to increased survival of NMEC and enhanced penetration of
the BBB17. Another example in NMEC is the sRNA Nsr69, which sup-
presses flagellin expression and thereby enhances NMEC survival in
cerebrospinal fluid (CSF)18. However, whether sRNAs influence NMEC
adaptation to the host remains poorly studied.

During the evolutionofNMECRS218 (serotypeO18:K1, a reference
strain isolated from the CSF of a neonate withmeningitis), 22 genomic
islands were acquired, distributed across different regions of the
genome, with a total length of ~0.45Mb19. These genomic islands are
referred to asE. coliRS218-derived genomic islands (RDIs)19. Nearly half
of the RDIs have been shown to play a role in meningitis
development19. It is likely that some of these RDIs harbor sRNAs that
can regulate NMEC pathogenicity.

Due to their central role in themetabolism of bacteria, nucleotide
biosynthesis pathways are strongly linked to the virulence of bacterial
pathogens20–24. De novo purine biosynthesis is a major pillar of
nucleotide metabolism. The purine biosynthesis pathway leads to the
conversion of 5-phosphoribosyl-1-pyrophosphate (PRPP) to inosine
5-monophosphate (IMP) to generate adenine and guanine, which serve
as biosynthetic precursors for polymerizing reactions that generate
DNA and RNA and as potential energy carriers20,25. The survival and
proliferation of bacterial pathogens in the host are influenced by the
ability of the pathogens to adjust their metabolism in response to the
changing availability of purines within the host environment, espe-
cially in the bloodstream, which is characterized by purine-limiting
conditions23,24.

Here, we examined how NMEC employs niche-specific strategies
to counteract host nutritional immunity. NMEC senses low levels of
leucine, a niche-specific signal in the blood, to downregulate the
expression of the NMEC-specific sRNA NsrP in an Lrp-dependent
manner. NsrP destabilizes themRNAof the purine biosynthesis-related

gene purD. A decrease in NsrP expression in response to low leucine
levels activates the de novo purine biosynthesis pathway, resulting in
enhanced bacterial pathogenicity in the host. In addition, we showed
that the survival and replication of NMEC decreased when the Lrp-
NsrP-PurD regulatory pathway was blocked by increasing the level of
leucine in the blood via intravenous administration. This study reveals
a potential strategy for using leucine as a potential drug candidate for
the prevention and treatment of E. coli bacteremia and meningitis.

Results
NsrP is an sRNA that negatively regulates NMEC virulence
By analyzing our previous RNA sequencing (RNA-seq) data of RS218
derived from the blood of mice that were injected with NMEC RS218
via the tail vein18, we identified a potential NMEC-specific sRNA, which
we named NsrP. NsrP is encoded by RDI 13, which is reportedly
involved in the invasionof humanbrainmicrovascular endothelial cells
(HBMECs), an in vitro BBB model19,26. This finding suggests that NsrP
may play a role in NMEC virulence. Utilizing anNsrP-specific probe, we
performed Northern blotting to determine whether NsrP is an sRNA
transcribed in RS218. The findings showed an RNA band for the RS218
wild-type strain (WT) and the ΔNsrP complemented strain (cNsrP,
whichwas generated by introducing a plasmid containingNsrPwith its
native promoter into ΔNsrP), but not for the ΔNsrP strain, indicating
that NsrP is an sRNA transcribed from the reverse strand of the NMEC
RS218 genome (Fig. 1a).

The genomic location of the NsrP is shown in Fig. 1b. The 5′ and 3′
rapid amplification of cDNA ends (RACE) technique was used to
determine the transcription start and termination sites of NsrP. The
results showed that NsrP was exactly 244 nucleotides in length,
spanning coordinates 2,920,694 to 2,920,937 in the genome (Sup-
plementary Fig. 1a). Since Hfq is an indispensable chaperone for both
sRNAs and their target mRNAs to facilitate base pairing and to protect
sRNAs from degradation by cellular nucleosidases14, we therefore
examined whether NsrP is hfq dependent. Northern blotting showed
that the expression of NsrP exhibited no significant difference in the
Δhfq strain compared with that in the WT strain (Fig. 1c). Moreover,
when bacterial transcription was blocked by rifampicin treatment, the
half-life of NsrP showed no significant difference in the Δhfq strain
compared with that in the WT strain, indicating that NsrP is an Hfq-
independent sRNA (Supplementary Fig. 1b).

To investigate the potential influence of NsrP on the pathogeni-
city of NMEC, we initially performed HBMEC invasion assays. Our
findings indicated that the deletion of NsrP did not have any dis-
cernible impact on the capacity of the bacteria to invade the HBMECs
(Supplementary Fig. 1c). To determine the potential role of NsrP in the
development of bacteremia and meningitis in vivo, we used a mouse
model of experimental hematogenous meningitis18. The results
showed that the quantity of ΔNsrP in the blood was 7.26 ± 0.30 log
CFU/ml, which was 10.42-fold higher than that of the WT strain
(6.29 ±0.22 log CFU/ml) and 11.10-fold higher than that of the cNsrP
strain (6.25 ± 0.24 log CFU/ml), suggesting that NsrP hinders the sur-
vival and replication of NMECwithin themurine bloodstream (Fig. 1d).
In addition, CSF was collected from the mice to assess bacterial
penetration across the BBB. The results showed a significant increase
in the incidence of E. coli meningitis (defined on the basis of positive
CSF cultures) in ΔNsrP-infected mice compared with that in mice
infected with theWT or cNsrP strain (Fig. 1e). This finding is consistent
with the fact that achieving a high level of bacteremia is a prerequisite
for meningitis development for NMEC6. Since NsrP overlaps with a
hypothetical open reading frame (orf14550), we mutated the putative
start codon of orf14550 in the chromosome of WT (from ATG to CTG),
generating strain orf14550mut, and found that this sitemutation did not
influence the virulence of NMEC (Fig. 1b and Supplementary Fig. 1d, e),
suggesting the influence of NsrP on the virulence of NMEC is not
related with orf14550.
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Additionally, brain sections of the infected mice were examined
by hematoxylin and eosin (H&E) staining. Compared with those in WT
strain-infected mice, thickened meninges with neutrophil infiltration
were observed in themice infectedwithΔNsrP (Fig. 1f), demonstrating
that NsrP deletion leads to aggravated inflammation in the cerebral
meninges. We next investigated the influence of NsrP on NMEC viru-
lence by monitoring the survival of 2- to 5-day-old rats infected sub-
cutaneously withWT or ΔNsrP NMEC27. Survival curves showed that all
the neonatal rats infected with the ΔNsrP strain died at 48 h post-
infection, while only 50% of the neonatal rats infected with the WT

straindied at 48 hpost-infection (Fig. 1g), suggesting that themortality
induced by the ΔNsrP strain was accelerated compared with that
induced by the WT strain. These results demonstrated that NsrP inhi-
bits bacterial survival in the blood and penetration of the BBB,
resulting in a decrease in bacterial virulence.

NsrP inhibits NMEC virulence by repressing purD expression
In total, 387 putative target genes of NsrP were predicted in the gen-
omeof RS218 using TargetRNA3 (Supplementary Data 1). Among these
potential target genes, purDmay be a potential target of NsrP because
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the predicted base-pairing domain was included in the purD mRNA
near the initiation codon (Fig. 2a). The purD gene encodes a
phosphoribosylamine-glycine ligase that has been identified by trans-
poson insertion sequencing as an NMEC gene required for survival in
human serum20,28. qRT-PCR assays revealed that purD expression was
significantly greater in the ΔNsrP strain than in the WT and cNsrP

strains, suggesting that NsrP negatively regulates purD expression
(Fig. 2b). To determine the expression of PurD at the protein level, a
chromosomally 3×FLAG C-terminal fusion construct of purD was
generated. Western blotting was performed to quantify the levels of
FLAG-tagged PurD in LB medium for the WT, ΔNsrP and cNsrP strains.
The results showed that, compared with theWT and cNsrP strains, the
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ΔNsrP strain exhibited increased PurD-FLAG production (Fig. 2c).
These results demonstrate that NsrP inhibited PurD production.

To determine the effect of purD on NMEC pathogenicity, we
performed HBMEC invasion assays and found that there was no sig-
nificant difference in the bacterial capacity to invade HBMECs among
the WT, ΔpurD and ΔpurD complemented (cpurD) strains (Supple-
mentary Fig. 2a). A previous investigation established the limited
availability of nucleotide precursors in blood23,29. In addition, the
inactivation of nucleotide biosynthesis genes in Salmonella enterica
and Bacillus anthracis has been demonstrated to impede their growth
in human serum24. Therefore, we examined the impact of purD on the
capacity ofNMEC to elicit bacteremia andmeningitis in amousemodel
of experimental hematogenous meningitis. Compared with the WT
strain, the ΔpurD strain elicited a 12.4-fold lower level of bacteremia in
mice, with bacterial loads of 6.46 ±0.32 log CFU/ml for the WT strain
and 5.38 ±0.28 log CFU/ml of blood for the ΔpurD strain) (Fig. 2d).
Similarly, the development of E. coli meningitis was markedly sup-
pressed inΔpurD-infectedmice compared to that inmice infectedwith
theWTor cpurD strain (Fig. 2e). H&E stainingof brain sections revealed
thickened meninges with neutrophil infiltration in mice infected with
WT, whereas no discernible histopathology was observed in the
meninges of the animals infected with ΔpurD (Fig. 2f). Survival curves
showed that 50% of the neonatal rats infected with the WT strain died
48 h post-infection, whereas those infected with the ΔpurD strain
remained viable at the end of the observation period (96 h post-
infection, Fig. 2g). Collectively, these results provide evidence that
purD facilitates the survival and replication of NMECwithin themurine
bloodstream, which enhances bacterial penetration across the BBB
and meningitis development.

Furthermore, we investigated whether NsrP regulates the viru-
lence of NMEC via purD. Animal experiments showed that the double-
mutant ΔNsrPΔpurD and ΔpurD strains induced comparable levels of
bacteremia in mice, with no significant difference in their capacity to
cause meningitis development (Fig. 2d, e). Both strains exhibited sig-
nificantly reduced virulence compared to the WT and ΔNsrP strains in
infected mice (Fig. 2d, e). Additionally, the ΔNsrP strain induced sig-
nificantly higher levels of bacteremia and an increased incidence of
meningitis in mice compared to the WT strain (Fig. 2d, e), consistent
with the results presented above (Fig. 1d, e). These findings suggest
that the deletion of NsrP hadno effect onNMEC virulence in theΔpurD
background and that the regulatory effect of NsrP on the virulence of
NMEC is mediated by purD.

Bacterial growth curves demonstrated that, compared with the
WT strain, the ΔpurD strain exhibited a growth deficiency when cul-
tured in the M9 medium (Fig. 2h), which is a minimal medium devoid
of purines and their derivatives. However, when M9 medium was
supplemented with 40mM IMP, the growth of the ΔpurD strain was
similar to that of the WT strain (Fig. 2h). In addition, we showed that
compared with the WT strain, the ΔpurD strain exhibited a reduced
capacity for growth in both normal mouse serum (NMS) and heat-
inactivated normal mouse serum (HI-NMS) after 2 or 4 h of incubation

in vitro (Fig. 2i and Supplementary Fig. 2b). Conversely, the WT and
ΔpurD strains exhibited comparable growth rates in NMS and HI-NMS
when supplemented with IMP (Fig. 2j and Supplementary Fig. 2c).
Furthermore, animal experiments demonstrated that the intravenous
injection of IMP enhanced the ability of the ΔpurD but not theWT and
cpurD strains to induce bacteremia and meningitis in mice (Fig. 2k, l).
These findings suggest that the survival impairment observed for the
ΔpurD strain is attributable to the deficiency of purines in the blood-
stream and the impairment of purine synthesis.

NsrP directly binds to purD mRNA
To test for a direct interaction between NsrP and purDmRNA in vitro,
we performed an RNA electrophoretic mobility shift assay (REMSA)
using in vitro–transcribed and purified NsrP and purD mRNA or the
NsrP complementary strand as a positive control (NsrP+) (Supple-
mentary Fig. 3a, b). NsrP-purD mRNA complexes were observed, and
the band intensity increased as the NsrP concentration increased
(Supplementary Fig. 3a), confirming the direct interaction between
NsrP and purD mRNA in vitro.

IntaRNA analysis showed that NsrP may interact with the purD
mRNA through nine-nucleotide base (CUAAUUACU) pairing beginning
at nucleotide +12 in the purD mRNA (based on the ATG site) (Fig. 2a).
The prediction of the secondary structure of NsrP sRNA via RNAfold
revealed that this binding motif of NsrP is located in a loop structure
(Supplementary Fig. 3c). To confirm that thismotif is the key sequence
of NsrP required for binding to purD mRNA, we performed REMSA
using a mutated NsrP (NsrPmut) (the motif AAUUACU was com-
plementarily mutated to UUAAUGA, which did not affect the second-
ary structure of NsrP), and a mutated purDmut mRNA (the sequence
AGUGAUU was complementarily mutated to UCACUAA) (Fig. 2a). No
interactionwasobservedbetween theNsrPmut sRNAandpurDmRNAor
between the NsrP sRNA and purDmut mRNA (Supplementary Fig. 3d, e).
However, REMSA showed a direct interaction between the NsrPmut

sRNA and purDmut mRNA (Supplementary Fig. 3f). Moreover, we con-
structed a plasmid containing purDH-lux fusion (purD and purH are
located in an operon30) (Fig. 3a and Supplementary Fig. 3g), and
introduced this plasmid into ΔNsrP, generating strain ΔNsrP-purDH-
lux. We found a significant reduction in the luminescence intensity of
the ΔNsrP-purDH-lux strain when NsrP was overexpressed (Fig. 3b). In
contrast, overexpressing NsrPmut with mutated binding motif did not
influence the luminescence intensity (Figs. 2a, 3b). Furthermore, there
was no significant difference in the luminescence intensity of the
ΔNsrP-purDmutH-lux strain (the binding motif AGUGAUU of purDH-lux
on the plasmid was complementarily mutated to UCACUAA) when
NsrP was overexpressed, whereas a significant reduction in the lumi-
nescence intensity was observed when NsrPmut was overexpressed in
ΔNsrP-purDmutH-lux strain (Fig. 3a, c). In addition, northern blotting
showed that there is no significant difference between the expression
of NsrP and NsrPmut (Supplementary Fig. 3h, i). Collectively, these data
indicate that NsrP binds directly and specifically to the purD mRNA
through the identified motif (AAUUACU).

Fig. 2 | NsrP negatively regulates virulence by inhibiting purD expression. a The
regions of base pairing between NsrP and purD as predicted by the TargetRNA3
with the probability threshold of 0.25 and p-value of 0.05. Point mutations to
generate the disrupted alleles. b qRT-PCR analysis of purD in the NMECWT,ΔNsrP,
and cNsrP. c Western blot analysis and quantification of PurD-FLAG in the NMEC
WT,ΔNsrP, and cNsrP. DnaKwasused as the loadingcontrol.d, eBacterial counts in
the blood (CFU/mL, d) and meningitis development (e) were determined 4 h after
intravenous injection of 1 × 106 CFUof theWT,ΔNsrP,ΔpurD,ΔNsrPΔpurDorΔpurD
complemented (cpurD) strain (n = 8 for each group in d). CSF culture positivity was
defined as meningitis. f H&E staining of the brain sections was performed 4 h after
intravenous injection of 1 × 106 CFUof theWTorΔpurD. The right panels arehigher-
magnification images of the boxed regions, showing meningeal thickening and

neutrophil infiltration (arrows). Scale bar, 100μm. The images shown are repre-
sentative of three independent experiments.g Survival curvesof 2- to 5-day-old rats
subcutaneously injected with 1 × 105 CFU of the WT or ΔpurD (n = 16 for each
group). The number of living animals was recorded every 8 h. h Growth curves of
theWT andΔpurD inM9mediumwith orwithout 40mM IMP. i, jReplication of the
WT andΔpurD in 60%NMSwith (j) or without (i) 40mM IMP.k, lBacterial counts in
the blood (CFU/mL, k) and meningitis development (l) were determined 4 h after
intravenous injection of 1 × 106 CFUof theWT,ΔpurD, or cpurDwith orwithout IMP
(n = 8 for each group in k). CSF culture positivity was defined as meningitis (l). ns
nonsignificant. In b, c, h–j, data were presented as the means ± SDs (n = 3 inde-
pendent experiments). One-way ANOVA (b, c, i, j), two-tailedMann–WhitneyU-test
(d, k), log-rank (Mantel–Cox) test (g), and two-way ANOVA (h) were applied.
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To investigate whether NsrP influences the stability of purDmRNA,
we performed a rifampicin transcription inhibition assay. The results
showed that the purDmRNAwasmore stable in the ΔNsrP strain than in
the WT strain (Fig. 3d), indicating that NsrP was detrimental to purD
mRNA stability. Furthermore, we found that the expression of purD in
theΔhfq strain exhibited no significant difference comparedwith that in

the WT strain in rifampicin transcription inhibition assay (Supplemen-
tary Fig. 3j). In contrast, the expression of purD was significantly
increased in the ΔhfqΔNsrP strain compared with that in the Δhfq strain
(Supplementary Fig. 3k). These results suggest that NsrP-purD base
pairing promotes purD mRNA degradation in an Hfq-independent way
and thus decreases PurD expression.
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To further identify the contribution of the NsrP binding motif to
NMEC virulence in vivo, we mutated the NsrP binding motif
(AAUUACU to UUAAUGA) on the chromosome of WT, generating
strain NsrPbind-mut. We also mutated the binding motif on purD by
synonymous mutation (AGUGAUU to GGUCAUA) on the chromosome
ofWT, generating strain PurDsyn-mut (Fig. 3e).We found that the levels of
bacteremia and the incidence of meningitis elicited by the NsrPbind-mut

and PurDsyn-mut strains inmicewere significantly higher than that inWT-
infected mice, which exhibited no significant difference from that in
ΔNsrP-infected mice (Fig. 3f–i). Moreover, we further deleted NsrP in
strain PurDsyn-mut (generating strain PurDsyn-mutΔNsrP), and found that
the levels of bacteremia and the incidence of meningitis in mice
infected by PurDsyn-mutΔNsrP exhibited no significant difference from
that inmice infected by PurDsyn-mut (Fig. 3h, i). Thisfinding suggests that
the regulatory effect of NsrP on the virulence of NMEC is mediated by
its binding to purD mRNA.

NMEC senses low leucine levels in the blood to suppress NsrP
expression
qRT-PCR analysis of WT NMEC recovered from the blood of mice
infected via tail vein injection showed that NsrP expression decreased
comparedwith that ofWTNMEC in LBmedium (Fig. 4a). To investigate
the potential factors regulating NsrP expression, an analysis of the
NsrP promoter region was conducted using the online promoter pre-
diction tool BProm. This analysis confirmed the presence of an Lrp-
binding site within the NsrP promoter region (Fig. 4b). qRT-PCR ana-
lysis revealed a significant decrease in NsrP expression in the Δlrp
strain compared with that in the WT strain when cultured in LB med-
ium (Fig. 4c), indicating that Lrp positively regulates NsrP expression.

To investigate whether Lrp directly binds to the NsrP promoter,
we performed a surface plasmon resonance (SPR) assay tomonitor the
real-time binding of Lrp to the NsrP promoter. The result showed that
the purified Lrp (but not BSA) binds to the promoter of NsrP in a dose-
dependent manner (Fig. 4d and Supplementary Fig. 4a). Consistently,
chromatin immunoprecipitation-qPCR (ChIP-qPCR) analysis revealed
9.51-fold greater enrichment of the NsrP promoter region in Lrp-ChIP
samples than in the mock-ChIP samples (Fig. 4e). In contrast, the fold
enrichment of rpoS did not significantly differ between these two
samples (Fig. 4e). These results indicate that Lrp specifically binds to
the NsrP promoter region both in vitro and in vivo.

E. coli Lrpwas initially identified as a leucine-responsive regulatory
protein, but subsequent research has also indicated its responsiveness
to various other small effector molecules, including alanine, methio-
nine, threonine, lysine, histidine, and isoleucine31. Thus, we carried out
qRT-PCR to analyze NsrP expression in response to each of these
amino acids.Mid-logarithmic phaseWT strain incubated in LBmedium
was collected and reincubated in M9 minimal medium supplemented
with different concentrations of these amino acids for 30min. The
qRT-PCR results revealed that NsrP expression decreased at a low
leucine concentration (0.1mM), which mimics conditions found in
human blood32, compared to its expression at a high leucine con-
centration (5mM). Conversely, the expression of NsrP did not sig-
nificantly change in response to the other amino acids (Fig. 4f and
Supplementary Fig. 4b). Similarly, northern blot analysis also revealed
a decrease in NsrP expression in theWT strain under conditions of low

leucine levels, suggesting that NsrP expression is repressed by low
leucine levels (Fig. 4g). Furthermore, we showed that leucine levels no
longer regulate NsrP expression in the strains Δlrp and NsrPpro-mut (with
Lrp binding site on the promoter of NsrP was deleted from the gen-
ome) (Fig. 4b, h, i). These findings provide evidence that NMEC senses
low leucine levels through Lrp to suppress NsrP expression by binding
to its promoter directly.

NMECpromotespurD expression inmouse bloodby sensing low
leucine levels in an NsrP-dependent manner
As NsrP expression was repressed at a low level of leucine and NsrP
served as a negative regulator of purD expression, our subsequent
investigation focused on the impact of leucine on purD expression.
qRT-PCR was performed on mid-logarithmic phase WT strains rein-
cubated in M9 minimal medium supplemented with different con-
centrations of leucine (0.1 or 5mM) for 30min. The results revealed a
significant increase in purD expression under low-leucine conditions
(Fig. 5a). This finding is consistent with the observed upregulation of
purD expression in mouse blood, which is a low-leucine environment
compared with LB medium (Fig. 5b). To determine the impact of leu-
cine on PurD expression at the protein level, a 3×FLAG-PurDWT strain
was incubated in the sameconditions.Westernblotting results showed
that PurD-FLAG production was significantly induced by low leucine
levels (Fig. 5c). In contrast, in theΔlrp,ΔNsrP, andNsrPpro-mut strains, the
regulation of purD expression by leucine was no longer observed
(Fig. 5d–f). These results demonstrated that NMEC senses low leucine
levels in the blood to increase purD expression in an Lrp- and NsrP-
dependent manner.

In summary, our study demonstrated that NMEC can sense low
leucine levels in the bloodstream, leading to a decrease in NsrP
expression, which in turn increases purD expression in an Lrp-
dependent manner. This phenomenon increases NMEC survival in
the host bloodstream. These findings suggest that a low leucine level is
beneficial for NMEC survival in the bloodstream, which is consistent
with the finding that NsrP mutation promotes NMEC pathogenicity.

purD did not affect the intestinal colonization of NMEC
NMEC infections arise due to the colonization of the neonatal gastro-
intestinal tract by maternally derived NMEC at or soon after birth,
followed by transcytosis through enterocytes into the bloodstream
and ultimately the development of meningitis6,7. In addition, the gut
can serve as a reservoir for the recurrence of NMEC infection33. To
investigate the impact of purD on the colonization of NMEC in the
intestine, we performed qRT-PCR to determine the expression of NsrP
and purD in the rat intestine. The results showed that NsrP and purD
expression in the WT strain that colonized the small intestine did not
significantly differ from that in the LB medium (Supplementary
Fig. 5a).Moreover, bacterial colonization in the small intestine also did
not significantly differ among the NMECWT, ΔpurD, and cpurD strains
(Supplementary Fig. 5b), suggesting that purD was not necessary for
NMEC intestinal colonization. Previous research has demonstrated
that the small intestine of infants is abundant in purines and amino
acids, including leucine34–37. Therefore, the small intestine serves as a
niche for NMEC infection that does not require upregulation of the de
novo purine synthesis pathway.

Fig. 3 | NsrPbinds topurDmRNAandnegatively regulates its stability in NMEC.
a Schematic of the structure of purDH-lux. The region of the purDH promoter and
the expected full-length purDH without termination codon were cloned and
inserted into pMS402 to construct a purDH-lux fusion. Point mutations to generate
the disrupted alleles in the purDmutH transcript are indicated. b, cQuantification of
the PurD (b) or PurDmut (c) protein expression level in the ΔNsrP-purDH-lux strain
(b) or ΔNsrP-purDmutH-lux strain (c) by measurement of luminescence. The ΔNsrP-
purDH-lux and ΔNsrP-purDmutH-lux strains were transformed with the expression
constructpNM12 (Control), or pNM12 encodingNsrPorNsrPmut.dqRT-PCRanalysis

of purD expression in rifampicin-treated the WT and ΔNsrP strains. e Graphical
presentation of proposed interaction of NsrP sRNA with the purDmRNA, and of
base-pair changes to generate NsrPbind-mut and PurDsyn-mut. f–i Bacterial counts in the
blood (CFU/mL, f, h) and meningitis development (g, i) were determined 4 h after
intravenous injection of 1 × 106 CFUof theWT,NsrPbind-mut, andΔNsrP strains (f,g) or
WT, PurDsyn-mut, ΔNsrP, and PurDsyn-mutΔNsrP strains (h, i) (n = 8 for each group in
f, h). CSF culture positivity was defined as meningitis. In b–d, data were presented
as the means ± SDs (n = 3 independent experiments). ns nonsignificant. One-way
ANOVA (b–d), and two-tailed Mann–Whitney U-test (f, h) were applied.
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Intravenous administration of leucine reduced NMEC virulence
in mice by blocking the Lrp-NsrP-PurD regulatory pathway
The above results showed that NMEC senses low levels of leucine in the
blood to increase the expression of purD by repressing NsrP expression,
which results in significantly increased NMEC pathogenicity. Therefore,
the leucine level may be a potential factor for the treatment of NMEC
infection. Thus, mice infected by NMEC WT were treated with leucine
through tail vein injection at 0.5 h post-infection to determine the effect
of leucine on NMEC pathogenicity. The results showed that leucine
treatment resulted in significantly increased or decreased bacterial
expression of NsrP and purD in vivo, respectively, comparted to control
mice (WT-infected mice receiving PBS) (Fig. 6a, b). Moreover, leucine-

treated mice exhibited significantly decreased levels of bacteremia and
inhibited development of meningitis compared to control mice
(Fig. 6c, d). Additionally, the leucine-treated mice exhibited less thick-
ened meninges with neutrophil infiltration than did the control mice
(Fig. 6e). Conversely, there was no significant difference in bacteremia
levels or the development of meningitis between leucine-treated mice
and control mice when they are infected with strain ΔNsrP, ΔpurD,
NsrPpro-mut, NsrPbind-mut- or PurDsyn-mut (Fig. 6f–k). Collectively, these data
indicate leucine is able to reduce the pathogenicity ofNMECbyblocking
the Lrp-NsrP-PurD regulatory pathway.

To investigate whether the administration of leucine, which tar-
gets the Lrp-NsrP-PurD regulatory pathway, could be a potential
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strategy for the treatment of E. coli bacteremia and meningitis, we
analyzed thedistributionofNsrP inE. colibyperforming a comparative
genomics analysis using 930 publicly available complete E. coli gen-
omes. The genomes of the strains included 46 NMEC strains, 77 uro-
pathogenic E. coli (UPEC) strains, 85 enteropathogenic E. coli (EPEC)
strains, 366 EHEC strains, and 356 nonpathogenic E. coli strains. The
results showed that NsrP was present in the majority of the NMEC
strains (36/46, 78.3%) and in a few UPEC strains (12/77, 15.6%) whose
serotypes wereO1 andO18 (Fig. 6l, Supplementary Data 2). In contrast,
NsrP was absent in the EHEC, EPEC, and nonpathogenic E. coli strains
(Fig. 6l). Furthermore, among the 34 NMEC strains that possessed a K1
capsule (34/46, 73.9%, defined as E. coli K1+), 29 harbored NsrP (29/34,
85.3% in E. coli K1+), suggesting that NsrP is widely present in E. coli K1+

strains. These results indicate that NsrP is widely distributed in NMEC
but not in nonpathogenic E. coli or other pathotypes of E. coli. Thus,
the administration of leucine to target the Lrp-NsrP-PurD regulatory
pathway is a potential strategy for the prevention and treatment of
E. coli bacteremia and meningitis.

Discussion
To survive and thrive in an often hostile environment, bacteria must
monitor their surroundings and adjust their gene expression and
physiology accordingly. This is especially important for pathogenic
bacteria, which continuously interact with the host during an
infection38. In this study, we elucidated an NsrP-mediated regulatory
signal transduction pathway employed by NMEC to sense low leucine

levels in the host bloodstream. This perception leads to the augmen-
tation of bacterial purine biosynthesis, thereby facilitating the pro-
gression of bacteremia and meningitis. Specifically, NsrP destabilizes
the mRNA of the purine biosynthesis-related gene purD, resulting in
the downregulation of purD expression. A low leucine level in the
blood decreases NsrP expression via Lrp, which ultimately increases
purD expression, resulting in enhanced purine biosynthesis. This
mechanism significantly contributes to NMEC proliferation within the
bloodstream, consequently inducing bacteremia and bacterial
meningitis (Fig. 7).

In bacterial pathogens, sRNAs can directly influence bacterial
pathogenicity by regulating the expression of virulence factors. For
example, in EHEC under microaerobic conditions, the sRNA DicF
activates translation of pchA, which subsequently activates the tran-
scription of ler resulting in the enhanced expression of genes within
the LEE pathogenicity island13. Additionally, the sRNAs GlmY and GlmZ
of EHEC repress the expression of espADB encoded by LEE4 and the
transcripts from LEE539. In hypervirulent Klebsiella pneumonia, the
sRNA ArcZ regulatesmany hypermucoviscosity-related genes, causing
the overproduction of the hypermucoviscous capsule, which is crucial
for the hyper-virulence40. This direct regulation of virulence genes by
sRNAs enables pathogens to efficiently thrive within the host, offering
a rapid response mechanism with minimal energy expenditure. How-
ever, sRNAs can also indirectly influence bacterial pathogenicity by
modulating physiological activities such as adaptation to environ-
mental stresses. For example, iron scarcity and oxidative stress are
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common challenges pathogens face within the host. In Pseudomonas
aeruginosa, the sRNA PrrH, regulates genes involved in pyochelin
biosynthesis, enabling the pathogen to scavenge iron from human
proteins like lactoferrin and transferrin in the form of Fe3+ 41. In Sal-
monella Typhimurium, the sRNAs CyaR, MicA, and OxyS have been
identified as regulators of ompX, a gene involved in responses to

oxidative stress42. Additionally, in P. aeruginosa, the sRNA SicX reg-
ulates anaerobic ubiquinone biosynthesis, facilitating the transition
between chronic and acute infections43. Whether through direct reg-
ulation of virulence factors or modulation of bacterial metabolic
responses to environmental stresses, thesemechanisms are crucial for
pathogen colonization and survival within the host. In our study, we
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identified an sRNA-mediated adaptive mechanism that helps NMEC
respond to purine-limited environments in the host bloodstream,
highlighting the essential role of sRNAs in facilitating bacterial survival
under nutrient-restricted conditions.

The horizontal acquisition of certain genes can drastically alter
the fitness of a bacterium, allowing it to utilize additional substrates
and thrive in otherwise toxic environments44–46. Numerous key E. coli
pathogenicity genes have been identified by horizontal gene transfer,
such as the locus of enterocyte effacement (LEE) and genomic O island
122 in EHEC47. NsrP is a horizontally acquired sRNA that mediates the
repression of purD expression in response to the leucine level. The
scarcity of purines in blood, a nutrient-limiting condition, plays an
important role in suppressing bacterial growth in blood24. NMEC
increases its purine synthesis in response to low leucine levels in the
blood via the Lrp-NsrP-PurD signal transduction pathway, which is
beneficial for NMEC survival and replication. In contrast, the small
intestine of infants is abundant in purines since human milk contains
considerable amounts of nucleotides that are digested in the small
intestine36. Moreover, the majority of dietary proteins are fully
degraded in the small intestine, which makes this portion of the gas-
trointestinal tract abundant in amino acids, including leucine33,37. Thus,
we speculate that in the intestinal environment, NMEC does not need
to upregulate the expression of purine synthesis genes (Supplemen-
tary Fig. 5a, b), enabling it to precisely regulate its energy consumption
during infection (Fig. 7).

E. coli Lrp is a nucleoid-associated protein involved in the tran-
scriptional regulation of numerous genes. Leucine is recognized as the

primary effector of Lrp, significantlymodulating its regulatory activity
by either enhancing or inhibiting its effects48. Additionally, recent
studies have shown that Lrp also responds to other amino acids,
including alanine, methionine, isoleucine, lysine, histidine, and
threonine31. For example, in addition to the canonical Lrp-leucine
regulon in E. coli, the next most well-characterized group is the Lrp-
alanine regulon, which includes genes involved in alanine export and
metabolism49. However, alanine regulates only a small subset of the
Lrp regulon compared to leucine50. This highlights leucine’s unique
ability to broadly influence Lrp-regulated gene networks compared to
other effectors, although the underlying mechanism remains unclear.
Previous studies have shown that leucine promotes the dissociation of
the Lrp hexadecamer into leucine-bound octamers with altered DNA-
binding affinity51. Based on this, we speculate that Lrp’s ability to
activate the expression of NsrP in response to leucine, rather than
other amino acids,maybe due to the specific oligomeric state induced
by leucine. This hypothesis warrants further investigation in future
studies.

Among clinical isolates, E. coli K1+ is predominant among isolates
from neonatal E. coli meningitis and possesses a limited diversity of
O-serotypes, dominated by O18, O1, O7, O16, and O454. We found that
NsrP is predominant in O18:K1 and O1:K1 strains, which are the domi-
nant serotypes that cause neonatal meningitis in many countries52,53.
The strategy for treating NMEC infection usually involves the use of
antibiotics54. However, antibiotic treatment changes the composition
of the gut microbiota, resulting in a negative impact on host health55.
Moreover, the widespread use of antibiotics has increased the

Fig. 6 | Administration of leucine attenuates NMEC virulence. a, b qRT-PCR
analysis of the NsrP (a) and purD (b) expression in mouse blood were determined
4 h after intravenous injection of 1 × 106 CFUof theNMECwith the administration of
leucine or PBS. (c, d, f–k) Bacterial counts in the blood (CFU/mL, c, f–j) and
meningitis development (d, k) were determined 4 h after intravenous injection of
1 × 106 CFU of the WT (c), ΔpurD (f), ΔNsrP (g), NsrPpro-mut (h), NsrPbind-mut (i), and
PurDsyn-mut (j) strainswith the administration of leucine or PBS at0.5 h post-infection
(n = 8 for each group). CSF culture positivity was defined asmeningitis (d, k). eH&E
staining of the brain sections was performed 4 h after intravenous injection of

1 × 106 CFU of the WT strain and of leucine or PBS at 0.5 h post-infection. The right
panels are higher-magnification images of the boxed regions, showing meningeal
thickening and neutrophil infiltration (arrows). Scale bar, 100μm. The images
shown are representative of three independent experiments. l The distribution of
NsrP in 930 publicly available complete E. coli genomes. In a, b, data were pre-
sented as the means ± SDs (n = 3 independent experiments). ns nonsignificant.
Two-tailed unpaired Student’s t-test (a, b) and two-tailed Mann–Whitney U-test
(c, f–j) were applied.

Fig. 7 |Model ofpurine synthesis regulationbyNsrP inNMEC in response to leucine. (ByFigdraw). In response to low leucine levels in theblood,NMECdownregulates
the expression of NsrP in an Lrp-dependent manner. This promotes bacterial de novo purine biosynthesis, resulting in enhanced bacterial pathogenicity in the host.
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antibiotic resistance of many pathogenic bacteria, making treatment
more challenging56. Leucine is an essential amino acid that cannot be
synthesized within the body and has been found to be, along with
isoleucine and valine (the three components of branched-chain amino
acids, BCAA), an effective pharmaconutrient in several diseases57. For
instance, BCAA administration has been applied in septic patients to
improve their nutritional status and outcomes58. BCAA administration
is also recommended for the treatment of liver failure due to their
effect on the detoxification of ammonia to glutamine and their
decreased concentration in patients with liver cirrhosis59. Moreover,
leucine supplementation has been proven as a nutritional treatment
for sarcopenia due to its anabolic effects on cell signaling and protein
synthesis in muscle in clinical trials60–62. Therefore, leucine adminis-
tration targeting the Lrp-NsrP-PurD signal transduction pathway is a
potential strategy for the prevention and treatment of E. coli bacter-
emia and meningitis. In addition, NsrP is absent in other E. coli strains,
suggesting that intravenous administration of leucine may have a
minor effect compared to that of antibiotic treatment on the gut
microbial composition and diversity.

Methods
Ethics statement
All animal experiments were conducted in compliance with the
guidelines outlined in the Guide for the Care and Use of Laboratory
Animals. All animal studies were conducted according to protocols
approved by the Institutional Animal Care Committee of Nankai Uni-
versity (Tianjin, China) and were performed under protocol no. IACUC
2016030502.

Bacterial strains, plasmids, and growth conditions
All the E. coli K1 strains used in this study were derived from a clinical
isolate RS218 (serotypeO18:K1:H7), whichwas isolated from the CSF of
a newborn infant with meningitis63. Plasmids, strains, and primers are
listed in Supplementary Tables 1, 2. Themutants were generated using
the λ-red recombination system to substitute the target genes with the
chloramphenicol or kanamycin resistance genes in plasmid pKD3 or
pKD464. The complemented strains were constructed by cloning the
open reading frame and promoter region of corresponding genes into
a plasmid, pACYC184. For purification of Lrp-6×His protein, lrp was
cloned into the pET-28a expression vector and transferred into E. coli
BL21 (DE3). For ChIP-qPCR, lrp was tagged with 3×FLAG, cloned into
pTRC99A and transferred into Δlrp. All the resulting clones were ver-
ified by PCR amplification and DNA sequencing. The test strains were
grown in LB broth at 37 °C with required antibiotics (ampicillin,
100μg/mL; chloramphenicol, 25μg/mL; kanamycin, and 50μg/mL).

Small RNA candidate prediction
RNA sequencing data (SRA: PRJNA680436) were initially mapped to
the genome RS218 (GenBank accession number: CP007149.1) using
Bowtie2. Rockhopper software was then employed to identify inter-
genic and Cis-natural antisense transcripts65. A BlastX search against
the non-redundant NCBI database was performed to annotate these
transcripts. Transcripts that remained unannotated were considered
potential candidates for noncoding sRNA66.

5′ and 3′ RACE assay
5′ and 3′ RACE assay were carried out using 5′ and 3′ RACE System for
RapidAmplification of cDNA Ends kits (Invitrogen, CA, USA) according
to themanufacturer’s instructions. In brief, for 5′ RACE, the first strand
of cDNA is synthesized from total RNA using a gene-specific primer.
Following purification, cDNA was Oligo (dC)-tailed, and PCR was per-
formed using an Abridged Anchor Primer and a nested gene-specific
primer. The products were cloned into pEASY-T1 (TransGen, Beijing,
China; CT111) and sequenced. For 3′ RACE, the total RNA was applied
for 3′-poly (A) tailing before reverse transcription using the adapter

primer. The gene-specific primer and the universal amplification pri-
mer that targets the adapter region were used for amplification. The
products were cloned into pEASY-T1 and sequenced. The oligonu-
cleotides used in these assays are listed in Supplementary Table 2.

RNA extraction and quantitative PCR (qPCR)
For NMEC collected from the blood of NMEC-infected mice, the spe-
cimens were collected as follows. 18-day-old BALB/c mice received
1 × 106 CFU of NMEC WT or mutant strains in the logarithmic phase of
growth via the tail vein. Four hours later, blood specimens were col-
lected. For NMEC collected from the small intestine, 2- to 5-day-old
Sprague-Dawley rat pups were orally infected by pipette feeding of
20μL PBS containing 2 × 106 CFU of NMECWT ormutant strains in the
logarithmic phase of growth. Small intestine specimens were collected
following the contents were removed after 24 h infection. For the
effect of leucine levels on NMEC, mid-logarithmic phase NMEC WT or
mutant strains incubated in LB medium were collected and reincu-
bated inM9minimalmedium (1×M9 salts, 2mMMgSO4, 0.1mMCaCl2,
0.4% glucose) supplemented with 0.1 or 5mM leucine for 30min. For
the effect of Hfq protein on the stability of NsrP and degradation of
purD mRNA, LB-cultured NMEC and Δhfq strains in the logarithmic
phase of growth were incubated with 100μg/mL of rifampicin for 0, 2,
4, 8, 16, 32min. The specimens above were collected by centrifugation
at 5000×g for 5min.

The total RNA was extracted using a TRIzol reagent (Invitrogen,
USA). RNA was treated with DNase I at 37 °C for 30min, and the suc-
cessful removal ofDNAcontaminationwas verifiedby PCR. Thequality
and quantity of RNA were determined by NanoDrop spectro-
photometer (Thermo Fisher, USA). cDNA synthesis was performed by
PrimeScript RT reagent Kit (Takara, USA, RR037A). qRT-PCR was per-
formed using SYBR green PCR master mix (Applied Biosystems,
4367659) on QuantStudio 5 (Applied Biosystems, CA, USA). The rela-
tive mRNA expression level was analyzed using the ΔΔCtmethod after
normalizing to the Ct of the rpoA13. Each experiment was performed in
triplicate.

In vitro transcription and RNA-RNA EMSA (REMSA)
The DNA templates were transcribed into NsrP, NsrP+ (positive con-
trol), NsrPmut sRNA, purD, and purDmut mRNA using the T7 High Effi-
ciency Transcription Kit (TransGen, Beijing, China, JT101). RNA was
purified by MagicPure® RNA Beads (TransGen, Beijing, China, EC501)
and then checked in an 8% Tris-Acr-urea gel. REMSA was performed
with NsrP, NsrPmut sRNA (0, 10, 20, and 30μM) and purD, purDmut

mRNA or NsrP+ (positive control, 10μM) in REMSA binding buffer
containing 10mM HEPES [pH 7.3], 20mM KCl, 2.4mM MgCl2, and
2.4mMDTT. Reactionswere incubated for 2–3min at 85 °Cand then at
37 °C for 45min. The samples were separated by 8% native poly-
acrylamide gels and stained with SYBR Gold Nucleic Acid Gel Stain
(Invitrogen, CA, USA, S11494) for 10min, then imaged using Super-
Signal west pico chemiluminescent substrate (Thermo). ImageJ soft-
ware was used to measure band intensities.

Purification of Lrp protein and surface plasmon resonance (SPR)
The lrp sequence fromNMEC RS218 genomic DNAwas cloned into the
pET-28a to obtain the pET-Lrp plasmid. Lrp-6×His protein was
expressed in E. coli BL21 (DE3) containing pET-Lrp and purified using
HiTrap Ni2+-chelating column. The concentration of Lrp was deter-
mined by the Bradford method67. The PCR fragment of the NsrP pro-
moter (NsrP-pro) were amplified with the 5′-biotinylated primers and
purified using a SPARKeasy Gel DNA Extraction Kit (Sparkjade, Shan-
dong, China, AE0101). The interactions between 5′-biotinylated NsrP
promotor DNA and Lrp (DNA-binding protein, ~20 KDa) or BSA (fatty
acid-free bovine serum albumin, the negative control, ~66.5 KDa) were
examined using a Biacore X100 (BR110073) equipped with research-
grade streptavidin (SA)-coated sensor chips (Cityva, England) at 25 °C.
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Following themanufacturer’s recommendations, the SA-coated sensor
chips were preconditioned with 1M NaCl in 50mM NaOH and then
washed with 50% dimethyl carbinol, 1M NaCl in 50mM NaOH to
ensure a clean surface.

The biotinylated NsrP promoter DNA was immobilized at a flow
rate of 30μL/min using 100μg/mL DNA oligonucleotides diluted in 1×
HBS-EP+ running buffer, generating low-density surfaces with
approximately 1000 response units (RU). Lrp or BSA at concentrations
ranging from 20nM to 1.25μM was injected over the active surface
containing NsrP promoter DNA using the Kinetics/Affinity mode at a
flow rate of 30μL/min. The association phase lasted for 180 s, followed
by a 300-s dissociation phase.

Between sample injections, surfaces were regenerated at a flow
rate of 30μL/min using two 30 s pulses of 0.5% [vol/vol] SDS solution,
followed by Extra-clean and Rinse procedures as specified by the
instrument protocol. The Biacore X100 evaluation software was used
to fit the affinity curves using a steady-state affinity model. The equi-
librium dissociation constant (KD) was calculated.

Bacterial growth curve assays
Overnight cultures were used to seed in M9 minimal medium with or
without 40mM IMP at an optical density at 600 nm (OD600) of 0.1 as
previously described22. A 200μL aliquot was added to a 96-well
microplate and incubated at 37 °C with shaking at 180 rpm for 24 h.
The OD600 was recorded every 20min. Experiments were indepen-
dently performed three times.

Lux-based light production measurements
The DNA fragment containing purDH promoter and full length of
purDH or purDmutHwere amplified, purified, and digested with BamHI/
HindIII. The products were ligated to pMS402 plasmid, respectively, to
construct lux fusion plasmids. The DNA fragments of NsrP and NsrPmut

(AAUUACU to UUAAUGA) were amplified, purified, digested with
MscI/EcoRI and ligated to pNM12 plasmid, respectively, to construct
sRNA overexpression plasmids. The empty pNM12 vector was labeled
as control. The plasmids and insertions were verified by colony PCR
and Sanger sequencing. Single colonies of ΔNsrP strains harboring lux
fusions and sRNA overexpression plasmids were grown to logarithmic
phase in LB medium at 37 °C, and then incubated with 0.1% of arabi-
nose for 30min to induce the expression of NsrP or NsrPmut. The
luminescence was measured using the Spark multimode microplate
reader (Tecan).

Northern blotting
Northern blotting was performed using the DIG Northern Starter kit
(Roche). About 15 μg total RNAwere electrophoresed in a 1.2% agarose
gel containing 37% formaldehyde. RNA was transferred to nitrocellu-
lose membranes and immobilized at 120 °C for 30min. Prehybridiza-
tion was performed in digoxigenin (DIG) Easy Hyb buffer for 30min.
The DIG-labeled RNA probe was added and incubated overnight. The
membrane was washed twice in 2× SSC/0.1% SDS for 5min at room
temperature and followed by 1× SSC/0.1% SDS buffers for 15min at
68 °C. Signalswere visualized using anAmersham Imager 680, 5S rRNA
being used as an internal control.

Western blotting
LB-cultured NMEC, ΔNsrP, and cNsrP strains grown to the logarithmic
phase were pelleted and lysed to obtain total protein. The proteins
(100μg) were separated by 10% SDS-PAGE and transferred to poly-
vinylidene difluoride membranes. The membranes were blocked with
Tris-buffered saline with 0.1% (w/v) Tween 20 (TBST) containing 5%
skim milk for 1 h at room temperature. The membranes were then
incubated with the primary antibody anti-FLAG (1:1000 dilution,
Sigma, F1804) and DnaK (1:1000 dilution, Abcam, ab69617) overnight
at 4 °C followed by the secondary antibody Goat Anti-Mouse IgG H&L-

HRP (1:5000 dilution, Abcam, ab6789) for 1 h at room temperature.
Samples were visualized with chemiluminescence and the protein
levels were analyzed using ImageJ which normalized to DnaK from
three independent experiments.

ChIP and ChIP-qPCR
The pTRC99A-Lrp-3×FLAG recombinant plasmid was electroporated
into Δlrp. The LB-cultured Δlrp containing pTRC99A-Lrp-3×FLAG
grown up to late-logarithmic phase was treated with 1% formaldehyde
for 25min at room temperature. The reaction was quenched by the
addition of 0.5M glycine and sonicated to generate DNA fragments of
200–500 bp. The sample was pelleted, and the supernatant was used
for immunoprecipitationwith an anti-3×FLAG antibody (Sigma, F1804)
and protein A magnetic beads (Invitrogen, 10002D) according to the
manufacturer’s instructions. An aliquot without antibody served as
negative control (Mock). The sample then was incubated with RNaseA
for 2 h at 37 °C, and proteinase K for 2 h at 55 °C. DNA fragments were
purifiedusing a PCRpurification kit (Roche, 11732668001). The relative
enrichment of the promotor of NsrP and rpoS (the negative control)
was examined with qRT-PCR as mentioned above and rpoA gene was
used as reference control.

Animal experiments
Two- to 5-day-old Sprague-Dawley in both sexes and 18-day-old
BALB/c male mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (licensed by Charles
River), and housed in a temperature-controlled room in a specific
pathogen-free facility with a 12 h light/12 h dark cycle. 18-day-old
BALB/c mice were used for the experimental hematogenous
meningitis model, in which animals develop a high level of bac-
teremia followed by bacterial traversal of the BBB mimicking the
pathogenesis of human E. coli meningitis18. Two- to 5-day-old
Sprague-Dawley rats were used for intestine colonization assays
and mouse survival assays as previously described27,28. For the
experimental hematogenous meningitis model, each mouse
received 1 × 106 CFU of NMEC WT or mutant strains in the loga-
rithmic phase of growth via the tail vein. Four hours later, blood
and CSF specimens were collected for bacterial cultures (CFU).
For the leucine administration assay, L-leucine (10mg/mL) or PBS
was administered via the tail vein injection at a dose of 1 mg/30 g
body weight at 0.5 h post-infection of NMEC68. For intestine
colonization assays, 2- to 5-day-old Sprague-Dawley rats were
orally infected by pipette feeding of 20 μL PBS containing 2 × 106

CFU of NMEC WT or mutant strains in the logarithmic phase of
growth. Small intestine specimens were collected following the
contents were removed after 24 h infection, then weighed,
washed with PBS, and homogenized for bacterial cultures. The
in vivo colonization efficiency was determined by counting the
number of CFU per g of tissues28. For mouse survival assays, 2- to
5-day-old Sprague-Dawley rats were subcutaneously injected with
1 × 105 CFU of NMEC WT or mutant strains in the logarithmic
phase of growth27. The number of animals alive was recorded
every 8 h.

E. coli invasion assay in HBMEC
Immortalized cell line HBMEC were a generous gift from Dr. K.S. Kim
(Johns Hopkins University, Baltimore,MD). The immortalized HBMECs
have been verified for their function and morphological structure,
which are similar to primary cells69. E. coli invasion into HBMECs were
assessed as described17,70. HBMECs were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum and 10% Nu-Serum (BD Biosciences) at 37 °C in 5% CO2.
The NMEC WT or mutant strains in the logarithmic phase of growth
were collected and resuspended in an experimental medium (M199-
HamF12 [1:1], containing 5% heat-inactivated fetal bovine serum, 2mM
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glutamine, and 1mM pyruvate). HBMEC grown in collagen-coated 24-
well plates were infected with the suspension in a multiplicity of
infection of 100: 1 and incubated at 37 °C in 5%CO2 for 90min. HBMEC
were washed with PBS three times and reincubated with an experi-
mental medium containing gentamicin (100mg/ml) for 1 h at 37 °C in
5% CO2 to kill extracellular bacteria before the cells were lysed. The
lysates were plated on LB agar plates and cultured overnight to count
the bacterial CFU for quantifications3. The results were expressed as
percent relative invasion compared to the percent invasion of
NMEC WT.

Analysis of the distribution of NsrP in E. coli
930 E. coli complete genomes containing 46 NMEC strains, 77 Uro-
pathogenic E.coli (UPEC) strains, 85 Enteropathogenic E.coli (EPEC)
strains, 366 EHEC strains, and 356 nonpathogenic E. coli strains were
downloaded from the GenBank database at the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/
genbank/). NsrP was identified using blastn (minimum sequence cov-
erage/identify 80/85%).

Quantification and statistical analysis
Data are shown as bar graphs or dot plots (means ± SDs) of three
independent experiments. Statistical significance was analyzed with
GraphPad Prism 9.5.0 software (GraphPad Inc) using the two-tailed
unpaired Student’s t-test, one-way ANOVA, two-way ANOVA, log-rank
(Mantel–Cox) test, or Mann–Whitney U-test according to the test
requirements, as stated in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All study data were available in the main text and/or Supplementary
information. Source data are provided with this paper.
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