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An uncharacterized small protein MicN
mediates the transcriptional
reprogramming of Salmonella through
regulating the RpoS-RNA polymerase
interaction
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Bingging Li ® '#45¢

Salmonella adapts its metabolism upon entry into macrophages to survive in the hostile host environment.
However, the specific regulatory mechanisms involved remain largely unknown. In this study, we identify a
previously uncharacterized small protein, MicN, that is essential for the survival of Salmonella within
macrophages and significantly influences its pathogenicity in vivo. The expression of MicN induces
substantial alterations in the metabolic pathways of Salmonella, notably resulting in promoting a transition
to a low-energy metabolic state. We determined the crystal structure of MicN, revealing the protein
conformation characterized by a high density of negatively charged regions on its surface. Employing a
pull-down assay, we established that MicN primarily interacts with RNA polymerase (RNAP).
Computational modeling of the interaction between MicN and RNA polymerase subunits suggested a
strong likelihood of binding between MicN and RpoS. Further validation through both in vivo and in vitro
experiments confirmed the direct interaction of MicN and RpoS. The predicted MicN-RpoS structure
indicated that the binding of MicN to RpoS modifies RpoS’s interaction with RNAP core enzyme, and
functional assays confirmed that MicN indeed changes the binding affinity of RpoS to RNA polymerase.
This research provides the first insight into how Salmonella utilizes specific small proteins to finely tune
transcriptional reprogramming, thereby establishing a foundational understanding of the intracellular
survival mechanisms of pathogens and paving the way for the development of novel therapeutic strategies.

Salmonella enterica subtype Typhimurium (S. Typhimurium), an important
gram-negative intracellular vacuolar bacterium, has emerged as a significant
public health menace'. Particularly, with the escalating prevalence of
antibiotic-resistant strains, the treatment and prevention of Salmonella-
related diseases have been greatly complicated and challenging. Salmonella
can establish infection within macrophages, where these infected

macrophages act like a “Trojan horse” facilitating the spread of Salmonella
to various tissues, thereby initiating a systemic infection™’. Macrophages
serve as a critical colonization niche for Salmonella survival, replication, and
dissemination after infection, despite a harsh environment within char-
acterized by an acidic pH ranging from 4.5 to 5.5, and the presence of
antimicrobial peptides, oxygen, and nitrogen-free radicals*”. To adapt to
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this intracellular niche, Salmonella has evolved a series of survival strategies,
with the most important being the active regulation of cellular metabolism
processes. The temporal and conditional regulation of transcription initia-
tion is the most economical means and effectively achieve a trade-off
between activities devoted to reproduction and those devoted to stress-
resistant repair’.

One major strategy employed by Salmonella to modify transcriptional
reprogram of their genome and adapt to environmental changes is through
the interactions of RNA polymerase (RNAP) core enzyme (o,pf'w) with
various types of alternative o factors, forming the holoenzyme Eo that binds
to different types of promoters to coordinate and direct the transcription
initiation of specific subsets of genes in response to environmental
perturbations'’. Among these o factors, RpoS (also called 638 or 6S) serves
as the master regulator that protects many Gram-negative bacteria from
detrimental environmental conditions, allowing bacteria to maintain sur-
vival in various stresses, including extreme low pH, high temperatures,
nutrient deprivation, oxidative damage, and osmotic pressure'' ™. Global
transcriptomic analyses revealed that RpoS controls the expression of up to
20% genes in Escherichia coli, with these genes involved in stress protection,
alternative metabolic pathways, membrane biosynthesis, cell motility, and
pathogenicity'*". Additionally, it also plays an indispensable roles in
virulence, biofilm formation, and antibiotic tolerance in a variety of human
pathogens such as S. Typhimurium, E. coli, and Pseudomonas
aeruginosa'* . The involvement of RpoS$ in the formation and maintenance
of persister cells has also been confirmed in several bacterial species™”. It is
evident that by controlling the expression and activity of RpoS, it is possible
to achieve rapid global transcriptional pattern adjustments to counteract the
adverse effects of environmental perturbations.

Intracellular levels of RpoS are rapidly, tightly, and exquisitely regu-
lated by cells to maintain a dynamic equilibrium of its production and
activity”. This complex regulation involves multiple pathways of positive
and negative control at the transcriptional, translational, and post-
translational levels, ensuring that RpoS expression and activity are restric-
ted under inappropriate conditions'”. Currently, Crl is the only known
regulator that specifically enhances RpoS activity through direct interaction,
increasing RpoS’s affinity for core RNAP and thus stimulating the expres-
sion of RpoS-dependent genes™ ‘. Additionally, the modulation of the free
conformation of RpoS may also serve as a mechanism to regulate its stability
and activity. An illustration of this is the ATP-dependent degradation of
RpoS by the ClpXP protease complex, where the binding of RssB to RpoS
and the resulting conformational change are essential for its delivery to
ClIpXP". In contrast, a common strategy for controlling other o factor
activity involves their sequestration by anti-sigma factors, which prevent o
factors from binding to RNAP'*”. For example, Rsd specifically sequesters
070 and can actively remove it from the o>-RNAP complex”*™*. Moreover,
anti-o' factors contribute to the heat stress response and virulence in Clos-
tridia and Bacilli, and dual membrane-spanning anti-sigma factors (Dma)
that control outer membrane vesicle biogenesis have been identified in
Bacteroides thetaiotaomicron’”. It is noteworthy that no anti-sigma factors
for RpoS have been reported to date.

In this study, we identified and characterized a small protein, MicN
(GenBank ID: WP_000657897.1), which plays a critical role in the patho-
genicity of Salmonella. Through analysis of the crystal structure of MicN and
subsequent in vitro validation, we demonstrated that MicN directly interacts
with the stress-induced transcription factor RpoS. This interaction reduces
the expression of RpoS-regulated genes, leading Salmonella to adopt a low-
energy metabolic strategy. Under conditions such as macrophage infection
and carbon starvation, Salmonella rapidly increases the expression level of
MicN, which subsequently silences aerobic respiration and promotes the
utilization of ethanolamine. This reprogramming, mediated by MicN,
enhances the survival of Salmonella within macrophages and under anti-
biotic stress. Thus, MicN serves as an effective strategy for the bacterium to
adapt to the stressors present within host cells. In summary, we identified
MicN as an anti-sigma factor of RpoS that plays a crucial role in modulating
bacterial metabolism. We also elucidated its mechanisms and significance in

enhancing stress tolerance and facilitating the infection of host cells by S.
Typhimurium.

Results

MicN plays a crucial role in the pathogenicity of Salmonella

The investigation of the interplay between genes and pathogenicity remains a
pivotal focus within pathogen research. We identified MicN
(STM14_RS14310), a previously uncharacterized protein in S. Typhimurium
ATCC 14028S, which exhibits significant upregulation during macrophage
infection. Notably, we observed a variety of compelling phenotypes associated
with this protein. The micN gene is located within the Gifsy-1 pathogenicity
island of the Salmonella chromosome and spans 189 nucleotides (nt)
(Fig. 1a)”. The tRNA-Arg gene is located upstream of micN, while down-
stream lies gogA, which encodes a type III effector protease. In fact, the open
reading frame (ORF) of micN is embedded within the sSRNA (isr]), and it was
only recently confirmed through experimental studies that it can encode a
small protein®””. Therefore, the functions of the MicN protein remain largely
unexplored. The genomic landscape surrounding MicN is enriched with
phage-related genes, suggesting a potential historical occurrence of horizontal
gene transfer. Evidence indicates that MicN contributes to adaptations under
environmental stress, and previous studies have demonstrated its marked
upregulation in response to desiccation, carbon starvation, and the invasion
of epithelial cells***. Moreover, we have observed a similar upregulation of
MicN during Salmonella infection in macrophages, consistent with previous
findings” (Fig. 1b). Although the expression levels of MicN have been pre-
viously examined, its precise function remains to be elucidated.

To elucidate the function of MicN, we generated a full-frame knockout
mutant AmicN (deficient in the micN gene, derived from the S. Typhi-
murium ATCC 14028S background), which exhibited growth curves similar
to those of the wild type (Fig. S1). We then investigated the potential effects
of MicN on the intracellular survival of Salmonella within macrophages.
RAW264.7 cells, which serve as a robust in vitro model for murine mac-
rophages, were infected with either S. Typhimurium ATCC 14028S (wild
type) or the AmicN mutant at a multiplicity of infection (MOI) of 10 for 2 h.
Samples were collected at 2 h intervals to evaluate the intracellular repli-
cation of Salmonella. Our results demonstrated that the intracellular repli-
cation of the wild-type strain significantly exceeded that of the AmicN
mutant throughout the sampling period (Fig. 1c), suggesting that MicN
plays a crucial role in enhancing the intracellular adaptation of Salmonella.

After ingestion, Salmonella initially invades intestinal epithelial cells
and is actively phagocytosed by macrophage after the traversal of the epi-
thelial barrier. To further explore the impact of MicN on Salmonella inva-
sion, we conducted phenotypic assays using HT-29 cells to determine its
influence on invasive capacity. Notably, the invasion efficiency of the AmicN
mutant was markedly elevated compared to the wild-type strain, showing an
increase of 55.69% after infection (Fig. 1d). These findings suggest that
MicN may influence the expression of SPI-1-related genes, a hypothesis
supported by subsequent investigations. But there is no difference shown in
the release of lactate dehydrogenase (LDH), which serves as a marker for cell
death or damage (Fig. le). Actually, the enhanced invasion rate caused by
the absence of micN could pose a disaster for host survival. To evaluate the
survival of infected hosts, C57BL/6 mice were intraperitoneally injected with
either the wild-type or AmicN strains, and their survival times were mon-
itored (Fig. 1f). The result revealed that mice infected with the AmicN strain
exhibited significantly shortened survival times compared to the control
group (p=0.0016) (Fig. 1g). This aligns with the invasion experiments,
indicating that MicN may serve a regulatory role in maintaining optimal
invasion efficiency of Salmonella, thereby enabling the pathogen to sustain
access to resources for prolonged survival within the host. Collectively, these
results underscore the critical function of MicN in modulating intracellular
survival and invasion capacity.

MicN significantly influences the formation of persisters
Despite lacking antibiotic resistance genes, some clinical pathogens can
withstand antibiotic treatment by entering a persister state”. This
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Fig. 1| MicN is intricately linked to the intracellular survival and pathogenicity of
Salmonella. a The genomic landscape of micN. b Conditions under which Salmo-
nella up-regulates micN expression are illustrated. The TPM values are indicated in
parentheses. ¢ Comparison of intracellular survival capabilities between wild-type
and AmicN strains within RAW264.7 macrophages. d Assessment of invasion
capabilities of wild-type and AmicN strains in HT-29 cells. e Measurement of

cytotoxicity, indicated by lactate dehydrogenase (LDH) release. f Schematic repre-
sentation of the infection survival test. g Survival curves of C57BL/6 mice following
infection with equal quantities of wild-type and AmicN strains, with survival
monitored every 3 h. Error bars indicate STDEV, and data are derived from at least
three independent experiments.

strategy is often achieved by bacterial stress responses or diminished
energy metabolism. Interestingly, the phenotypic effects associated
with MicN appear to be consistent with those observed in
persister. To investigate the role of MicN in antibiotic stress
responses and persister formation, we performed antibiotic tolerance
experiments on AmicN/wild-type using multiple antibiotics with dif-
ferent mechanisms of action. Ampicillin inhibits the synthesis of pep-
tidoglycan in the cell wall, colistin disrupts membrane integrity, and
gentamicin interferes with ribosomal function during protein
synthesis®.

We initially performed in vitro experiments to further investigate the
survival curves of wild-type and AmicN in the presence of gentamicin,
ampicillin, and colistin. The wild-type strain exhibited markedly higher
survival rates and demonstrated greater resistance to the ribosome 30S
subunit inhibitors (gentamicin) and the cell membrane targeting antibiotic
(colistin) (Fig. 2a, b). The initial survival curves for gentamicin displayed
distinct biphasic kinetics, indicating that the survival ratio after the inflec-
tion point was primarily attributable to persisters. While the bacterial killing

curve under colistin treatment did not clearly indicate biphasic character-
istics, the proportion of surviving wild-type bacteria between 2 and 24 h was
significantly higher than that of the AmicN mutant. This difference may be
attributed to the potent bactericidal effect of colistin, which targets the cell
membrane and leads to the death of all tested strains. It is worth noting that,
no significant difference was observed between wild-type and AmicN strains
following exposure to ampicillin in the in vitro assays. We hypothesize that
the absence of a peptidoglycan layer may not lead to rapid lethality in
Salmonella, as cell lysis necessitates the synergy of osmotic pressure. We
subsequently assessed the intracellular survival curves of the AmicN mutant
compared to the wild-type strain under ampicillin treatment. Either AmicN
or wild-type was introduced into RAW264.7 macrophages at an MOI of
10 for 1h, followed by exposure to ampicillin. Samples were collected at
0 ~ 8 h post-infection, and intracellular levels of Salmonella were quantified
using CFU counting method. The in vivo infection models revealed a
reduced intracellular survival of the AmicN strain compared to the wild-type
strain following ampicillin treatment (Fig. 2¢), underscoring the critical role
of MicN.
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Fig. 2 | MicN contributes to persister formation in Salmonella. a, b CFU of
Salmonella wild-type and AmicN after exposure to 50 ug/mL of gentamicin (a) and
40 pg/mL of colistin (b), respectively. ¢ Colony-forming units (CFU) of Salmonella

wild-type and AmicN following treatment with ampicillin 20 ug/mL in RAW264.7
macrophages. Error bars indicate STDEV, and data are derived from at least three
independent experiments.

In summary, the presence of MicN significantly enhances the
survival of Salmonella under antibiotic pressure and could lead to an
increased intracellular load within macrophages, aligning with our prior
findings. Additionally, wild-type strains exhibited consistently higher
survival rates compared to the AmicN mutant from 2 to 8h post-
infection, underscoring a significant role of MicN in the long-term
intracellular viability of Salmonella and suggesting it may be part
of a key component of a survival strategy employed by various
pathogens.

Transcriptomic analysis of Salmonella following MicN
expression

To further elucidate the biological functions associated with MicN, a
pBAD24-micN vector designed for robust expression of micN was con-
structed and subsequently introduced into the AmicN strain (denoted as
pmicN). As a control, the original arabinose-induced plasmid pBAD24 was
introduced into the AmicN strain. The obtained strains were induced to
express the gene using 0.05% arabinose. Subsequently, we assessed the gene
transcriptomes between pmicN and AmicN strains under identical condi-
tions. A total of 297 genes exhibited over 2-fold up-regulation upon over-
expression of micN, while 266 genes were down-regulated. To gain a broad
overview of the pmicN transcriptional landscape, we performed enrichment
analyses on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) annotations of the DEG gene sets. A total of 442 GO
terms were annotated for the differentially expressed genes, with 90 terms
being significantly enriched (p < 0.05) (Fig. 3a). We found that the majority
of the enriched pathways had a z-score < 0, indicating that the differentially
expressed genes in these pathways are primarily down-regulated. This
suggests that MicN may play a role as a repressor in the regulation of gene
expression in Salmonella. In order to gain a clearer understanding of the
details, we selected the top 10 Biological Process terms for presentation and
analysis (Fig. 3b). Among them, amino acid activation (GO:0043038),
tRNA-aminoacylation (GO:0043039), and ribosomal protein synthesis
(GO:0006418), were significantly enriched, indicating that protein synthesis
in Salmonella is suppressed. GO:0055114 represents oxidation-reduction
process, where the differentially expressed genes associated with this term
predominantly focus on substrate oxidative phosphorylation and electron
transport within the respiratory chain. The network relationships involved
in child terms relating to electron transport were illustrated (Fig. 3c), sug-
gesting that the major energy supply mode for aerobic respiration in Sal-
monella are inhibited. In addition, GO:0019752 relates to the carboxylic acid
metabolic process, which encompasses various organic acids involved in the
TCA cycle and is coupled with the electron transport chain. In summary, the

differentially expressed genes indicate involvement in processes related to
protein synthesis, aerobic respiration, and energy production, with a pre-
dominant downregulation of these genes. This suggests that MicN sig-
nificantly impacts the basal metabolism of Salmonella. In contrast, genes
associated with the cobalamin biosynthetic process (GO:0009236) were
significantly up-regulated, indicating that MicN seems to activate this
pathway in some manner. Furthermore, the suppression of aerobic
respiration appears to provide a favorable condition for the expression of
genes in this pathway"’.

MicN triggers transcriptional reprogramming across multiple life
processes in Salmonella

We also conducted KEGG enrichment analysis on the differentially
expressed genes, identifying a total of 78 pathways, among which 21 were
significantly enriched. The enrichment results can be categorized into five
groups, with the most prominent pathways related to amino acid bio-
synthesis, TCA cycle, and fatty acid metabolism (Fig. 3d). The enrichment of
these pathways suggests that MicN affects a broad range of primary meta-
bolic pathways, leading to a shift in Salmonella towards a low-energy con-
sumption metabolic state, ultimately affecting its replication capacity within
macrophages. Results of the KEGG enrichment align well with the GO
enrichment and are consistent with the overall trend of downregulation
observed in the GO analysis.

To provide a more refined explanation of the impact of MicN on
Salmonella’s basal metabolism, we mapped the significantly enriched genes
to related pathways to explore the genetic basis of this shift (Fig. 4). Initially,
we focused on genes encoding components of the respiratory chain, which
are responsible for the primary source of cellular energy. Almost all genes
involved in the respiratory complex I to complex V were down-regulated.
For the TCA cycle, which typically begins with acetyl-CoA, key genes
involved in the conversion of pyruvate to acetyl-CoA and the generation of
acetyl-CoA from acetate or acetyl-P were all down-regulated, indicating a
deficiency in substrates for the TCA cycle. Additionally, the gene encoding
citrate synthase (citA) and genes involved in the conversion of isocitrate to
2-oxoglutarate and succinate to malate were suppressed, suggesting that the
bacteria are in a state of nutritional deficiency. To compensate for this state,
ethanolamine is released from the plasma membrane to the cytoplasm by
GlpQ and transported to microcompartments (encoded by eutKLMNS) by
EutH. The microcompartments contain the key genes for ethanolamine
utilization, which can break down ethanolamine into NH; and acetyl. The
acetyl can be used to generate acetyl-CoA, which enters the TCA cycle to
replenish the deficiency in acetyl-CoA. The enhanced ethanolamine utili-
zation is accompanied by the synthesis of B12, which is crucial as a cofactor
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Fig. 3 | Transcriptomic analysis indicates that MicN triggers transcriptional
reprogramming in Salmonella. Enrichment analyses of Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations for the differen-
tially expressed gene (DEG) sets between pmicN and AmicN. a GO terms for

presentation. b The top 10 biological process terms identified in the GO enrichment
analysis. ¢ Network relationships among terms associated with electron transport.
d Visualization of the top 20 biological processes in a clustered format.

for the activation of the ethanolamine utilization pathway regulatory EutR.
Additionally, the cytoplasmic NH; seems to increase, as the key genes
involved in the conversion of nitrate to NH; (nitrate dissimilation reduction
pathway) are also up-regulated. The NH; can be used to neutralize H in the
environment, which is beneficial for Salmonella to adapt to the acidic
environment with macrophages. As ethanolamine (H,N-CH,-CH,-OH), a

key component of phosphatidylethanolamine, is a vital constituent of all cell
membranes, the psp gene, which is a marker of membrane stress, was also
up-regulated as expected”’. Furthermore, some genes that are beneficial for
intracellular colonization, such as sifA and sseL located on the SPI operon,
also showed up-regulated expression. Intriguingly, the metabolic alterations
induced by MicN in Salmonella closely align with the transcriptional

Communications Biology | (2025)8:1495


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08989-7

Article

Mannose Sorbitol Glucose Cellobiose

ED

NH;" A
3-Phospho —w-» HO™ .
-ethanolamine Ethanolamine logFC [l up [l down ia StiB
e
= SPI-1 effectors Quorum sensing y
» - - Pyruvate
e
- Ssel HO/\/NHz ADP Acetyl-CoA Pta Acetyl-P
.
Microcompartment
T TS R SR S e ~ 3
SPI-1/2 effectors ; 4 HO/\/NHz ek 'L IMINT s IS 6\'
1 LI ® Oaa Cit ™
. ¥ .
' Acetaldehyde Acetyl-CoA —L 5 ¢ Mal Iso &
- . Tea
. - FumA | FumB | FumC Ied
Nitrate —> Nitrite —> NH; \\ |_> Ethanol /
N e e e e e e _ - ’ e Fum 2-Ox0 o
& SucB
Phage shock response . . . +S SHCYGoA -
. Metabolism of cofactors and vitamins LY UCZL 02178
R |
*
=
H
NADH NAD+H® Succ Fum

kOxidative phosphorylation chain

V- ATP
H ConnPIex 11 H H H e ase
NADH dehydrogenase Complex I Succinate Complex III Complex IV Complex V
dehydrogenase
NuoA § NuoB § NuoC ; NuoD § NuoE ; NuoF § NuoG ; NuoH - Cytochrome Cytochrome ¢ ---
pH | AtpA | AtpB | AtpC

Nuol ;NuoJ ;NuoK yNuoL ; NuoM; NuoN

Fig. 4 | Changes in metabolic pathway of Salmonella following MicN expression.
The expression levels of transcriptomic data are represented by the colors inside the
boxes, where upregulation is indicated in purple and downregulation in blue. Genes
involved in the respiratory complex I to complex V and the generation of acetyl-CoA

sdhA | sdnB | sdnc [ sanp [§ bel complex
o[ [ [ |

terminal oxidase

in the TCA cycle were down-regulated. Genes for ethanolamine utilization

oo [ o [

and the synthesis of B12 were up-regulated. Genes located on the SPI operon,
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expression.

changes observed during macrophage invasion”. This compelling parallel
leads us to propose that MicN serves as a crucial mediator, enabling Sal-
monella to reconfigure its metabolism within macrophages and thereby
facilitating its intracellular adaptation.

MicN enhances the expression of genes involved in ethanola-
mine and 1,2-propanediol utilization pathways

To validate the RNA-sequencing results, seven representative genes (eutK,
eutG, eutR, cobS, pduC, glpQ, pspA) were further detected in vivo and in vitro
using RT-qPCR, with 16S rRNA serving as an internal control (Fig. 5a,b). In
alignment with the RNA sequencing data, the transcription levels of eut, cob,
pdu, and pspA were elevated in vitro following the overexpression of micN,
compared to the wild type (Fig. 5¢). To eliminate the potential influence of
the plasmid pBAD24 and arabinose, we also compared the expression of
these genes in wild-type and AmicN strains. The comparative analysis of
gene expression in minimal M9 medium revealed a consistent pattern of
upregulation in the wild-type strain compared to the AmicN strain in vitro
(Fig. 5d). To further examine whether micN-mediated transcriptional
changes occurred during infection, Salmonella infection experiments were
conducted using RAW264.7 macrophages. Cells were lysed after 4h of
infection, and intracellular bacteria were collected for RNA extraction and
gene expression analysis. The results showed that the expression levels of

eut, cob, pdu, and pspA were significantly up-regulated in wild-type infected
cells compared with the AmicN mutant at 4 h post-infection (Fig. 5e).

Overall, MicN exerts varying degrees of influence on the core meta-
bolism of Salmonella. The suppression of genes associated with primary
metabolism is likely to “dull” the active state of Salmonella, promoting a
transition to a low-energy metabolic state. This state may provide Salmo-
nella with a significant survival advantage under the pressures of antibiotic
treatment and within macrophages.

Crystal structure of the functionally uncharacterized

Salmonella MicN

Due to the absence of homologous structures of MicN in the database, we
solved the X-ray crystal structure of MicN using selenium single-wavelength
anomalous diffraction at a resolution of 2.3 A (Fig. 6a, Figure S2, and
Table 1). MicN adopts an overall fold comprising five -stands, designated
B-1 to -5, which collectively form a single antiparallel -sheet arranged in a
barrel-like architecture (Fig. 6b). A flexible loop structure, comprised of
residues 26-31, connects 3-2 and -3. MicN is characterized by the presence
of six positively charged and nine negatively charged residues, with vacuum
electrostatic analysis revealing a higher concentration of negatively charged
regions while showing a lower presence of positively charged regions,
indicating that this protein is unlikely to function as a DNA-binding protein
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Fig. 5 | In vivo and in vitro validation of changes in the ethanolamine utilization
pathway and other representative genes. The mRNA expression levels of

seven selected genes (eutK, eutG, eutR, cobS, pduC, glpQ, pspA) were analyzed
using qRT-PCR. a Schematic representation of the experimental flow. b Scatter plots
were generated to visualize the transcriptomic results. ¢ Comparative analysis of

gene expression levels in wild-type and pmicN strains. d Comparative analysis

of gene expression levels in wild-type and AmicN strains. e In vivo gPCR
validation conducted on RAW264.7 macrophages infected with wild-type and
AmicN strains. Error bars indicate STDEV and mean of at least three independent
experiments.

(Fig. 6¢, d). Furthermore, we found that MicN could form symmetrical
homologous dimers mediated by hydrophobic interactions (Fig. 6e). The
specific amino acid residues involved in dimeric interactions were identified
from the protein structure and are illustrated (Fig. 6f). The residues Phe5,
Trp7, Leu58, Pro60 and Pro61 are in close proximity and contribute to the
formation of a relatively stable hydrophobic core.

Highly conserved amino acid residues in homologous proteins often
indicate critical functional sites. Therefore, sequence analysis of MicN
homologs across diverse species was performed to assess conservation
(Fig. 6g). Sequence similarity ranged from 40.32% to 93.55%, with the
homolog exhibiting the closest similarity at 80.33% deriving from Leclercia.
While MicN homologs are distributed across various species, they pre-
dominantly cluster within Gama-Proteobacteria, which will be elaborated in
subsequent sections. The conserved amino acids identified through
sequence alignment are labeled (Fig. 6h), with a significant proportion
located at the dimer’s junction surface. The distribution and sequence
conservation of MicN homologs suggest that MicN plays a vital role in these
species. To investigate whether the structure of MicN is similar to that of
known structures, we utilized the Dali server to search the PDB database for
proteins with structural similarities to MicN; however, no highly homo-
logous structures were identified. Given that the absence of common
enzyme-like catalytic or binding domains in the MicN structure, we
hypothesize that MicN may function as an auxiliary protein or as an acti-
vator/suppressor, influencing the activity of target proteins to exert its
biological functions.

MicN interacts with the transcriptional regulatory factor RpoS

After obtaining the structure of MicN, we attempted to identify homologous
proteins through structural comparison, but no reliable structural coun-
terparts were detected (Fig. S3). To gain a deeper understanding of the

molecular mechanisms underlying the biological function of MicN, we used
Z-dock and AlphaFold3 to perform molecular docking based on the protein
crystal structure of MicN*, and the results showed that RpoS was the
candidate target protein of MicN (Fig. 7a). From a structural perspective,
MicN binds to the N-terminal region of RpoS, covering the 02.1 regions,
with the interaction mediated primarily by hydrogen bonds and salt bridges,
allowing the two components to bind in the correct orientation. Several
MicN residues (Glu3, Tyr18, Thr20, Leu39, Asp44, Trp7, Argl3, Thr40,
Gln41) create hydrogen bonds or salt bridge interactions with residues
(Tyr109, Argl08, Lys104, Ala130, Glu76, Leu71, Asn98) of RpoS (Fig. 7b, c).
Intriguingly, most of the evolutionarily conserved residues of MicN are
clustered at the interface, suggesting a functional relevance of its interaction
with RpoS. The surface charge distribution of the MicN-RpoS interface was
analyzed subsequently, indicating that the binding surface of the RpoS
N-terminal region is predominantly positively charged, while the binding
surface of MicN is predominantly negatively charged (Fig. 7a). The opposite
polarity of the protein binding surfaces facilitates the stable interaction
between the proteins. Given that different sigma factors can exhibit syner-
gistic effects, we analyzed the homology of this interacting region with other
sigma factors; however, no homologous regions were detected, and
AlphaFold3 analysis did not obtain a high credibility complex structure
between MicN and other sigma factors. Therefore, we suppose that MicN
does not interact with other sigma factors, or at least not through the same
mechanism.

To further validate the interaction between MicN and RpoS, plasmids
pUT18C-micN and pKNT25-rpoS were constructed and co-transformed
into E. coli BTH101 for bacterial two-hybrid assay. Additionally, micN and
rpoS genes were cloned into the pGLO1 vector, with His-tagged MicN ser-
ving as bait for pull-down assay. Bio-Layer Interferometry (BLI) was also
performed by immobilizing biotinylated RpoS on biosensors, followed by
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Fig. 6 | Crystal structure of MicN. a Cartoon representation of MicN depicted from
two distinct orientations. The N-terminal and C-terminal are indicated by “N” and
“C” labels, respectively. Each B-strand in the structure is labeled and numbered for
clarity. b The topplogy diagram of MicN was generated from the PDB web server and
redrawn with the Topo program. ¢ Electrostatic surface of MicN generated using
APBS, with blue indicating positively charged areas and red representing negatively
charged areas. d Amino acid sequence of MicN from S. Typhimurium 14028S is
presented, with positively charged residues denoted by blue balloons and negatively

charged residues by red balloons. e Analysis of homodimer formation. A cartoon
representation of the MicN homodimer, with each chain labeled in blue and pink.
f Amino acid residues composing the dimer interface. g The sequence similarity of
MicN across various species is visualized, with blue squares indicating levels of
similarity-darker shades and larger squares represent higher sequence similarity.

h Alignment of MicN sequences from diverse species. Highly conserved residues are
highlighted in green.

sequential addition of RNAP and MicN to evaluate binding affinities.
Collectively, the results of bacterial two-hybrid assays, in vitro pull-down
and BLI assays clearly showed a direct interaction between MicN and RpoS
(Fig. 7d—f, and Fig. $4).

MicN disrupts the binding affinity of RpoS to RNA polymerase

We analyzed the genes that exhibited significant changes in expression levels
following MicN expression and found that the majority of the up-regulated
genes correspond to previously documented RpoS inhibitory proteins
(Fig. S5). Consistent with this, Lago’s study on ArpoS also showed a negative
correlation between MicN and RpoS*. Then we hypothesize that the
binding of MicN to RpoS may affect the function of RpoS. RpoS forms a
holoenzyme Eo with the RNAP core by recognizing specific promoters and
forming transcription initiation complexes (TICs) to initiate gene
transcription'’. To further clarify the impact of MicN binding to RpoS, we
mapped the structure of the MicN-RpoS complex onto the RNAP structure
(with a resolution of 3.3 A; PDB ID code 60MF) (Fig. 8a). We found that
MicN may interfere with the interaction between RpoS and the [}’ subunit. A
major contribution to the s-RNAP core association comes from interactions

between the 62 domain and a helix-turn-helix formation, termed a “clamp
helices,” of the clamp domain of the B’ subunit. MicN creates a significant
steric hindrance between RpoS and the B/ subunit, hindering the binding
of RpoS to the RNAP core. Furthermore, compared with o"°, which exhibits
strong affinity for the RNAP core enzyme (Kd ~0.26 nM), RpoS
binds relatively weakly to the RNAP core in the absence of nucleic acids
(Kd ~4.26 nM)'**. This suggests that MicN may make it more difficult
for RpoS to bind to the core enzyme. Additionally, the Kd value for the
interaction between RpoS and MicN is 43.6nM, an order of
magnitude higher than 4.26 nM for RpoS binding to the RNAP core. This
indicates that the RpoS-MicN interaction exhibits a lower binding affinity
compared to the RpoS-RNAP complex. Consequently, 1 uM MicN was
substituted for 0.1 uM RNAP core in BLI assays to compensate for this
affinity difference.

To further validate our hypothesis, we designed an experimental
scheme based on biosensor interference (Fig. 8b). First, we linked RpoS to
the sensor and then assembled it into a holoenzyme complex with core
RNAP. Subsequently, we placed this complex in an environment containing
MicN to observe the dynamic changes of the large complex. The
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experimental results demonstrated that MicN can effectively dissociate the
RpoS-RNAP complex, thereby corroborating our hypothesis that MicN
functions as an anti-sigma factor for RpoS (Fig. 8c).

Table 1 | X-ray data collection and refinement

Name Results
Data collection
Space group P64

Cell dimensions
a,b,cA)
a,B,v()
Resolution (A)

74.97,74.97, 65.40
90.00, 90.00, 120.00
50.00-1.85(2.00-1.85)
97.60(100.00)
16.90(3.00)

Completeness (%)
<l/o(l)>

Refinement

Resolution (A)

37.48-1.86(1.90-1.86)

Discussion

Salmonella is an intracellular pathogen that predominantly resides within
the host’s macrophages, where various environmental stresses are present.
The mechanisms by which Salmonella adapts to the challenging conditions
of the macrophage environment remain incompletely understood. We have
identified a previously uncharacterized small protein, MicN, comprising
only 62 amino acids. Our results show that Salmonella significantly up-
regulates the expression of MicN during survival in macrophages, and the
absence of MicN results in a notable reduction in its survival capabilities.
This study demonstrates that MicN could significantly improve the survival
ability of Salmonella in host macrophages and contribute to the formation of
persisters under antibiotic stress, providing insights into the mechanisms by
which MicN facilitates the intracellular adaptation and antibiotic resistance
of Salmonella.

To date, 113 small proteins have been identified in Salmonella, indi-
cating a possible role in virulence and pathogenicity. Nevertheless, the exact
mechanisms by which these proteins exert their effects are still poorly
understood. Notably, MicN is mainly distributed in y-Proteobacteria and is
highly conserved in intestinal pathogens, indicating its potential significance
in these taxonomic groups (Fig. S3). Furthermore, some genomes of bac-

No. of reflections 15298.00 . . .o, . . . . .
teriophages infecting intestinal bacteria also contain MicN encoding genes,
9 . . . .
REORD) 0.21 suggesting that these phages may serve as intermediary for horizontal gene
Rfree (%) 0.26 transfer of micN, thereby elucidating the abundance of MicN within the y-
RMSD bond lengths(A) 0.85x 1072 Proteobacteria.
RMSD bond angles(®) 107 The expression of MicN significantly affects various metabolic pro-
cesses of Salmonella. Several primary metabolic pathways, including the
B-factors 22.51 . . . .
TCA cycle, electron transport and respiratory chain, protein synthesis,
Ramachandran plot (%) nucleotide metabolism, and fatty acid metabolism, are repressed, consistent
Most favored 97.98 with previous metabolomic studies, which show that Salmonella tends to
Allowed 2,02 decrease metabolic rate and utilize lipids as an alternative carbon source to
Outliers 0.00 sustain vital activities post-invasion®’. This shift may represent a significant
survival strategy for Salmonella in response to adverse conditions.
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Fig. 7 | Direct interaction between MicN and RpoS. a Surface representation of the
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the complex interface. d Bacterial two-hybrid assays confirmed the interactions

between MicN and RpoS. e Pull-down assays demonstrated the interaction between
MicN and RpoS. f Fortebio assays demonstrated the interaction between MicN
and RpoS.
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(BLI) approach. ¢ Results of BLI show that MicN interferes with the interaction
between RpoS and the RNAP.

Furthermore, the utilization of ethanolamine and its associated auxiliary
pathways is activated. Ethanolamine, an essential component of lipids, is
abundant in the gastrointestinal tract and metabolized via the Eut pathway,
resulting in the production of acetyl-CoA and ammonia (NH;)". Acetyl-
CoA enters the TCA cycle for energy production, providing a crucial carbon
supplement for intracellular environments where carbon availability is
restricted. Concurrently, NHj; serves to neutralize protons in the cytoplasm,
effectively counteracting the acidic conditions present in macrophages. This
adaptive mechanism for counteracting low pH is reminiscent of the strategy
employed by Helicobacter pylori, which utilizes urease to produce NHj,
thereby neutralizing surrounding H™*. Moreover, phosphatidylethanola-
mine, components of cell membranes, are up-regulated in Salmonella for the
utilization of these metabolites, which is advantageous for nutrient acqui-
sition and intracellular survival. A critical stage of Salmonella pathogenesis
involves colonization within the mammalian gastrointestinal tract, which
requires the catabolism of a number of carbon sources. The eut and pdu
clusters play a vital role in this catabolism and facilitate the adaptation of
bacteria to specific anaerobic environments. Resident microbiota are poorly
equipped to metabolize ethanolamine, and Salmonella exploits ethanola-
mine utilization to avoid nutritional competition in establishing infection. A
diverse array of gut microbes, including Salmonella, Escherichia, Enter-
ococcus, and Clostridium, have the capacity to utilize ethanolamine as their
exclusive source of carbon, nitrogen, and energy, thereby occupying a
specialized niche or establishing infection®. We present a model wherein the
invasion of Salmonella into macrophages results in a pronounced upregu-
lation of MicN. This elevated expression disrupts the interaction between
RpoS and the core RNA polymerase, inducing significant alterations in
Salmonella’s gene expression profile. Consequently, previously suppressed
gene clusters, such as eut and pdu, are activated, enabling transcriptional
reprogramming that allows Salmonella to rapidly adapt to the hostile
intracellular conditions of macrophages (Fig. 9).

RpoS is a key regulator of stress responses in numerous Gram-negative
bacteria, playing a crucial role in protecting organisms from adverse con-
ditions. It is also implicated in the virulence, pathogenicity, and antibiotic

tolerance of various pathogens. RpoS broadly regulates the expression of
hundreds of genes, yet the mechanisms by which bacteria precisely and
selectively activate specific genes under different stress conditions remain
unclear. We identified MicN as a regulatory factor of RpoS. MicN influences
Rpo$ binding to RNAPs, thereby changing the expression profile of Sal-
monella. RpoS plays a critical role in bacterial survival under stress condi-
tions; however, bacteria must navigate a trade-off between resisting
environmental pressures and promoting growth. For instance, RpoS can
inhibit the expression of SPI-2 genes, which are vital for Salmonella’s
survival and replication within macrophages. Consequently, Salmonella
has developed an intricate regulatory network that meticulously controls
RpoS at the levels of transcription, translation, and post-translational
modification. A key mechanism in regulating RpoS binding to the core
RNAP to initiate transcription involves the anti-sigma factor, which can
physically obstruct the binding interface between RpoS and RNAP or
interfere with their interaction. Once the inhibition by the anti-sigma
factor is lifted, RpoS can promptly initiate the expression of downstream
genes. Our findings indicate that MicN functionally resembles anti-sigma
factors. The interaction between MicN and the N-terminus of RpoS
establishes a spatial barrier that inhibits RpoS from associating with the
" subunit of RNA polymerase. The binding of MicN to RpoS affects its
normal function, leading to shifts in the gene set regulated by RpoS
during transcription initiation. By transiently inhibiting RpoS activity,
MicN facilitates the restoration of metabolic pathways that RpoS typi-
cally represses, including ethanolamine and propionate utilization. This
restoration not only supplies energy for Salmonella but also aids in
neutralizing H', thereby enhancing intracellular adaptability. Conse-
quently, MicN is a significant component of the RpoS feedback reg-
ulatory network, playing an essential role in the intracellular adaptability
and replication of Salmonella. Overall, the interaction between MicN and
RposS leads to widespread alterations in gene expression patterns, thereby
regulating the expression of specific genes associated with intracellular
adaptation in Salmonella, which confers a significant advantage for rapid
adaptation to hostile environments.
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Fig. 9 | Model of MicN-mediated regulatory mechanism in Salmonella. During
macrophage infection, Salmonella produces the small protein MicN, which interacts
with the target protein RpoS and modulates its binding to RNAP. This interaction

leads to the transcriptional reprogramming of Salmonella and allows Salmonella to
adopt a low-energy metabolic strategy, thereby improving its adaptability within
intracellular environments.

In summary, we have identified MicN, a previously uncharacterized
small protein, and delved into its structure, function, and mechanism of
action. Our findings reveal that MicN enhances the adaptation and survival
of Salmonella by interacting with RpoS, providing supplementary insights
into the regulatory mechanisms of RpoS and the intracellular adaptation
strategies of Salmonella. Although small proteins are known to play diverse
roles in bacterial physiology, their importance has often been obscured by
insufficient genome annotations™. Our research provides a reference for the
functional exploration of other small proteins. Additionally, the structural
data obtained for MicN lays a foundational basis for future drug design
efforts. While our work underscores the critical role of MicN in Salmonella,
the precise mechanisms by which Salmonella senses and adapts to the
intracellular environment of host cells to improve survival remain to be fully
elucidated. This finely tuned regulatory mechanism in Salmonella confers a
survival advantage in diverse environments. Current research indicates that
MicN confers environmental adaptive advantages to Salmonella through a
sophisticated multi-tiered regulatory network: At the transcriptional level,
micN exhibits a stringent stress-responsive pattern-showing significant
upregulation within macrophages and under carbon starvation conditions
while remaining silent during normal growth, with this dynamic expression
closely linked to bacterial survival states. Lago et al. further demonstrated
markedly reduced MicN (STM14_3199) expression in ArpoS mutant,
indicating that RpoS$ can also affect the expression of MicN*. Combined
with the finding that MicN inhibits the function of RpoS through protein-
protein interactions, we propose a feedback regulatory mechanism of RpoS
operating at the protein level. Both RpoS and MicN exist in a dynamic
equilibrium. Upon exposure to adverse conditions, RpoS, the key regulator
of the stress response, is rapidly expressed and concurrently promotes the
expression of MicN. The accumulation of MicN serves to mitigate the
excessive expression of RpoS, positioning it as a crucial component of the
dynamic regulatory mechanism governing RpoS. Furthermore, structural
analysis reveals that MicN can form dimers, which encapsulate the inter-
action interface with RpoS within the dimeric structure. The structural
configuration prevents the dimer from binding to RpoS, thereby inhibiting
the activity of MicN. We hypothesize that under conditions where RpoS is
required, existing MicN proteins dimerize to alleviate the inhibition on
RpoS, allowing RpoS to rapidly activate its stress response functions.
However, we have yet to identify the specific upstream regulator that triggers
MicN expression, and we anticipate that future research will provide deeper
insights into this mechanism. This intricate regulatory network presents a
compelling avenue for further investigation.

Material and Methods

Bacterial strains, media and culture conditions

S. Typhimurium ATCC 14028S and its derivatives were cultivated in stan-
dard liquid Luria Bertani (LB) medium (containing tryptone, 10 g/L; NaCl,
5 g/L; yeast extract, 5g/L) or M9 minimal medium (Na,HPO,, 6.78 g/L;
KH,PO,, 3 g/L; NaCl, 0.5 g/L; NH,CI, 1g/L; MgSO,, 0.241 g/L; CaCl,,
0.011 g/L; glucose, 4 g/L) at 37 °C. For the antibiotic tolerance test, bacteria
were grown in M9 minimal medium to an optical density of 0.3 at 600 nm
(ODggo) with shaking, followed by the addition of gentamicin (50 pg/mL,
Solarbio) or colistin (40 pg/mL, Solarbio).

In this study, three distinct E. coli strains were employed: (i) BL21(DE3)
for protein expression and purification, (ii) DH5a for strain engineering and
genetic modifications, and (iii) BTH101 for bacterial two-hybrid systems.
All strains were cultivated in LB medium, with ampicillin (100 ug/mL,
Solarbio), kanamycin (50 pg/mL, Solarbio), X-Gal (40 pg/mL, Coolaber),
and IPTG (0.5 mM/mL, Solarbio) being supplemented as needed.

Construction of micN derivative strain

The micN gene knockout strain was constructed using the lambda Red
recombinase system as described previously™. For the construction of micN
over-expressing strain, S. Typhimurium STM14_RS14310 was cloned into
the pBAD24 vector, which is an arabinose-induced expression plasmid. To
further elucidate the role of MicN and its effect on the expression of key
genes in Salmonella, a pBAD24-micN vector designed for robust and
inducible expression of the micN gene was constructed and introduced into
the AmicN strain (denoted as pmicN), allowing the analysis of the tran-
scriptomes under high micN expression levels (Fig. S6). As a control, the
original plasmid pBAD24 was also introduced into the AmicN strain.
Arabinose was added to a final concentration of 0.05% to induce the
expression of pmicN. Primers and plasmids used in this study are listed in
Table SI and Table S2.

Growth curves

S. Typhimurium ATCC 14028S and the derivative strain AmicN were cul-
tured overnight in LB with shaking (180 rpm) at 37 °C to ensure optimal
growth conditions. Following the overnight incubation, the bacterial cul-
tures were diluted 1:100 into fresh LB or M9 minimal medium and further
incubated with continuous shaking at 37 °C. The bacterial growth was
monitored by measuring the optical density at 600 nm (ODsg,) using a
Bioscreen C Automatic Growth Analyzer, with readings taken every 30 min
for accurate quantification. All strains were performed with four replicates.
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Macrophage infection models

The RAW264.7 macrophage cell line was obtained from Ubigene
(Guangzhou, China). For the infection experiments, S. Typhimurium
strains were inoculated in LB medium overnight at 37 °C with agitation.
The culture was then diluted 1:100 into M9 minimal media and further
incubated at 37 °C to the mid-exponential phase (ODggo = 0.5) for micN
expression. RAW264.7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) medium supplemented with 10% fetal bovine
serum (FBS, Gibco). Approximately 1 x 10° cells were seeded into each
well of a 96-well plate and incubated at 37 °C in a humidified environ-
ment with 5% (v/v) CO,. Cells were then infected with wild-type Sal-
monella and AmicN at a multiplicity of infection (MOI) of 10. After 1 h of
infection, the cells were washed twice with PBS, and fresh DMEM
medium containing gentamicin (100 pg/mL) or ampicillin (20 ug/mL)
was added to eliminate extracellular bacteria. Cell samples were collected
at specific time points (2, 4, 6, and 8 h post-infection), lysed in 1% Triton
X-100, subjected to gradient dilution, and plated on LB Agar for colony-
forming unit (CFU) counting. For gene expression analysis of seven
representative genes (eutK, eutG, eutR, cobS, pduC, glpQ, pspA), cells
were washed after infection for 4h and lysed in 1% Triton X-100 for
RNA extraction. Bacteria before invasion were used as controls (0 h) to
compare the expression levels before and after infection.

Invasion assay

The HT-29 cell line was obtained from Ubigene (Guangzhou, China)
and cultured in RPMI-1640 medium (Gibco) supplemented with 10%
FBS. Cells were incubated at 37 °C in a humidified environment with 5%
(v/v) CO,. Wild-type and AmicN cultures were centrifuged to harvest
the bacteria, which were then diluted with RPMI-1640 medium and
seeded on confluent HT-29 cells in 96-well plates at an infection mul-
tiplicity of 10. One hour after infection, gentamicin (100 ug/mL)
was added to the cells for 1 h to eliminate extracellular bacteria. The cells
were gently washed with phosphate-buffered saline (PBS, Gibco)
and subsequently disrupted using 1% Triton X-100. The number of
intracellular bacteria was determined by counting the CFU of viable
colonies.

LDH assay

The cytotoxic effects of Salmonella were assessed using the Promega
CytoTox 96 Nonradioactive Cytotoxicity Assay Kit, which quantita-
tively measures lactate dehydrogenase released from lysed mammalian
cells via a coupled enzymatic assay. The RAW264.7 macrophage cell line
was cultivated in DMEM fortified with 10% FBS for optimal growth,
maintained at 37 °C with 5% (v/v) CO,. Cells were seeded in 96-well
plates at a density of 1 x 10° cells per well, and logarithmically growing
bacterial cultures were introduced to the cells with an infection multi-
plicity of 10. Four hours after infection, the supernatants were collected,
and freshly prepared reagents were added. The absorbance at 490 nm
(ODygp) was measured after a 30 min incubation in the dark at room
temperature, and the percentage of cytotoxicity was quantitatively
determined.

Murine infection models

All animal experiments were approved by the Animal Care and Use Ethics
Committee of the Institute of Basic Medicine, Shandong Academy of
Medical Sciences (IBMSAMSC Number 098). We have complied with all
relevant ethical regulations for animal use. Six to eight-week-old female
C57BL/6 mice were purchased from Pengyue Technology Co., Ltd. (Jinan,
China) and maintained under specific pathogen-free conditions at 25 °C.
After one week of acclimatization, animals were randomly divided into two
groups (n=6 per group). Each mouse was administered 2 x 10> cells of
either wild-type or AmicN via intraperitoneal injection, using a 100 uL
volume of PBS. Survival rates were recorded at three-hour intervals, and the
resulting data were plotted to generate survival curves. All observations were
included in the analysis without data exclusion.

RNA-seq and data analysis

Strains carrying plasmids pBAD24-micN and pBAD24 respectively, were
grown in LB medium supplemented with 100 pg/mL ampicillin and 0.05%
arabinose at 37 °C to an ODgq of approximately 0.4, then centrifuged at
6000 rpm for 5 min. The resulting bacterial precipitate was promptly flash-
frozen in liquid nitrogen. Three independent biological replicates were
prepared for each strain. Transcriptome sequencing was performed on an
Tlumina HiSeq™ 4000 platform using the services of Novogene Technology
Co. Ltd. (Beijing, China). Clean reads were obtained by removing low-
quality reads and reads containing adapters and ploy-N from raw reads
using SOAPnuke software™. The filtered reads were then mapped to the
reference S. Typhimurium ATCC 14028S genome (Genome ID:
NC_016856.1) available from the NCBI database, using HISAT 2.1.0 soft-
ware. Gene expression levels were quantified using RSEM software (version
1.2.8), employing the FPKM method to represent gene expression™”.
Differential gene expression (DGE) analysis was conducted with EdgeR
employing TMM normalization, and DEGs were defined as having a p-
value < 0.05 and a |log,(FoldChange)| > 1 compared to the control groups.
The identified DEGs were annotated against the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, followed by
GO term functional analysis and KEGG pathway enrichment analysis™*".

RNA preparation and real-time quantitative PCR

The wild-type and AmicN strains were cultured in M9 minimal media at
37°C until reaching the mid-exponential phase (ODggo=0.5) for RNA
extraction. For in vivo assays, bacteria were added to RAW264.7 cells at an
MOI of 10. After 4 h of infection, cells were washed and lysed in 1% Triton
X-100 for RNA extraction. Total RNA extraction was performed using the
RNAprep Pure Cell/Bacteria Kit (Tiangen Biotech). RN A was subsequently
reverse transcribed to cDNA using the Vazyme HiScript III 1st Strand
cDNA Synthesis Kit according to the manufacturer’s instructions and
quantified using a NanoDrop 2000 instrument (Thermo Fisher Scientific).
Primers for real-time quantitative PCR were designed based on target gene
sequences from S. Typhimurium ATCC 14028S, and primer pairs were
identified using the National Center for Biotechnology Information (NCBI)
PrimerBLAST. The resulting cDNA samples were assayed using a real-time
quantitative PCR assay at Applied Biosystems 7500. Relative expression
levels of the target genes were calculated using the 2 -AACT method
described by Livak et al., and 16sSRNA was used as an internal control. Data
were analyzed using Origin 9.1 (Origin Lab Corporation)™.

Protein expression and purification

The micN and rpoS genes were amplified from S. Typhimurium ATCC
14028S genomic DNA and cloned into the expression vector pGLO1. Pro-
tein expression was carried out in the E. coli BL21(DE3) strain. Cultures
were gradually cooled to 16 °C when the ODgo reached 0.4-0.6, and
induction was achieved by adding 0.1 mM IPTG. Cells were harvested at
4000 rpm for 20 min. A sonication process was employed for 10 min,
consisting of 3 s pulses separated by 5 s intervals, for protein lysis. Pur-
ification involved a sequential process: Ni**-NTA affinity chromatography,
anion exchange chromatography, and gel filtration chromatography. The
His-tag was cleaved off using PPase”. Proteins were further concentrated
and refined through Superdex 200 chromatography. Protein quality and
concentration were assessed using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), complemented by Coo-
massie blue staining. All purification procedures were performed at a
constant 4°C to maintain optimal conditions.

Bacterial two-hybrid assay

Plasmids of pUT18C-micN and pKNT25-rpoS were constructed using the
Bacterial Adenylate Cyclase Two-Hybrid System Kit (BACTH System Kit,
Euromedex, EUK001), and co-transformed into the E. coli BTH101 strain.
In addition, pKNT25 and pUT18C were introduced into BTH101 as a
negative control. Positive, negative, and target strains were cultivated to
logarithmic growth phase in LB medium containing 100 pg/mL ampicillin,
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50 pg/mL kanamycin, and 0.5 mM/mL IPTG, then 2 pL of each sample was
plated onto the LB plates containing 100 mg/mL ampicillin, 50 mg/mL
kanamycin, 0.5 mM IPTG, and 40 mg/mL X-Gal.

Pull-down assay

Genes of micN and RpoS were amplified from S. Typhimurium ATCC
14028S genomic DNA and cloned into the pGLO1 vector, which is a
modified expression vector based on pET15b with a PPase cleavage site to
remove the His tag. MicN with a his-tag was used as bait protein, and RpoS
without the his-tag was used as the prey protein. The two proteins were
subjected to ultrasonic fragmentation, incubated on a nickel column, and
subsequently separated by SDS-PAGE. Prey proteins were incubated with
Ni**-NTA beads alone as a negative control.

Bio-Layer Interferometry assay

Bio-Layer Interferometry experiments were performed using an Octet
RED96 instrument (ForteBio) at 25 °C. Biotinylated RpoS (0.1 uM) was
immobilized on SuperStreptavidin sensors (ForteBio, 18-5057) after incu-
bation with EZ-Link-Biotin at 25 °C for 30 min, and then 0.1 uM RNAP
(New England Biolabs, M0550S) was loaded onto each sensor in PBS. To
study the effect of MicN on the interaction between RpoS and RNAP, 1 uM
of purified MicN was added to displace RNAP core, with an equal amount of
PBS added as a control. Data were processed by deduction with sensor
control.

Protein crystallization and structure determination

Crystals of MicN were grown using the hanging drop vapor diffusion
method at 16 °C in a buffer solution containing 1.2 M lithium sulfate
monohydrate and 0.1 M 1,3-Bis-Tris propane at pH 7.0. Diffraction data
were collected at the Shanghai Synchrotron Radiation Facility (SSRF)
using beamlines BL17ul and BL19ul, and subsequently processed with
HKL2000 software®®. For cryoprotection, crystals were soaked in
mother liquor supplemented with 20% (v/v) glycerol. Structural figures
were generated using PyMol software (https://pymol.org/2/). Due to the
absence of homologous structures and the presence of only a single
methionine residue in MicN, Leu27 and Ile33 were mutated to methio-
nine to facilitate the determination of crystallographic phases. The
mutated gene was subsequently ligated into the plasmid pGLO1 and
transformed into E. coli BL21. Protein purification was conducted fol-
lowing the established MicN protocol. Specifically, when the ODsoo
reached 0.4-0.6, L-Leucine, L-Isoleucine, L-Valine, L-Lysine, L-Threo-
nine, L-Phenylalanine, and L-Selenomethionine were added to the cul-
ture at a concentration of 50 mg/L.

Statistical analysis

All analyses were conducted using GraphPad Prism, and a two-tailed Stu-
dent’s t-test was used to calculate the p-value. The statistical significance was
denoted as ***p<0.001, **p<0.005, *p <0.05. Each experiment was
repeated at least three times.

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

Data availability

The data that support the findings of this study are available from Bingqing
Li (binggingsdu@163.com), upon reasonable request. Original data is
available in Mendeley Dataset (doi: 10.17632/9jxhzr8f59.1). Structure of
MicN is available in Protein Data Bank under accession number 7XL7. The
raw sequence data reported in this paper have been deposited in the Gen-
ome Sequence Archive in National Genomics Data Center®*”’, China
National Center for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences (GSA: CRA020931), which are publicly accessible at
https://ngdc.cncb.ac.cn/gsa. Results of RNA-Seq analysis is available
in Supplementary Data.
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