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PmiR senses 2-methylisocitrate levels to regulate 
bacterial virulence in Pseudomonas aeruginosa 
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To adapt to changes in environmental cues, Pseudomonas aeruginosa produces an array of virulence factors to 
survive the host immune responses during infection. Metabolic products contribute to bacterial virulence; 
however, only a limited number of these signaling receptors have been explored in detail for their ability to 
modulate virulence in bacteria. Here, we characterize the metabolic pathway of 2-methylcitrate cycle in P. aer-
uginosa and unveil that PmiR served as a receptor of 2-methylisocitrate (MIC) to govern bacterial virulence. Crys-
tallographic studies and structural-guided mutagenesis uncovered several residues crucial for PmiR’s allosteric 
activation by MIC. We also demonstrated that PmiR directly repressed the pqs quorum-sensing system and sub-
sequently inhibited pyocyanin production. Moreover, mutation of pmiR reduces bacterial survival in a mouse 
model of acute pneumonia infection. Collectively, this study identified P. aeruginosa PmiR as an important met-
abolic sensor for regulating expression of bacterial virulence genes to adapt to the harsh environments. 
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INTRODUCTION 
Propionate is one of the most abundant short-chain fatty acids and 
represents a rich potential source of carbon for the organisms to use 
for survival and metabolic processes (1). However, high concentra-
tions of propionate or propionyl–coenzyme A (CoA) are lethally 
toxic to cells if they accumulate excessively (2). The 2-methylcitrate 
cycle (2-MCC) is a widely distributed carbon metabolic pathway 
playing a crucial role in maintaining a balance of propionate and 
propionyl-CoA in bacteria (3). To avoid excessive accumulation 
of propionate and propionyl-CoA, bacteria have evolved strategies 
to efficiently convert propionyl-CoA into pyruvate via the 2-MCC, 
which serves as a part of an extended tricarboxylic acid (TCA) cycle 
(4). Propionyl-CoA and oxaloacetate are converted to 2-methylci-
trate by 2-methylcitrate synthase PrpC. This is followed by an isom-
erization event via dehydration and rehydration steps controlled by 
the 2-methylcitrate dehydratase PrpD and aconitase AcnB synthe-
sizing 2-methyl-cis-aconitate and 2-methylisocitrate (MIC), respec-
tively. Last, MIC lyase PrpB cleaves MIC into pyruvate and 
succinate, which serve as carbon and energy sources for enzymes 
in the central metabolism (5, 6). Although this pathway has been 
well studied in some bacteria, the role of 2-MCC in other bacterial 
virulence, such as Pseudomonas aeruginosa, remains 
largely unknown. 

P. aeruginosa is an opportunistic pathogen that causes diseases in 
several clinic cases, such as pneumonia and urinary tract infections, 
particularly in burn patients and immunocompromised individuals 
(7). This versatility is thought to result from the strong capacity of 

this bacterium to adapt rapidly to environmental changes and to 
regulate the expression of a number of virulence factors in a coor-
dinated manner (8). The classic model for an epidemiological trian-
gle (host-pathogen-environment) posits that the progress and 
severity of an infection is influenced by a combination of factors, 
including the immune system of the host, virulence of the pathogen, 
and the environmental conditions governing the infection (9). Illus-
trating the role of each of these factors and their interactions will 
allow us to better understand the progression of infection. Similar 
to other bacteria, P. aeruginosa must adapt to changes in its envi-
ronment by sensing environmental signals and regulating the ex-
pression of virulence factors (10). Some external signals, such as 
bacterial density, pH levels, ion levels, oxygen levels, and other 
cues, are mainly sensed and responded to directly by two-compo-
nent systems (TCSs) (11, 12), which play an essential role in control-
ling virulence factors in response to environmental stimuli. 
However, other external signals that regulate the expression of vir-
ulence factors need a process of intracellular signal transduction 
before they are sensed by the transcriptional regulatory proteins. 
For example, the LysR-type transcriptional regulator, HinK, is re-
quired to evoke responses to histamine in P. aeruginosa. The hista-
mine metabolite of imidazole 4–acetic acid induces HinK to activate 
transcription of the HinK regulon that predominantly consists of 
genes involved in histamine uptake and metabolism, iron acquisi-
tion, Pseudomonas quinolone signal (PQS) biosynthesis, and viru-
lence (13). 

To survive in the host, P. aeruginosa has evolved multiple means 
of scavenging nutrients and adjusting its metabolism to maintain 
growth while also coping with stress (14). Furthermore, P. aerugino-
sa secretes an array of surface-associated and extracellular virulence 
factors to cause disease in the host and interfere with host defense 
(15). The diverse arsenal of virulence factors includes pyocyanin, 
exotoxin, and protease, which are tightly regulated by the las, rhl, 
and pqs quorum sensing (QS) system (16, 17). In addition to QS 
systems, the GntR transcriptional factors are also able to regulate 
virulence. For example, we have recently reported that the GntR 
family protein MpaR coordinately regulates anthranilate 

1Key Laboratory of Resources Biology and Biotechnology in Western China, Minis-
try of Education, College of Life Sciences, Northwest University, Xi’an, ShaanXi, 
China. 2Shanghai Public Health Clinical Center, State Key Laboratory of Genetic En-
gineering, Collaborative Innovation Center of Genetics and Development, School 
of Life Sciences, Fudan University, Shanghai 200438, China. 3Department of Bio-
medical Sciences, School of Medicine and Health Sciences, University of North 
Dakota, Grand Forks, ND, USA. 4College of Medicine, Southern University of 
Science and Technology, Shenzhen, China. 
*Corresponding author. Email: 20132571@nwu.edu.cn (J.L.); ganjhh@fudan.edu.cn 
(J.G.); lianghh@sustech.edu.cn (H.L.) 
†These authors contributed equally to this work. 

Cui et al., Sci. Adv. 8, eadd4220 (2022) 7 December 2022                                                                                                                                                       1 of 18  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  



metabolism and affects P. aeruginosa virulence (18). It is predicted 
that P. aeruginosa encodes more than 40 GntR family regulators, but 
only a few of them have been fully characterized. Moreover, the 
methods by which these regulators sense the metabolic intermedi-
ates to modulate the expression of virulence factors remain largely 
unknown in P. aeruginosa. 

Here, we characterized the biosynthesis pathway of 2-MCC and 
identified the GntR family protein PmiR as an MIC sensor that reg-
ulates the expression of genes involved in both metabolism and vir-
ulence in P. aeruginosa. The crystal structure of PmiR/MIC complex 
and site mutagenesis data suggested that PmiR is critical for MIC- 
mediated expression of virulence in P. aeruginosa. In addition, de-
letion of pmiR promotes P. aeruginosa virulence in a mouse model, 
resulting in a worse phenotype. Together, this study points out that 
PmiR senses MIC to regulate P. aeruginosa pathogenesis. 

RESULTS 
Identification of PmiR as a regulator of virulence factors in 
P. aeruginosa 
Because the transcriptional factors play critical roles in metabolic 
homeostasis to modulate virulence, we hypothesized that the 
GntR family proteins might contribute to the process of P. aerugi-
nosa infection. To test this hypothesis, we generated deletion 
mutants for all 43 GntR family regulators and determined the pyo-
cyanin production of each mutant. Pyocyanin is a blue redox-active 
secondary metabolite that is produced by P. aeruginosa and acts as 
an important virulence factor (19). Notably, the deletion of PA0797 
(hereafter named pmiR, pqs regulation, and MIC receptor) exhibit-
ed a marked increase in pyocyanin compared to the wild-type PAO1 
(WT PAO1) and its complemented strain (Fig. 1A). Bacterial mo-
tility as another virulence component is often associated with other 
phenotypic changes that alter bacterial behavior and virulence 
toward host (20). Critically, mutations of pmiR increased the bacte-
rial swarming and swimming motility, and the phenotype was 
rescued by its complemented strain (fig. S1). Collectively, these 
results indicated that PmiR represses P. aeruginosa virulence. 

To understand how pmiR may affect gene expression at the tran-
scriptional level, we compared the transcriptomics of WT PAO1 
with the ΔpmiR mutant by means of RNA sequencing (RNA- 
seq). Mutational analyses of pmiR showed differential regulation 
of 167 genes in WT PAO1 during exponential growth. Among 
these, 139 genes were up-regulated, and 28 genes were down-regu-
lated, belonging to differentially expressed genes (DEGs) (>2-fold 
change and P < 0.05) (Fig. 1B and table S1). Most of those genes 
encode hypothetical proteins with unknown functions. The remain-
ing genes may play an important role in the bacterial system, for 
example, in metabolic processes, QS, pathogenesis, and regulation 
of transcription or as adenosine triphosphate–binding cassette 
transporters (Fig. 1C). To verify the reliability of the RNA-seq 
data, we randomly selected seven genes, and their expression was 
analyzed by quantitative reverse transcription polymerase chain re-
action (qRT-PCR). Consistent with the RNA-seq result, the expres-
sion of these selected genes was differently regulated by 
pmiR (Fig. 1D). 

Characterization and regulation of the gene clusters 
involved in 2-MCC 
Notably, RNA-seq analysis identified the expression of the PA0792 
to PA0796 cluster as among the most highly (20- to 60-fold) up-reg-
ulated genes (table S1). The database of P. aeruginosa genome 
showed that PA0793 and PA0794 share the same operon; it is 
likely that prpB, methylisocitrate lyase, is cotranscribed with pmiR 
(fig. S2A) (2). Moreover, it is predicted that these clusters encode 
enzymes that are required for 2-methylcitrate metabolism, which 
has been well established in other bacteria (6). To validate the met-
abolic pathway in P. aeruginosa, we expressed and purified the PrpB, 
PrpC, and PrpD proteins (fig. S2B), which are three key enzymes 
involved in 2-MCC. Metabolites analysis by high-performance 
liquid chromatography (HPLC) showed that the enzyme-catalyzed 
reaction was the same as in other bacteria (fig. S2C). To further 
assess the role of these genes in 2-methylcitrate metabolism, we gen-
erated three mutant strains, including ΔprpB (ΔPA0796), ΔprpC 
(ΔPA0795), and ΔprpD (ΔPA0792) and measured their growth in 
M9 medium supplemented with the corresponding substrate as a 
sole carbon source. Our data showed that the ΔprpB, ΔprpC, and 
ΔprpD mutants grew like WT PAO1 when cultured with M9 
medium with sodium citrate (fig. S3A) but have notable growth 
defects when sodium propionate was used as the sole carbon 
source (fig. S3B). We also observed that the ΔprpB mutant grew 
slowly than WT PAO1 in a medium with MIC or succinate as the 
sole carbon source (fig. S3C). This growth defect was restored to the 
WT levels by introducing the corresponding complemented 
plasmid to these mutants. In addition, similar to pmiR, deletion 
of prpB, prpC, and prpD exhibited increased pyocyanin production 
and bacterial motility (fig. S4). Together, these results suggested 
that PrpB, PrpC, and PrpD play critical roles in 2-MCC and is 
related to P. aeruginosa virulence. 

To further assess this regulation of PA0792-PA0797 clusters by 
pmiR, we constructed three promoter-lux fusions, including prpB- 
lux ( prpB shares the same promoter with pmiR), prpC-lux, and 
prpD-lux and measured their activity in a WT PAO1 strain, a 
pmiR deletion mutant, and its complemented strain (ΔpmiR/p- 
pmiR). As expected, the promoter activity of these fusions was dras-
tically increased in ΔpmiR mutant compared to the WT PAO1 
strain. Introduction of the p-pmiR to ΔpmiR can restore activity 
to the WT levels (Fig. 1E and fig. S5A). To further confirm this 
result, we compared the protein level of prpB in WT PAO1 with 
ΔpmiR and with the complemented strain by Western blot analysis. 
Consistent with the transcription of prpB, the PrpB level was much 
higher in ΔpmiR than WT PAO1 and the complemented 
strain (Fig. 1F). 

To determine whether this regulation is direct, electrophoretic 
mobility shift assays (EMSAs) were performed using the recombi-
nant PmiR protein (fig. S5B) and the intergenic regions of prpB, 
prpC, and prpD. We found that PmiR efficiently bound only to 
the promoter region of prpB (Fig. 1G) but not to prpC and prpD. 
To ascertain the binding sites, we carried out deoxyribonuclease I 
(DNase I) footprinting assay. We found that PmiR protected prpB 
promoter region from DNase I digestion at two adjacent sites (site I: 
−97 to −83 and site II: −71 to −55; relative to the start codon) 
(Fig. 1H). To determine whether the two motifs were necessary 
for binding to PmiR, we performed EMSAs again using three trun-
cated DNA fragments, which lacked the first ( prpB-p1), the second 
( prpB-p2), or both of the two binding motifs ( prpB-p3) (fig. S2A). 
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Intriguingly, EMSAs showed that PmiR was unable to bind to the 
three truncated fragments but efficiently bound to the long palin-
dromes ( prpB-p4) with the two binding motifs (Fig. 1I). Collective-
ly, these results suggested that PmiR was directly involved in 
regulation of the 2-methylcitrate pathway. 

PmiR controls virulence expression through directly 
regulating the pqs system 
Previous studies have shown that the pyocyanin production is 
tightly regulated by QS systems (20). As deletion of pmiR exhibited 
enhanced pyocyanin production (Fig. 1A), we next sought to deter-
mine whether the pyocyanin was controlled through regulating the 
QS system. To verify this hypothesis, we measured the promoter ac-
tivity of lasI-lux, lasR-lux, rhlI-lux, rhlR-lux, pqsR-lux, and pqsH-lux 
in the WT PAO1 strain, ΔpmiR mutant, and complemented strain 

(ΔpmiR/p-pmiR). We found that the activity of pqsR-lux and pqsH- 
lux was strongly induced in ΔpmiR compared to the WT parent. 
Complementation of p-pmiR plasmid restored the expression of 
pqsR and pqsH to WT levels (Fig. 2A). Similarly, the transcription 
of pqsA was also increased in ΔpmiR (fig. S5C). However, lasI-lux, 
lasR-lux, rhlI-lux, and rhlR-lux showed no difference among the 
WT PAO1, ΔpmiR mutant, and the complemented strain (fig. S5, 
D to G). To further verify whether the increased expression of pqsA, 
pqsR, and pqsH leads to augmented PQS production, the PQS was 
extracted from WT PAO1 and the mutant strains and analyzed by 
thin-layer chromatography (TLC). These data showed that the pro-
duction of PQS was much higher in the ΔpmiR mutant than that in 
WT PAO1 and the complemented strain (Fig. 2B). 

To probe whether PmiR directly binds to the promoter regions 
of pqsA, pqsR, and pqsH, we carried out EMSAs using PmiR protein. 

Fig. 1. PmiR controls pyocyanin production and regulates the genes expression of 2-MCC. (A) Pyocyanin production of the wild-type PAO1 (WT PAO1), ΔpmiR 
mutant, and the complemented strain was detected in Luria-Bertani (LB) broth for 24 hours. (B) Volcano plot of the DEGs was analyzed between the WT PAO1 and 
ΔpmiR strain by RNA-seq. Red dots, up-regulated. Green dots, down-regulated. FC, fold change. (C) PmiR regulon categorized by Clusters of Orthologous Gene 
(COG). (D) qRT-PCR analysis of the indicated genes in WT PAO1 and ΔpmiR strain. ABC, adenosine triphosphate–binding cassette. (E) Expression of prpB was measured 
in the indicated strains. (A, D, and E) Error bars indicate the means ± SD of three independent experiments. *P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, no 
significance. EV represents the empty vector pAK1900. OD600, optical density at 600 nm. CPS, Counts per second. (F) The expression of PrpB-Flag from the indicated strains 
was detected by Western blot with an α-Flag antibody. α–RNA polymerase (RNAP) was used as a loading control. (G) EMSA showing that PmiR binds to the promoter 
region of prpB but not prpC or prpD. Each reaction mixture contains PCR products (2.0 ng/μl). The protein concentrations were indicated above the lane. (H) DNAase I 
footpringing on the prpB promoter by PmiR showed two regions protected by PmiR. (I) EMSAs showing that PmiR binds to the promoter region of prpB-p4 (−97 to +100, 
with site I and site II) but not prpB-p1 (−71 to +100, which lacks site I), prpB-p2 (−217 to −84, which lacks site II), and prpB-p3 (−54 to +100, which lacks both site I and 
site II). 
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We found that PmiR bound to the promoter regions of pqsR and 
pqsH but not pqsA (Fig. 2C). To further determine the function 
of PmiR on the regulation of pqsH, we searched for potential 
PmiR-binding sites in the promoter region of pqsH using a dye- 
based DNase I footprinting analysis. As shown in Fig. 2D, one 
region of the pqsH promoter was apparently protected against 
DNase I digestion in the presence of PmiR. The protected region 
(CGCCGCCCGCCGCGGCG) extended from nucleotides −264 
to −248 relative to the pqsH start codon. We also noted that a 
certain degree of motif (CGCCGGCTCGCTTTCTGCGCGGCG, 
−552 to −529 from the pqsR translational start codon) was also 
present in the promoter regions of pqsR. To determine whether 
the motif was necessary for binding to PmiR, we performed 

EMSAs again using a pqsH-p1 DNA fragment (−249 to +20 relative 
to the start codon of pqsH, without the binding motif) and a pqsH- 
M-p DNA fragment (the motif CGCCGCCCGCCGCGGCG was 
mutated to CTCCTCCCGCCTCTTCT). Neither pqsH-p1 nor 
pqsH-M-p was able to bind to PmiR (Fig. 2E). Similarly, PmiR 
could not bind to the pqsR-p1 (−530 to +1 relative to the start 
codon of pqsR, without the binding motif ) and pqsR-M-p 
(CGCCGGCTCGCTTTCTGCGCGGCG was mutated to 
CTCCTTCTCGCTTTCTGCTCTTCT) fragments (Fig. 2E). In ad-
dition, the transcriptional activity of both the pqsH-M-p and pqsR- 
M-p promoters in the ΔpmiR mutant was comparable to the WT 
parent (Fig. 2F), which contrasted with the observation that the ex-
pression of WT pqsR and pqsH was strongly induced in ΔpmiR 

Fig. 2. PmiR controls the production of pyocyanin by directly regulating the pqs system. (A) Expression of pqsR-lux and pqsH-lux was measured in WT PAO1, ΔpmiR, 
and the complemented strain. (B) TLC analysis of PQS produced by the indicated strains. PQS is a standard sample control. Data are representative of three independent 
replicates. (C) EMSAs showing that PmiR binds the promoter region of pqsR and pqsH but not pqsA. Each reaction mixture contains PCR products of pqsR, pqsH, and pqsA 
(2.0 ng/μl). The protein concentrations were indicated above the lane. (D) Electropherograms show the protection pattern of the pqsH promoter after digestion with 
DNase I following incubation in the absence and the presence of two different concentrations of PmiR. The PmiR-protected region (relative to the start codon) was 
indicated by a dotted line. (E) EMSAs showing that PmiR could bind to the truncated promoter region of pqsH-p1 and pqsR-p1 (with the protected region) but not 
pqsH-p2 and pqsR-p2 (without the protected region) and the mutated pqsH-M-p and pqsR-M-p. Each reaction mixture contains PCR products (2.0 ng/μl). The protein 
concentrations were indicated above the lane. (F) The promoter activity of pqsR-lux, pqsH-lux, pqsR-M-p, and pqsH-M-p was measured in WT PAO1 and ΔpmiR strain. (G) 
The production of pyocyanin was measured in PAO1, ΔpmiR, ΔpmiRΔpqsH, and ΔpmiRΔpqsR strains cultured overnight in LB medium. (A, F, and G) Error bars indicate the 
means ± SD of three independent experiments. Statistical significance was calculated using one-way analysis of variance (ANOVA) Dunnett’s multiple comparison test, * P 
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. EV represents the empty vector pAK1900. 
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strain. Collectively, these results suggested that PmiR directly bound 
to the promoters to repress the transcription of pqsH and pqsR. 

As PmiR directly repressed the expression of the pqs system, we 
proposed that PmiR repressed pyocyanin production by means of 
regulating the pqs system. To test this hypothesis, the ΔpmiRΔpqsR 
and ΔpmiRΔpqsH double mutants were generated. In the ΔpmiR 
mutant, deletion of pqsR or pqsH restored the pyocyanin product 
to the WT levels (Fig. 2G). Together, these results demonstrated 
that PmiR controls pyocyanin production by directly repressing 
the pqs system. 

MIC and its analogs appear to be the effector for PmiR 
The GntR family proteins often bind DNA as homodimers, and that 
regulation of DNA binding is dependent on the binding of an effec-
tor molecule (21). For example, PrpR senses acyl-CoAs to regulate 
gene transcription in Mycobacterium tuberculosis (22). As afore-
mentioned, PmiR participates in regulation of 2-MCC (Fig. 1). De-
letion of pmiR caused a marked increase in prpB expression, which 
resulted in the accumulation of pyruvate and succinate and reduc-
tion of MIC (fig. S2C). Therefore, we were interested in determining 
whether the substrate MIC or the products, including pyruvate and 
succinate of the PrpB, could be a potential effector of PmiR. To 
address this, we performed EMSAs to evaluate whether these com-
pounds affected PmiR binding to its targets. The addition of 1 mM 
MIC (Fig. 3A) or 4 mM succinate (fig. S6A) decreased the binding 
of PmiR to prpB promoter, whereas the addition of 10 mM citrate or 
pyruvate did not (fig. S6, B and C). In addition, the addition of iso-
citrate, a structural analog of MIC, was also able to prevent binding 
of DNA by PmiR (Fig. 3B). 

Because the MIC and isocitrate can alter the DNA binding affin-
ity of PmiR, we next sought to determine whether these two com-
pounds bind to PmiR. To this end, the interaction between PmiR 
and MIC or isocitrate was confirmed by isothermal titration calo-
rimetry (ITC), and the binding affinities were compared. We found 
that PmiR could bind to MIC with a dissociation constant (Kd) of 
21.8 μM (Fig. 3C). Similarly, isocitrate also interacts with PmiR with 
a Kd of 64.1 μM (Fig. 3D). No interaction was observed between 
PmiR and citrate (fig. S6D), which is consistent with the results 
from EMSAs. 

We reasoned that binding of these compounds to PmiR would 
affect PmiR-mediated regulation of gene expression. To verify this, 
we monitored the transcription activity of pqsH-lux in the ΔpmiR 
mutant in the presence or absence of MIC and compared to WT 
PAO1. We observed that in WT PAO1 and the complemented 
strain, MIC strongly induced the activity of pqsH. No significant dif-
ference in pqsH expression could be found in the ΔpmiR mutant 
strain (Fig. 3E). We also examined the activity of prpB-lux in WT 
PAO1, ΔpmiR, and its complemented strain cultured in M9 
medium with or without isocitrate. Similar to pqsH, the activity of 
prpB was strongly stimulated by isocitrate in WT PAO1 and the 
complemented strain but not in the ΔpmiR mutant (Fig. 3F). 
These results were further verified by monitoring the protein level 
of PrpB using Western blot analysis. In line with the transcription of 
prpB gene, the PrpB levels were drastically increased in WT PAO1 
and the complemented strain by the addition of different concen-
trations of isocitrate. In contrast, no changes were observed in the 
ΔpmiR mutant (Fig. 3G). Collectively, these results suggested that 
MIC and its analog isocitrate were involved in PmiR-mediated reg-
ulation of gene expression. 

Structural characterization of Zn2+ ion and MIC binding 
by PmiR 
To reveal the structural basis for effector binding by PmiR, we per-
formed extensive crystallization trials. Although no crystal grew for 
the full-length protein, we successfully solved the structures of one 
truncated PmiR protein (amino acids 15 to 232) in the absence or 
presence of MIC. In vitro binding assays confirmed that N-terminal 
residue truncation had no obvious impacts on DNA binding by 
PmiR (fig. S7A). ITC analysis showed that the truncated PmiR 
could also bind to MIC with a Kd value of 62.9 μM (fig. S7B). 
Both the apo form and the MIC-complexed crystals belong to the 
I4122 space group (table S2) and contain one PmiR monomer per 
asymmetric unit. Each PmiR monomer (Fig. 4A and fig. S7C) can be 
divided into two domains: Helix-Turn-Helix (HTH) domain 
(amino acids 17 to 81) and effector binding (amino acids 85 to 
223) domain. The HTH domain is composed of three α helices 
(α1 to α3) and two β strands (β1 and β2); the effector binding 
domain is composed of six α helices (α4 to α9) that are arranged 
in two layers (Fig. 4A). The orientations between the two 
domains are mainly stabilized by the hydrophobic residues 
located at the interface, such as V31, P37, L69, V80, and V81 of 
the HTH domain and L170, R172, and M173 of the effector 
binding domain (fig. S7, D and E). 

The effector binding domain captured one well-defined Zn2+ ion 
in both structures (fig. S7, F and G). Zn2+ is copurified with PmiR 
and is six-coordinated. In the apo-form structure, the Zn2+ ion co-
ordinates with two water molecules and the side chains of D143, 
H147, H192, and H214 (Fig. 4B). D143 and H147 belong to the 
α5 helix, whereas H192 and H214 are located in the middle of the 
α8 and α9 helices, respectively (Fig. 4C). The complex structure was 
refined at 2.5-Å resolution, which produced clear electron density 
maps for MIC (fig. S7G). Like H147, H192, and H214, MIC also 
coordinates with the Zn2+ ion through the carboxylate groups at po-
sitions 1 and 3 and the hydroxyl group at position 2. The conforma-
tion of MIC is further stabilized by its hydrogen binding (H-bond) 
interactions with the side chains of R95, R184, and S218 (Fig. 4D). 
Because of stable H-bond interactions with E99 or E191, the con-
formations of R95 and R184 are well conserved in the two 
structures. 

The crystal structures led us to further analyze the function of 
several conserved residues in PmiR in vivo and in vitro. To this 
end, we constructed and purified several PmiR mutants with 
either Zn2+-coordinating (D143, H147, H192, and H214) or 
MIC-binding (R95, R184, and S218) residue substituted with Ala 
(fig. S7H). We next examined the binding ability of PmiR to MIC 
by ITC (Fig. 4E). The mutants, including PmiRH147A, PmiRH192A, 
PmiRH214A, PmiRR95A, PmiRR184A, and PmiRS218A could not effi-
ciently bind to MIC. However, the PmiRD143A mutant displayed 
higher binding affinity (Kd = 2.1 μM) than WT PmiR, likely due 
to the removal of competition between D143 site chain and MIC 
for Zn2+ coordination (Fig. 4, B and C). To further investigate the 
function of MIC and the conserved residues of PmiR, we performed 
EMSAs. Our data revealed that the addition of 1 mM MIC de-
creased the binding of PmiRD143A to the prpB probe, whereas 
MIC did not affect the binding of PmiRH147A, PmiRH192A, 
PmiRH214A, PmiRR95A, PmiRR184A, and PmiRS218A to the same 
DNA probe (fig. S8A). Collectively, these results strongly suggested 
that these conserved residues, including H147, H192, H214, R95, 
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R184, and S218 play, a critical role in the binding of MIC, which in 
turn inhibits DNA binding by PmiR. 

As mentioned above, pyocyanin production is increased in 
ΔpmiR as compared to WT PAO1 (Fig. 1A). Therefore, we used 
this phenotype to compare the in vivo activity of the WT and 
mutated variants of PmiR by means of a complementation assay. 
The site-mutated coding sequence of pmiR was cloned into 
plasmid pAK1900 and independently introduced into the ΔpmiR 
strain. As shown in Fig. 4G, complementation of this mutant with 
p-pmiR or p-pmiRD143A restored the pyocyanin production to WT 
levels. Conversely, the pyocyanin production was not complement-
ed by introducing plasmids containing p-pmiRH147A, p-pmiRH192A, 
p-pmiRH214A, p-pmiRR95A, p-pmiRR184A, or p-pmiRS218A. We also 
confirmed the function of these conserved residues using the 

phenotype that the expression of pqsH was increased in the 
ΔpmiR strain (fig. S8B). Combined with the in vitro results, these 
data clearly demonstrated that PmiR residues H147, H192, H214, 
R95, R184, and S218 are essential for PmiR activity in the cell. 

Basis for DNA binding and regulation by MIC 
Although only one PmiR monomer presents in the asymmetric unit 
of the crystal lattice, the in vitro size exclusion chromatographic 
profile indicated that PmiR exists as homodimer in solution (fig. 
S9A). PmiR homodimer (Fig. 5A) can be easily generated through 
symmetric operation. Dimerization is mediated by various interac-
tions between the two PmiR monomers. As depicted in fig. S9B, the 
side chain of R161 forms H-bond interaction with the main chain O 
atom of G66, whereas it forms salt-bridge interaction with the side 

Fig. 3. PmiR senses MIC to regulate the expression of genes involved in virulence factors. (A and B) EMSA showing the effect of different concentrations of MIC and 
isocitrate on the DNA binding ability of PmiR. Each reaction mixture contains DNA (2 ng/μl), 0.3 μM PmiR, and the indicated concentrations of MIC and isocitrate. Data are 
representative of three independent replicates. (C and D) ITC experiments of PmiR toward MIC and isocitrate. The top panel shows heat differences upon injection of MIC 
(C) or isocitrate (D), and the bottom panel shows integrated heats of injection with the best fit (solid line) to a single binding model using Microcal ORIGIN. (E) Expression 
of pqsH-lux was tested in WT PAO1, ΔpmiR, and the complemented strain cultured in M9 minimal medium (MM) with or without 2 mM MIC. (F) Expression of prpB-lux was 
measured in WT PAO1, ΔpmiR, and the complemented strain cultured in M9 MM with or without 2 mM isocitrate. Error bars indicate the means ± SD of three independent 
experiments. Statistical significance was calculated using one-way ANOVA Dunnett’s multiple comparison test, **P < 0.01; ***P < 0.001; ****P < 0.0001. EV represents the 
empty vector pAK1900. (G) The protein levels of PrpB-Flag were detected in the indicated strains cultured in M9 medium with or without isocitrate by Western blot 
analysis. The tagged proteins were detected using a Flag antibody. α-RNAP antibody was used as a loading control. Data are representative of three independent 
replicates. 
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chain of E166. Salt-bridge interaction also forms between the side 
chains of E93 and R109; besides the main chain O atom of E90, the 
side chain of N156 also forms H-bond interaction with the side 
chain of E93 (fig. S9C). Notably, there are many hydrophobic res-
idues (fig. S9, D and E) located at the dimerization interface, such as 
I94 and L98 of the α4 helix and L159, M162, and L167 of the α7 
helix, forming extensive hydrophobic interactions. In addition to 

the WT protein, we also constructed two PmiR mutants, I94E/ 
L98E and L159E/M162E. Unlike the WT protein, both mutants 
are very unstable and quickly precipitate after the first HisTrap 
column purification, suggesting that the hydrophobic interactions 
are important for the stability and function of PmiR. 

PmiR can bind the promoter and regulate the transcription of 
various genes. As demonstrated by many reported structures, 

Fig. 4. Crystal structure of PmiR-MIC complex. (A) The overall fold of PmiR monomer. (B) Zn2+ coordination observed in the apo-form PmiR structure. (C) Zn2+ and MIC 
interactions observed in the MIC-complexed structure. (D) Interactions between MIC and other residues of PmiR. In (B) to (D), the Zn2+ ion is shown as sphere; MIC, MIC- 
interacting, and Zn2+-coordinating residues are shown as sticks. (E) ITC analysis showing the impacts of Zn2+ binding and other key residues on MIC binding by PmiR. For 
each figure, the top panel shows heat differences upon injection of MIC, and the bottom panel shows integrated heats of injection with the best fit (solid line) to a single 
binding model using Microcal ORIGIN. (F) The production of pyocyanin was measured in WT PAO1, ΔpmiR, and the different complemented strains. Lower photos show 
strains cultured in LB broth for 24 hours. Data are representative of three independent replicates. Error bars indicate the means ± SD of three independent experiments. 
**P < 0.01; ***P < 0.001; ****P < 0.0001 compared to WT PAO1 by Student’s t test. EV represents the empty vector pAK1900. 
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transcription factors mainly use their positively charged residues for 
interacting with DNA. Of the total 240 residues of PmiR, 39 are pos-
itively charged (either Arg, Lys, or His) and concentrate on several 
different regions of the surface (Fig. 5B). To map the residues im-
portant for DNA binding by PmiR, we performed systematic muta-
tions (fig. S9F) and in vitro DNA binding assays. The results showed 
that single Ala substitution of R24, R48, R54, R58, H62, R72, or 
R172 all lowered the DNA binding abilities of the protein, com-
pared to that of WT PmiR (Fig. 5C). R48, R54, R58, H62, and 
R72 all belong to the HTH domain and are located at the A 
region of the surface (Fig. 5B). R24 from the same HTH domain 

resides on the back and is far away from any of the A-region resi-
dues. However, we found that R24 and R172 from the partner mol-
ecule HTH and effector binding domains are located at the B region, 
which is very close to the A region in space (Fig. 5B). On the basis of 
the structural analysis and in vitro binding assay results, we pro-
posed one plausible DNA binding model of PmiR (Fig. 5D). 

The DNA binding ability of PmiR is suppressed by MIC. To un-
derstand the underlying basis, we compared the apo-form and 
MIC-bound PmiR structures. As supported by the low root mean 
square deviation value (0.6 Å), the overall folds of the two structures 
are very similar (Fig. 5E). However, binding of MIC does cause 

Fig. 5. Basis for DNA binding regulation by MIC. (A) The cartoon presentation of the apo-form PmiR homodimer. The HTH and effector binding domains are colored 
differently in one monomer, whereas both are colored in light-blue in the partner molecule. (B) The surface presentations of PmiR homodimer. The positive and negative 
residues are colored in blue and red, respectively. (C) EMSAs showing the DNA binding abilities of WT and mutated-PmiR proteins. Each reaction mixture contains PCR 
products of prpB (2.0 ng/μl). The protein concentrations are indicated above the lane. Data are representative of three independent replicates. (D) The proposed DNA 
binding model of PmiR homodimer, which is colored as in (A). Residues important for DNA binding are highlighted as spheres. The disordered linker-1 region is indicated 
by black dots. (E) Comparison of the overall structures of the apo-form and MIC-complexed PmiR. (F and G) Superposition showing the conformational changes of D143 
and the 139QQEGD143 fragment in the apo-form and MIC-complexed PmiR structures. In (E) to (G), the C atoms of the MIC-complexed PmiR proteins are colored in 
magenta. Zn2+ ion and MIC are shown as yellow sphere and sticks in atomic color (C, cyan; O, red), respectively. The apo-form PmiR structure is colored similarly as 
in (A). EB, Effector binding 
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some conformational changes of local residues. In the apo-form 
structure, the side chain of D143 coordinates with the Zn2+ ion 
(Fig. 4B), whereas it rotates about 120° around the C─C bond to 
avoid clash with the carboxylate group at position 1 of MIC in 
the MIC-complexed structure (Fig. 5F). Unlike the apo-form struc-
ture, 139QQEGD143 does not form continuous helix (α6) with resi-
dues 144 to 153 in the MIC-complexed structure; instead, it adopts 
an extended conformation. 

PmiR α5 and α6 helices are connected by one long linker, linker- 
1 (amino acids 127 to 138). Linker-1 is disordered in the apo-form 
structure and is very close to DNA in the proposed model (Fig. 5G). 
The high flexibility may allow linker-1 to undergo certain confor-
mational arrangement to interact with DNA. Although it is also dis-
ordered in the MIC-complexed structure, connecting with the 
extended 139QQEGD143 fragment may prevent linker-1 from large 
conformational arrangement, leading to the lower DNA binding 
ability of PmiR. 

Comparison with homologous proteins 
PmiR belongs to the GntR superfamily. The structures of many 
GntR superfamily proteins have been reported, but they all share 
low (<40%) sequence similarity with PmiR. To better understand 
the structural and functional relationship of PmiR, we compared 
PmiR with FadR, one of the most studied members of the GntR 
superfamily. FadR shares 25% sequence similarity with PmiR (fig. 
S10A). Of the four Zn2+ ion-coordinating residues, only one is con-
served in FadR, which may contribute to their different effector 
preference. Besides the apo-form structure, the ligand-bound and 
DNA-bound structures of FadR have also been reported. Superpo-
sition showed that the overall folds of the HTH and EB domains are 
similar in the PmiR and FadR structures (fig. S10, B and C), but the 
linker-1 region of FadR is much shorter (fig. S10A). Besides the ori-
entations of the HTH domains (fig. S10C), the structural analysis 
and binding assay results (Fig. 5C) indicated that residues involved 
in DNA binding are not identical for PmiR and FadR. 

Very recently, the structures of Atu1419 from Agrobacterium 
fabrum were reported (23). Atu1419 shares 36% sequence similarity 
with PmiR (fig. S11A). The overall folds of the effector binding 
domains are similar in the PmiR and Atu1419 structures, but they 
showed clear differences at two regions (fig. S11B), namely, the 
linker-1 region and the linker-2 region (which connects the α7 
and α8 helices). The effector binding domain of Atu1419 also cap-
tured one Zn2+ ion, which forms similar coordination as the one in 
the apo-form PmiR structure. The crystallization conditions of 
several Atu1419 crystals contained high-concentration citric acid 
(CIT). In the structures, well-defined CIT was observed, coordinat-
ing with the Zn2+ ion. CIT adopts two different conformations (fig. 
S11C), but neither changes the conformations of N137 (corre-
sponding to D143 of PmiR) and the linker-1 region residues. Con-
formational changes can be observed for the linker-2 region 
residues (fig. S11D); however, comparison with the ternary 
Atu1419-DNA-CIT complex (fig. S11E) indicated that CIT has 
no effects on DNA binding and is not a natural effector of 
Atu1419. Upon effector binding, conformational changes also 
occur to the linker-2 region of the FadR structure. 

FadR and Atu1419 bind DNA by their HTH domains in a sym-
metric manner (figs. S11B and S12E). The effector-induced confor-
mational changes of the effector binding domains do not directly 
block target DNA recognition by either FadR or Atu1419; instead, 

they mainly follow the allosteric mechanism in suppressing target 
DNA transcription. The recognized DNA sequences are 5′-ATG-
TATACAT-3′ and 5′-TGGTNxACCA-3′ for Atu1419 and FadR, re-
spectively. PmiR regulates the expression of various genes. 
Although it also belongs to the GntR superfamily, it recognizes 
very different DNA sequences. Unique effectors and conformation-
al changes ( fig. S11F) all suggested that PmiR is different from 
Atu1419, FadR, and many other GntR members. Rather than indi-
rect allosteric mechanism, the effectors of PmiR directly compete 
with DNA binding in an asymmetric manner (Fig. 5D). The 
HTH domains adopt different orientations in the Atu1419-DNA- 
CIT complex and the PmiR structures (fig. S11G). At this stage, 
we could not fully rule out the possibility that the PmiR HTH 
domain undergoes conformational rearrangement and binds 
DNA in a symmetric manner. However, the biological relevance 
of such symmetric binding mode needs to be further investigated 
in the future. 

Loss of pmiR promotes mouse mortality and lung injury 
following P. aeruginosa infection 
The increased pyocyanin production and bacterial motility in the 
ΔpmiR strain led us to investigate the role of PmiR in pathogenesis 
using a well-established mouse model of acute pneumonia with 
which we have years’ experience (24). To this end, the WT PAO1, 
ΔpmiR, the complemented strain ΔpmiR/p-pmiR and ΔpmiRΔpqsR 
double mutant were intranasally inoculated into C57BL/6J mice, re-
spectively. Survival studies showed that the loss of pmiR signifi-
cantly decreased mouse survival compared to the WT PAO1, in 
which ΔpmiR caused mouse death up to 33.33% by 24 hours. By 
contrast, the WT PAO1–infected mice showed lowered death rates 
with 61.11% survival by 24 hours (Fig. 6A). The survival experi-
ments in mice have been vigorously performed with three repeti-
tions containing six mice per group and analyzed by Kaplan- 
Meier (log-rank test) assays. This phenotype of survival was restored 
by infection with the complemented strain ΔpmiR/p-pmiR or 
ΔpmiRΔpqsR double mutant strain. This observation indicates 
that PmiR plays a role in virulence in mouse pneumonia models, 
which may be also exerted by pqsR, as ΔpmiRΔpqsR double deletion 
exhibited a similar phenotype of WT PAO1 strain. In addition, the 
colony-forming units (CFUs) in lungs and bronchoalveolar lavage 
fluid (BALF) from the ΔpmiR-infected mice at 24 hours were sig-
nificantly higher than those of mice challenged with WT PAO1 or 
the complemented strain (Fig. 6, B and C). Moreover, there were 
increased lung injury and inflammatory cells in the mice infected 
with ΔpmiR strain compared to those infected by WT PAO1 
(Fig. 6E). Quantitative scoring of histological lung injury demon-
strated that ΔpmiR-infected mice appeared significantly aggravated 
compared to WT PAO1-infected mice (Fig. 6D). Furthermore, cell 
viability of alveolar macrophages (AMs) isolated from mice was 
enumerated using a cell counting kit-8 (CCK-8) kit, which de-
creased evidently after ΔpmiR strain infection compared to WT 
PAO1 infection (Fig. 6F). 

Bacterial infection is consistently shown to promote reactive 
oxygen species (ROS) induction, and excessive production of ROS 
can cause organelle disruption and cell malfunction, consequently 
leading to tissue injury unless immediate and effective removal of 
ROS (25, 26). To assess the levels of ROS in the infected mouse cells, 
we isolated AMs from the mice infected with above strains, which 
showed a ∼2-fold increase in oxidative levels of the ΔpmiR strain– 
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infected mice compared to the PAO1 strain–infected mice (Fig. 6G), 
using a dihydrodichlorofluorescein diacetate (H2DCF) assay, which 
is a commonly used sensitive fluorescence method for quantifying 
superoxide. To ascertain the data of ROS analysis, the ROS levels 
following deletion of pmiR was also determined using a nitroblue 
tetrazolium (NBT) assay, and similar results to the H2DCF assay 
were attained (Fig. 6H). It would be a merited approach to differ-
entiate the source of ROS from two major acute inflammatory 
phagocytes, AMs and polymorphonulcear neutrophils (PMNs). 
As myeloperoxidase (MPO) activity reflects the main contribution 
of ROS of PMNs, we carried out an MPO assay for the homogenate 
of lung tissues following infection and observed an increase in MPO 
in the lungs infected by the pmiR-deletion strain versus the WT 
strain or complemented strain (Fig. 6I). Together, these results 

clearly demonstrate that PmiR plays a pivotal role in regulating bac-
terial virulence in mice with increased death rates, bacterial 
burdens, and tissue injury by augmenting oxidative stress and in-
flammatory responses. 

pmiR deficiency aggravated inflammatory response and 
pyroptosis through the signal transducer and activator of 
transcription 3/nuclear factor κB signal pathway after P. 
aeruginosa infection 
To investigate whether PmiR influences host inflammatory respons-
es, we measured critical inflammatory cytokines [tumor necrosis 
factor–α (TNF-α), interleukin-1β (IL-1β), and IL-6] in BALF 
24 hours after infection as inflammatory situations are critical for 
host defense and survival against infectious diseases. We found 

Fig. 6. PmiR plays an important role in P. aeruginosa pathogenesis. (A) Deletion of pmiR increased the virulence of P. aeruginosa. C57BL/6J mice were intranasally 
challenged with WT PAO1, ΔpmiR, ΔpmiR/p-pmiR, or ΔpmiRΔpqsR at 2 × 107 CFU in 50 μl of phosphate-buffered saline (PBS), and moribund mice were euthanized for 
survival data, which are presented with Kaplan-Meier survival curves (n = 6 for each group). The mouse survival assay was measured three times, and data shown are 
representative of these assays. Statistical significance was calculated using log-rank test. (B and C) Mice were infected with bacteria as (A) or a PBS control. At 12 and 
24 hours, the lungs (B) and BALF (C) from infected mice were collected. Bacterial loads were enumerated through serial dilution and plating. (D) Evaluation of lung injury. 
(E) Lung injury assessed by hematoxylin and eosin staining at 24 hours after infection with the indicated P. aeruginosa strains. Scale bars, 1000 μm (top; original mag-
nification, ×20) and 1000 μm (bottom; original magnification, ×40). The boxes at the top were enlarged in insets below. (F) Cell viability of AM was evaluated through the 
CCK-8 assay. (G and H) ROS production in AMs was detected by an H2DCF assay (G) and NBT assay (H). RFU, Relative Fluorescence Unit; RLU, Relative Light Unit. (I) The 
measurements of MPO activity in the lung. Error bars indicate the SD from three independent replicates. Groups were compared with each other in statistics. **P < 0.01, 
***P < 0.001, ****P < 0.0001 based on one-way ANOVA Dunnett’s multiple comparison test. 
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that these inflammatory cytokines were significantly increased in 
BALF from ΔpmiR strain–infected mice compared to those from 
WT PAO1–infected mice (Fig. 7, A to C), indicating that pmiR de-
letion intensified inflammatory response. In addition, immunoblot-
ting analysis demonstrated increased expression of inflammatory 
cytokines (TNF-α, IL-1β, and IL-6). Recent studies have identified 
a role of inflammasome components in bacterial infection, which is 
tightly associated with pyroptosis (27). To evaluate the importance 
of PmiR for inflammasome pathways, we performed Western blot-
ting analysis and found increased caspase-1 and gasdermin-D 
(GSDMD) in ΔpmiR strain–infected mice compared to WT 
PAO1–infected mice (Fig. 7, D and E), which is consistent with 
the results of the inflammatory cytokine profiles of the infected 
mouse lungs. 

Our previous studies reported that the signal transducer and ac-
tivator of transcription 3 (STAT3)/nuclear factor κB (NF-κB) signal 
pathway in the host was activated to promote proinflammatory cy-
tokine expression and alter pyroptosis against P. aeruginosa infec-
tion (27). To further understand the underlying mechanisms for 
PmiR-mediated virulence alteration, we again determined expres-
sion levels of STAT3 and NF-κB using Western blotting assays. 
The protein levels of STAT3 and NF-κB/p65 in ΔpmiR-infected 
mice were markedly increased compared to PAO1-infected mice 
(Fig. 7, D and E). Together, these findings indicated that PmiR 
may down-regulate pyroptosis and inflammatory responses in 

mice through the STAT3/NF-κB signaling pathway, which may be 
associated with the regulation of pathogenic virulence. 

DISCUSSION 
The metabolic status of P. aeruginosa may have a profound impact 
on the sensing of the environmental signals or favorable changes to 
fight against the host immune system. P. aeruginosa is capable of 
transforming from a commensal organism into a virulent pathogen 
(28). Here, we identified a GntR family protein, PmiR, which was 
involved in regulation of the pqs system and virulence factors in P. 
aeruginosa. We resolved the crystal structure of PmiR/MIC binary 
complex and found that PmiR sensed the metabolic intermediates, 
including MIC and its analogs, to regulate the 2-MCC metabolism 
and the expression of virulence factors. On the basis of these data, 
we propose a model in which PmiR plays a critical role in the reg-
ulation of pathogenesis by sensing metabolites in P. aeruginosa 
(Fig. 8). In summary, to our knowledge, we report the first 
example of an MIC receptor involved in regulating virulence in 
bacteria. 

As a metabolic intermediate of 2-MCC, the MIC is converted 
from 2-methylcitrate by PrpD and AcnB. PrpB, methylisocitrate 
lyase, was the last but critical enzyme to convert MIC to succinate 
and pyruvate, and many studies unraveled that the deletion of prpB 
gene significantly promoted the virulence to the host (4, 29), sug-
gesting that the activated or full-fledged MIC is closely related to the 

Fig. 7. pmiR deficiency aggravated inflammatory response and pyroptosis through an STAT3/NF-кB signaling pathway after P. aeruginosa infection. (A to C) 
Inflammatory cytokines in BALF were assessed by enzyme-linked immunosorbent assay. (D) Western blot detected the expression of inflammatory cytokines (TNF-α, IL-1β, 
and IL-6), pyroptosis markers (caspase-1 and GSDMD), STAT3, p-STAT3, NF-кB/p65, and p-NF-кB/p65. (E) The densitometry of the data shown in (D). Error bars indicate the 
SD from three independent replicates. Groups were compared with each other in statistics. *P < 0.05, ***P < 0.001, ****P < 0.0001 based on one-way ANOVA Dunnett’s 
multiple comparison test. 
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bacterial virulence. PmiR was characterized as an MIC-dependent 
regulator, which can directly suppress the enzymatic activity of 
PrpB. Presumably, the accumulation of MIC induced the virulence 
via PmiR-mediated PrpB inactivation. Moreover, the prpB deletion 
increased the pyocyanin production and bacterial motility seen as 
the virulent phenotype, which was in agreement with that of 
pmiR mutant. To our delight, the in vivo studies showed that the 
ΔpmiRΔpqsR double mutant reversed the disease phenotype of 
ΔpmiR single mutant infection (Fig. 6), which led to better mouse 
survival and worse patterns in bacterial burdens of lungs and BALF, 
tissue injury, and intense inflammatory responses. These critical 
findings reveal that PmiR plays key roles in virulence, which 
affects host responses through a potential PmiR-PqsR axis. Our 
studies not only dissect the biochemical mechanism of PmiR in-
volved in 2-MCC metabolic pathways but also indicate the potential 
significance in mammalian immunity and clinical sciences. 

Recently, we have identified another GntR family regulator, 
MpaR, which coordinately controls anthranilate metabolism and 
P. aeruginosa virulence by directly regulating pqsR (18). Phylogeny 
of GntR family proteins suggests that PmiR and MpaR were found 
to localize on distinct subclades, indicating that they might have ex-
perienced different evolutionary scenarios (fig. S12). However, the 
pqs system is simultaneously regulated by MpaR and PmiR, al-
though each of these is involved in modulating two different meta-
bolic pathways. In addition, these two proteins have been shown to 
play critical roles in P. aeruginosa pathogenicity in a mouse model 
of acute pneumonia (24). Therefore, these observations provide in-
sights into the dual functionality of these metabolic regulators, 

which indicates a need to fully elucidate the other uncharacterized 
GntR family proteins. 

Bacteria have evolved different types of signal transduction 
systems, including the transcriptional regulators, TCSs, and chemo-
sensory pathways, that enable them to adapt to a wide range of en-
vironmental changes (30, 31). The interaction between metabolic 
sensing and bacterial responses has been proposed in many bacte-
rial species. In Enterohemorrhagic Escherichia coli, the Cra regula-
tor senses succinic acid to activate expression of virulence factors 
(32). The PrpR protein has been identified as a receptor of 2-meth-
ylcitrate to regulate the propionate catabolism in Salmonella enter-
ica (33). P. aeruginosa exhibits chemotaxis toward histamine via 
TlpQ, PctA, and PctC chemoreceptors (34). In addition, a recent 
study has revealed that histamine promotes the virulence of P. aer-
uginosa by activating HinK (13). However, the receptors of MIC and 
response patterns to this signal remain elusive. PmiR belongs to the 
GntR superfamily. Although it shares similarity with FadR, 
Atu1419, and many other GntR superfamily members in their 
overall folding, our structural studies showed that PmiR was 
unique in the EB region, especially the linker-1 and linker-2 
regions (Fig. 5G). PmiR was different from the homology proteins 
in the detailed EB mode, the associated conformational changes, 
and the mechanisms by which DNA binding was inhibited 
(Fig. 3, A and B, and fig. S7). In addition to MIC, our ITC 
binding assays showed that PmiR also recognized other effectors, 
such as isocitric acid and succinic acid. In comparison with MIC, 
isocitric acid lacks a methyl group at position 2, which was not in-
volved in MIC binding by PmiR (Fig. 3D). Apart from this, the 
compositions and geometries of isocitric acid and MIC were 

Fig. 8. Proposed model of PmiR sensing the metabolic intermediates to regulate expression of genes involved in pqs system and virulence factors in P. aer-
uginosa. In this study, we defined the pathway of 2-MCC and demonstrated that PmiR represses the expression of genes involved in 2-MCC and pqs system directly in P. 
aeruginosa. PmiR as a receptor could bind and sense MIC and its analogs, such as succinate and isocitrate (produced by P. aeruginosa or come from cell host), to regulate 
virulence factors. Arrows indicate positive regulation, and T bars present negative regulation. OM, outer membrane; IM, inner membrane. 
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identical. The similar isocitric acid and MIC binding affinities sug-
gested that the presence or absence of the position-2 methyl group 
did not affect the EB by PmiR. In all probability, PmiR uses an iden-
tical mode of isocitric acid and MIC binding. Succinic acid is com-
posed of two carboxyl groups and two methylene groups. Such 
structural elements are conserved in both isocitric acid and MIC; 
however, succinic acid is more flexible in conformational changes 
because of the high flexibility of the methylene groups. Although 
it remains to be verified, we reasoned that PmiR has the ability to 
bind and interact with both carboxyl groups of succinic acid. Con-
sidering limited impact of citrate on the PmiR-DNA interaction, 
and citrate is also the substrate of TCA and easily consumed, this 
interaction may be unlikely to act as the potential signals for 
PmiR system. Although methylcitrate is the first intermediate of 
2-MCC, the methyl group appeared to have limited influence on 
PmiR binding ability, and noticeably, prpCD mutation of M. tuber-
culosis suggested no further degradation and accumulation of meth-
ylcitrate, which cannot cause distinguishable changes from the WT 
in terms of bacterial growth and persistence and, especially, the vir-
ulence (35). Henceforth, methylcitrate seems not to be the candi-
date signals of PmiR. 

Most pathogenic bacteria have evolved sophisticated systems to 
detect hostile environments and trigger compensatory gene expres-
sion to survive within the host (8). The metabolic cross-talk 
between the host cell and the pathogen and the response of the path-
ogen to a milieu often filled with immunosignaling metabolites 
have been documented previously (36). In most bacteria, 2-MCC 
is the main pathway used for the detoxification of propionate and 
propionyl-CoA (2, 6, 37). Research reported that PrpB and PrpD are 
localized in the cytoplasm, and Acn are localized in both the cyto-
plasm and mitochondria in Toxoplasma gondii (5). However, mito-
chondria are not present in bacteria. Thus, MIC may accumulate in 
the cytoplasm and is a bacterial product. Our data indicate that 
PmiR could sense MIC or isocitrate signal molecule to regulate 
the expression of virulence factors, which temper P. aeruginosa 
pathogenesis and coordinate its continual integration with environ-
mental signals. Bacteria also use the host immunometabolites as sig-
naling cues to induce expression of virulence factors (38). For 
example, host succinate is an activation signal for Salmonella viru-
lence during intracellular infection (39). Sensing of host-derived py-
ruvate and lactate by the TCS CreBC results in the induction of the 
SPI-2 regulon (40). Host-derived glutathione was shown to regulate 
PrfA activation through allosteric binding in Listeria monocytogenes 
(41). During infection with P. aeruginosa, succinate is released to 
airways (38). P. aeruginosa isolates from patients with cystic fibrosis 
have been shown to become adapted to using succinate as the 
primary carbon source and has substantial metabolic flexibility to 
adapt to the environment within the host often by changing their 
transcriptional profiles (42). Here, we revealed that PmiR binds 
not only to MIC but also to succinate and isocitrate. Therefore, it 
is important to investigate how PmiR senses the host-derived suc-
cinate/isocitrate and the interaction between P. aeruginosa and its 
host after sensing these immunometabolites in the future. 

In conclusion, this study unveils that PmiR senses MIC to regu-
late the expression of virulence-associated genes in P. aeruginosa. 
These findings promote a better understanding of the interaction 
between the environmental signals sensed by bacteria and the sub-
sequent host responses. Future investigations should determine 
whether other bacterial species share such a mechanism. Moreover, 

the binding of PmiR to isocitrate or succinate could be considered 
for developing a biosensor or therapeutic target, which could have 
applications in the diagnosis and treatment of 2-MCC–related 
diseases. 

MATERIALS AND METHODS 
Ethical statement 
All mouse experiments were performed in accordance with the U.S. 
National Institutions of Health Animal Care and Institutional 
Guidelines. Animal handling protocols were approved by the Uni-
versity of North Dakota Institutional Animal Care and Use Com-
mittee. The University of North Dakota animal facilities were 
accredited by the Association for Assessment and Accreditation 
of Laboratory Animal Care International (assurance number: 
A3917-01). 

Bacterial strains and culture conditions 
Bacterial strains, plasmids, and primers used in this study are listed 
in tables S3 and S4. P. aeruginosa PAO1 and its derivatives were 
grown in Luria-Bertani (LB) or M9 minimal medium with different 
carbon sources (10 mM sodium propionate and 2 mM MIC or suc-
cinate). When needed, appropriate antibiotics were used at the fol-
lowing concentrations: for E. coli, ampicillin (100 μg/ml), 
kanamycin (50 μg/ml), and tetracycline (at 10 μg/ml in LB); for P. 
aeruginosa PAO1, trimethoprim (300 μg/ml), tetracycline (100 μg/ 
ml), and carbenicillin (300 μg/ml in LB or 150 μg/ml in Pseudomo-
nas isolate agar). 

Construction of plasmids 
To construct p-pmiR plasmid, the DNA fragments containing pmiR 
promoter were generated by PCR using pmiR-com-S and pmiR- 
com-R primer pairs. The DNA fragments were then cloned into 
pAK1900 vector (43). Accordingly, the coding sequences contain-
ing the prpC, prpB, and prpD were amplified with the corresponding 
primer pairs and cloned into the pAK1900 vector after enzymatic 
digestion, yielding p-prpB, p-prpC, and p-prpD, respectively. For 
construction of mini–CTX-prpB-Flag plasmid, the DNA fragments 
encoding prpB gene driven by pmiR promoter were generated by 
overlap PCR using the mini–prpB-F and mini–prpB-R primer 
pairs. The digested PCR products were cloned into the 
mini–CTX-lacZ-Flag plasmid (44). 

The plasmid pMS402 with a promoterless luxCDABE reporter 
gene cluster was used to construct promoter-luxCDABD reporter 
fusion of the prpB, as previously described (45, 46). The prpB pro-
moter region was amplified by PCR using the primers prpB-lux-F 
and prpB-lux-R (table S4). The PCR products were cloned into the 
PMS402, yielding p-prpB-lux. A similar strategy was used to con-
struct the p-prpC-lux p-prpD-lux, p-asrA-lux, and p-esrC-lux plas-
mids. To generate mini–CTX-pqsH-M-p-lux 
(CGCCGCCCGCCGCGGCG was mutated to 
CTCCTCCCGCCTCTTCT), the two fragments were amplified by 
PCR using pqsH-M-F1/pqsH-M-R1 and pqsH-M-F2/pqsH-M-R2 
primer pairs, respectively (table S4). Subsequently, the mutated se-
quences were obtained by PCR using the pqsH-M-F1/pqsH-M-R2 
primers and the above two PCR products as template. The 
overlap PCR products were digested with the corresponding 
enzymes and ligated into CTX6.1 vector (47). A similar strategy 
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was used to construct the mini–CTX-pqsR-M-p-lux. All the con-
structs were sequenced to verify that no mutations had occurred. 

To construct the pET-Sumo-PmiR plasmid, genomic DNA from 
P. aeruginosa was used as the template for PCR with pET-pmiR-F 
and pET-pmiR-R primer pairs (table S4). The PCR products were 
resolved on agarose gel and digested with corresponding enzymes. 
The target fragment was cloned into the pET28a-Sumo vector. The 
truncated protein (amino acids 15 to 232) of PmiR was generated by 
PCR using the pET28a-Sumo-PmiR plasmid as the template. The 
PCR fragments were separated by agarose gel and recombined 
into the digested pET28a-Sumo vector. A similar strategy was 
used to construct the pET-PmiR, pET-PrpB, pET-PrpC, and pET- 
PrpC plasmids, except for the pET28a-Sumo, which was replaced by 
pET28a vector. For construction of the pET28a-pmiRD143A, the two 
fragments were PCR using pET-pmiR-F/p-pmiRD143A-overlap-R 
and p-pmiRD143A-overlap-R/pET-pmiR-R primer pairs. Subse-
quently, the mutated sequence was PCR using the pET-pmiR-F/ 
pET-pmiR-R primers and the above two PCR products as the tem-
plate. Then, the mutated PCR products were digested with the cor-
responding enzymes and cloned into pET28a vector. The 
PmiRH192A, PmiRH214A, PmiRH147A, PmiRD143A, PmiRR95A, 
PmiRS218A, PmiRR184A, PmiRR24A, PmiRR48A, PmiRR54A, 
PmiRH62A, PmiRR72A, PmiRR127A, PmiRR135A, and PmiRR172A 

mutants were constructed by the same strategy. All constructs 
were confirmed by DNA sequencing. The recombinant plasmid 
was transferred into E. coli BL21 (DE3) competent cells for 
protein expression. 

Construction of deletion mutants 
For construction of gene knockout mutants, a sacB-based strategy 
was used, as previously described (44). To construct the pmiR null 
mutant (ΔpmiR), PCRs were performed to amplify sequences up-
stream [1521 base pairs (bp)] and downstream (1515 bp) of the in-
tended deletion. The upstream was amplified from PAO1 genomic 
DNA using pEX-pmiR-up-F/R and pEX-pmiR-down-F/R primer 
pairs (table S4). The two PCR products were digested and then 
cloned into the Hind III/Xba I– and Xba I/Bam HI–digested gene 
replacement vector pEX18Ap (48), yielding pEX18Ap-pmiR. The 
resultant plasmids were electroporated into PAO1 with selection 
for carbenicillin resistance. Colonies showing both carbenicillin 
susceptibility and sucrose resistance were selected on LB agar 
plates containing carbenicillin (300 μg/ml) and 10% sucrose, 
which typically indicates a double-crossover event and thus of 
gene replacement occurrence. A similar strategy was used to con-
struct the ΔprpB, ΔprpC, and ΔprpD. For generating ΔpmiRΔpqsH 
and ΔpmiRΔpqsR double-deletion strains, the pmiR gene in ΔpqsH 
and ΔpqsR mutant was deleted by a similar strategy with plasmid 
pEX18Ap-pmiR. These mutants were verified by PCR. 

Measurement of pyocyanin production 
Pyocyanin was extracted from culture supernatants and measured 
using previously reported methods (18). Briefly, 3 ml of chloroform 
was added to 5 ml of culture supernatant and vortex mix. After ex-
traction, the chloroform layer was transferred to a fresh tube and 
mixed with 1 ml of 0.2 M HCl, and the top layer was removed by 
centrifugation. Measuring its absorption at 520 nm, the pyocyanin 
production (microgram)/culture supernatant (milliliter) was deter-
mined by multiplying the optical density at 520 nm (OD520) 
by 17.072. 

Bacterial motility assay 
The motility assay was carried out as previously described with 
minor modification (49). The swarming medium was 0.8% nutrient 
broth, 0.5% glucose, and 0.5% agar. Swarming agar plates were spot- 
inoculated with bacteria as 2 μl of aliquots taken directly from over-
night LB cultures. The plates were incubated for 16 hours at 37°C. 
The swimming medium was 1% tryptone, 0.5% NaCl, and 0.3% 
agar. The maximum diameter of the motility zone was recorded 
for three replicates per strain. 

RNA extraction and real-time quantitative PCR 
Overnight bacterial cultures were subcultured in fresh LB medium 
to OD600 of 0.6. The bacterial strains were collected by centrifuga-
tion at 12,000g for 2 min. Total RNA was isolated with an RNAprep 
pure cell/bacteria kit (Tiangen Biotech, Beijing, China). Comple-
mentary DNA (cDNA) was synthesized from each RNA sample 
using a PrimerScript Reverse Transcriptase (TaKaRa, Dalian, 
China) with random primer and then subjected to qRT-PCR 
using SYBR Premix Ex Taq II (TaKaRa). The 30S ribosomal 
protein gene rpsL was used as an internal control. 

RNA-seq and data analysis 
The WT PAO1 and ΔpmiR strains were grown in LB medium at 
37°C until OD600 reached approximately 0.6. Total RNA was ex-
tracted immediately upon cell harvest using TRIzol reagent accord-
ing to the manufacturer’s instructions (Invitrogen), and genomic 
DNA was removed using DNase I (TaKaRa). After removing ribo-
somal RNA, mRNA was used to generate the cDNA library accord-
ing to the TruSeq RNA sample preparation kit from Illumina (San 
Diego, CA). Thereafter, the cDNA libraries were sequenced on an 
Illumina HiSeq 2000 system. Each sample in RNA-seq assay was re-
peated twice. RNA-seq reads were mapped to the P. aeruginosa 
genomes (NC_002516.2) provided by National Center for Biotech-
nology Information using Bowtie2, and only the uniquely mapped 
reads were kept for the subsequent analyses. DEGs were identified 
using DESeq2 (Benjamini-Hochberg–adjusted P < 0.05 and |log2 
fold change| > 1) (50). The data have been uploaded to BioProject 
and accession number is PRJNA837700. 

Luminescence screening assays 
Expression of lux-based reporters from cells grown in liquid culture 
was measured as counts per second of light production in a Synergy 
2 plate reader (BioTek), as previously described (18, 45). Briefly, 
overnight cultures of the reporter strains were diluted to an 
OD600 of 0.2 with fresh LB medium and then cultured for 
another 2 hours at 37°C with shaking. Subsequently, the cultures 
were diluted 1:20 with 100 μl of fresh LB and then added to a 
black 96-well plate with a transparent bottom. Fifty microliters of 
sterilized mineral oil were added to the culture. Luminescence in-
tensity and bacterial growth (OD600) were continuously measured 
every 30 min for 24 hours in a Synergy 2 plate reader. 

Western blot analysis 
Overnight LB cultures were washed three times using M9 minimal 
medium, and the cultures were adjusted to OD600 of 0.01. Subse-
quently, the cultures were cultured for 5 hours, and the isocitrate 
was added to M9 minimal medium. After incubation for 4 hours, 
samples from equivalent numbers of bacterial cells were loaded and 
separated on 12% SDS–polyacrylamide gel electrophoresis (SDS- 
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PAGE) gels. The proteins were transferred to a polyvinylidene di-
fluoride membrane and hybridized with a mouse monoclonal Flag 
antibody (Ab, Sigma-Aldrich). The signal was detected using an 
ECL Plus kit (Amersham Biosciences). 

PQS extraction and analysis by TLC 
The extraction and analysis of PQS were performed as previously 
described (45). Briefly, P. aeruginosa PAO1 and its derivatives 
were grown in 5 ml of LB overnight at 37°C. The cultures were cen-
trifuged and resuspended to inoculate 5 ml of subcultures to OD600 
of 0.05. Subcultures were grown for 24 hours, and about 0.5 ml of 
each culture was mixed with 1 ml of acidified ethyl acetate and vor-
texed vigorously, and the water phase was removed by centrifuga-
tion. The organic phase was collected and air-dried using a vacuum 
freeze drier and dissolved in 50 μl of sample buffer (1:1 of acidified 
ethyl acetate and acetonitrile). TLC was performed on a silica gel 
plate that had been soaked in 5% KH2PO4 and activated at 100°C 
for 1 hour before use. Extracts were separated using 17:2:1 methy-
lene chloride/acetonitrile/dioxane as the solvent. When the solvent 
front reached the top of the plate, the plate was immediately photo-
graphed under ultraviolet (UV) light. 

Bacterial growth assay 
The chemical sodium propionate, MIC, sodium citrate, and succi-
nate were dissolved in double-distilled water, which were filter-ster-
ilized through a 0.22-μm filter membrane and added into M9 MM 
at indicated final concentrations. Overnight LB cultures were 
washed three times with fresh M9 minimal medium and then ad-
justed to OD600 of 1.0. Subsequently, the bacterial cells were subcul-
tured with 100-fold dilution in M9 minimal medium supplemented 
with 10 mM sodium propionate and 2.0 mM MIC or succinate as 
the sole carbon source. The absorption of A600 (absorbance at 600 
nm) was detected at the indicated time points by a Synergy 2 Multi- 
Mode Microplate Reader (BioTek). To calculate the generation 
time, two points were selected (t = 4 hours, t = 12 hours) and 
using the formula: T = t × 0.301/(lg Nt-lg N0), where Nt = higher 
CFU/ml, N0 = lower CFU/ml, and t = time interval (in hours) 
between the points. 

Protein expression and purification 
All proteins were expressed and purified using similar procedures. 
The cells were cultured at 37°C in LB medium. When the OD600 
reached 0.6 to 0.8, isopropyl-D-1-thiogalacto-pyranoside (final con-
centration of 0.2 mM) was added to induce the expression of the 
protein. The cultures were incubated at 18°C for an additional 18 
to 20 hours. The cells were collected via centrifugation and resus-
pended in buffer A [20 mM tris-HCl (pH 8.0), 300 mM NaCl, 200 
mM (NH4)2SO4, and 25 mM imidazole]. The cells were lysed by 
high-pressure homogenization and centrifuged at 17,000 rpm for 
1 hour at 4°C. The supernatant was applied to a 5-ml HisTrap HP 
column (Cytiva), and the target protein was eluted via AKTA puri-
fier (GE Healthcare) using buffer B [20 mM tris-HCl (pH 8.0), 300 
mM NaCl, 200 mM (NH4)2SO4, and 500 mM imidazole]. The target 
protein was pooled, treated with ULP1 protease, and dialyzed 
against buffer C [20 mM tris-HCl ( pH 8.0), 300 mM NaCl, and 
200 mM (NH4)2SO4] at 4°C for 3 hours. The sample was reloaded 
onto the HisTrap HP column. The target protein was collected and 
applied to a HiLoad 16/600 Superdex 75-pg gel filtration column 
(Cytiva) equilibrated with buffer composed of 20 mM tris-HCl 

(pH 8.0), 500 mM NaCl, 60 mM (NH4)2SO4, and 2 mM dithiothrei-
tol (DTT). The purified protein was concentrated to 15 mg/ml and 
stored at −80°C. 

To analyze the oligomerization state of PmiR, WT (500 μl) or 
mutated PmiR proteins (1 mg) were applied to a Superdex 200 
10/300 GL column (GE Healthcare) equilibrated with buffer con-
taining 20 mM tris-HCl (pH 8.0), 500 mM NaCl, 60 mM (NH4)2-
SO4, and 2 mM DTT. The flow rate was set at 0.5 ml/min. 

The enzymatic activity test by HPLC 
HPLC was applied for analysis of the enzymatic reaction (51). To 
measure the PrpB activity, 1.0 mM commercial DL-thero-MIC 
(MedChemExpress LLC) and PrpB protein (20 μg) were mixed in 
1.0 ml of reaction buffer [1 mM tris-HCl (pH 7.5)]. The A214 was 
monitored by HPLC-UV. To measure the PrpC activity, 1-ml 
mixture containing 10 mM propionyl-CoA, 20 mM oxaloacetate, 
and 50 μg of PrpC protein in 10 mM Hepes (pH 7.2) was incubated 
overnight. The A220 was monitored by HPLC-UV. To measure the 
PrpD activity, 1-ml samples containing 0.5 mM commercial (2RS, 
3RS)-2-methylcitrate and 50-μg PrpD protein in reaction buffer [20 
mM tris-HCl (pH 7.5)] were incubated overnight. All the reactions 
were quenched with 100 μl of 1 M sodium phosphate buffer (pH 
2.9). The A240 was monitored by HPLC-UV. Peaks were correlated 
by retention time and mass/charge ratio with commercially stan-
dards of MIC, succinate, pyruvate, propionyl-CoA, oxaloacetate, 
and 2-methylcitrate (Sigma-Aldrich). Unfortunately, the standard 
sample of (Z)- or (E)-2-methylaconitate was not commercially 
available. The HPLC settings were followed as previously described 
(51). 

Electrophoretic mobility shift assay 
Purified proteins were mixed with DNA probe (2 ng/μl) in 20 μl of 
the gel shift loading buffer [20 mM Hepes (pH 8.0), 100 mM NaCl, 
1 mM DTT, sheared salmon sperm DNA (3 ng/μl), and 1% glycer-
ol]. After incubation at 25°C for 20 min, the reaction mixtures were 
separated on 6% nondenaturing acrylamide gels in 0.5 × tris-borate- 
EDTA buffer. The gels were stained with GelRed staining solution 
(TransGen Biotech) and subjected to a screen by a Tanon 5200 
Image analysis system (Tanon Technologies, Shanghai, China). 

Dye primer–based DNase I footprinting assay 
The DNA footprinting assay was followed as previously described 
(13). For the DNase I footprinting assay of prpB, 370 bp-5-carbox-
yfluorescein–labeled fragment of the prpB promoter region (nucle-
otide −370 to −1) was generated using the primers prpB-FT-F/ 
prpB-FT-R (table S4). PCR products were purified with a QIA 
quick gel purification kit. Subsequently, a 50-μl reaction mixture 
containing 300 ng of prpB promoter DNA and 2 μM (or indicated) 
PmiR protein and binding buffer [20 mM Hepes (pH 8.0), 100 mM 
NaCl, 1 mM DTT, 10% glycerol, and EDTA (1 mM/liter)] up to a 
volume of 50 μl was incubated at room temperature for 15 min. Sub-
sequently, 0.05 U of DNase I (Promega, Madison, USA) was added, 
and the reaction mixture was incubated for an additional 5 min. The 
DNase I digestion was terminated using quenching solution (200 
mM NaCl, 30 mM EDTA, and 1% SDS), and then the mixture 
was extracted with 200 μl of phenol/chloroform/isoamyl alcohol 
(25:24:1). The digested DNA fragments were isolated by ethanol 
precipitation, dried under vacuum, and resuspended in ribonucle-
ase-free water. Then, 5 μl of digested DNA was mixed with 4.9 μl of 
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Hi-Di formamide and 0.1 μl of GeneScan-500 LIZ size standards 
(Applied Biosystems). A 3730 × l DNA analyzer was used to 
detect the sample, and the result was analyzed using GeneMapper 
software (Applied Biosystems, USA). The same method was used 
for the pqsH promoter footprinting. 

ITC measurements 
Isothermal titration calorimeter experiments were performed using 
an ITC200 isothermal titration calorimeter from MicroCal 
(Malvern). The experiments were carried out at 25°C. To determine 
the interaction between PmiR and MIC, the syringe was loaded with 
of 60 μl of MIC (45 μM), and the cell was filled with 300 μl of PmiR 
(1.0 mM). The titration curve was obtained by injecting 2 μl × 20 
aliquots of MIC into the cell at intervals of 270 s while stirring at 
500 rpm. The experimental data were fitted to theoretical titration 
curves with software supplied by MicroCal (ORIGIN). The same 
strategy was used to study the binding of the truncated PmiR 
with other molecules and the PmiR mutants with MIC. 

Crystallization and data collection 
The initial crystallization conditions were identified at 16°C using 
the Gryphon crystallization robot system from Art Robbins Instru-
ment company and crystallization kits from Hampton Research 
company. Sitting-drop vapor diffusion method was used during 
the initial screen and optimization process. The final condition is 
composed of 0.1 M MES/sodium hydroxide (pH 6.5) and 1.6 M 
magnesium sulfate for the apo-form PmiR crystals. The MIC-com-
plexed crystals were grown in buffer containing 0.1 M MES/sodium 
hydroxide (pH 5.8) and 1.2 M magnesium sulfate. The drop con-
tains 0.3 μl of crystallization buffer and 0.6 μl of protein sample. The 
final concentration of the protein is 10 mg/ml. The concentration of 
MIC (if present) is 5.0 mM. 

All crystals were cryo-protected by their mother liquid supple-
mented with 20% glycerol and flash-frozen using liquid nitrogen. 
The diffraction data were collected on beamline BL18U1 and 
BL19U1 at the Shanghai Synchrotron Radiation Facility. Data pro-
cessing was carried out using the HKL3000 program (52). The data 
collection and processing statistics are summarized in table S2. 

Structure determination and refinement 
The apo-form PmiR structure was solved by molecular replacement 
(MR) method with the Phaser program embedded in the Ccp4i 
suite (53). Although it is not very accurate, the model generated 
by the AlphaFold2 program can serve as the search model to 
solve the PmiR structure. The resulting model was refined against 
the diffraction data using the Refmac5 program of the CCP4 suite. 
The 2Fo-Fc and Fo-Fc electron density maps were regularly calcu-
lated and used as guide for model building using COOT (54). The 
MIC-complex PmiR structure was solved by MR method using the 
apo-form structure as the search model. The Zn2+ ion and MIC 
molecule were all built manually using COOT. The final refinement 
of the two structures was done using the phenix.refine program of 
the Phenix suit (55). The structural refinement statistics are summa-
rized in table S2. 

Mouse pneumonia model and analysis 
Overnight cultures of bacteria were subcultured 1:100 into LB 
medium and grown with 200 rpm shaking at 37°C to an OD600 of 
0.6 to 0.8. Then, 2 × 107 CFUs of P. aeruginosa were intranasally 

instilled into 6 to 8 weeks old C57BL/6J mice (both male and 
female are randomly assigned; the Jackson Laboratory, Bar 
Harbor, ME), and survival rates were calculated for each bacterial 
strain, including deletion variants. The mice were euthanized by in-
halation of CO2 after 12 hours of infection. BALF and homogenized 
lungs in phosphate-buffered saline were assessed for CFUs by serial 
dilution and plating. Cell viability was measured using CCK-8 assay 
(APExBIO). ROS were determined using H2DCF dye (Life Technol-
ogies) and NBT dye (Sigma-Aldrich). MPO activity in lung homog-
enates was measured according to our previously described 
methods (56). Tissue morphological damage and inflammatory re-
sponse were examined using hematoxylin and eosin staining ac-
cording to the standard staining procedure. Lung injury score was 
evaluated according to previous methods with some modification 
(57). Alveolar and interstitial inflammation, alveolar and interstitial 
hemorrhage, atelectasis, necrosis, and edema were each scored on a 
0- to 4-point scale: no injury = score of 0; injury in 25% of the 
field = score of 1; injury in 50% of the field = score of 2; injury in 
75% of the field = score of 3; and injury throughout the field = score 
of 4. The lung injury was then calculated on the basis of the mean 
score of the above parameters. 

Immunoblotting 
Homogenized lung tissues were lysed in ice-cold radioimmunopre-
cipitation assay (Thermo Fisher Scientific, Waltham, MA) supple-
mented with protease inhibitor cocktail (Thermo Fisher Scientific), 
separated by electrophoresis on SDS-PAGE gels, and transferred to 
nitrocellulose transfer membranes (GE Amersham Biosciences, 
Pittsburgh, PA). Membranes were incubated with primary Abs 
overnight and then were incubated with corresponding secondary 
Abs conjugated to horseradish peroxidase (Santa Cruz Biotechnol-
ogy). Signals were visualized using an enhanced chemilumines-
cence detection kit (GE Health). The Abs were used from 
different vendors as stated below: mouse Abs against p-NF-κB/ 
p65 (sc-136548), caspase-1 (sc-514), TNF-α (sc52746), IL-6 
(28343), and β-actin (sc-47778) were obtained from Santa Cruz Bi-
otechnology (Dallas, TX). Rabbit Abs against NF-κB/p65 (no. 
8242), STAT3 (no. 12640), p-STAT3 (no. 9145), and IL-1β (no. 
12703) were obtained from Cell Signaling Technology (Danvers, 
MA). Rabbit Abs against GSDMD (anti-GSDMD, ab209845) were 
obtained from Abcam. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S12 
Tables S1 to S4  

View/request a protocol for this paper from Bio-protocol. 
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