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Introduction
Pathogens force the host immune system into aggressive, 
self-harming responses that create disease. Still, pathogens may 
be regarded as relatively unsuccessful, as they risk being removed 
from infected tissues by the very response that they provoke. Com-
mensals, in contrast, establish vast populations in different hosts 
(1–3) and may persist for extended periods of time as monocul-
tures or members of complex microbiomes (1). They increase their 
fitness for specific host environments by virulence gene deletions 
or mutations, thus avoiding immune recognition and elimination 
by the antibacterial host defense (4).

In addition, commensals have evolved sophisticated mecha-
nisms to actively modify specific molecular targets in the host (5). 
This is exemplified by the E. coli strain 83972, which establish-
es asymptomatic bacteriuria (ABU) and protects human carriers 
against superinfecting uropathogens (6–10). We have previously 
shown that E. coli 83972 inhibits RNA polymerase II (Pol II) phos-
phorylation in human carriers, a property shared with the majority 
of ABU strains and fecal strains (5). While this observation points 
to a strategy for adaptation by downregulating gene expression at 
mucosal membranes, the underlying molecular mechanism has 
remained unclear.

The multiprotein Pol II complex catalyzes the transcription 
of mRNA precursors and most snRNAs and microRNAs (11, 12) 
through a series of steps, defined as the RNA Pol II cycle (13). Phos-
phorylation of the C-terminal domain (CTD) of the Pol II subunit 
RPB1 is required to initiate productive RNA elongation and interest-
ingly, E. coli 83972 inhibits this step (5). In this study, we provide a 
molecular explanation for this effect, involving entry of the bacteri-
al NlpD protein into host cells, direct interference with specific con-
stituents of the RNA Pol II phosphorylation complex, and inhibition 
of Pol II–dependent gene expression. The results suggest a molec-
ular mechanism to actively groom the host environment, where 
bacteria reside. NlpD is further identified as a potential therapeutic 
alternative to antibiotics, enhancing bacterial clearance and reduc-
ing inflammation in a urinary tract infection (UTI) model.

Results
A loss-of-function mutant. The E. coli strain 83972 has been used suc-
cessfully to create ABU in patients with UTI who need therapeutic 
alternatives to antibiotics (14). Following intravesical inoculation, 
the strain establishes long-term ABU in patients with residual urine 
and the safety and efficacy of this approach has been documented 
in a placebo-controlled trial (6). Interestingly, host-specific muta-
tions have been identified in re-isolates of E. coli 83972 from indi-
vidual hosts, suggesting a substantial adaptation potential (15).

In a search for the mechanism of Pol II inhibition, we therefore 
screened re-isolates for mutations affecting the RNA Pol II phos-
phorylation machinery (16). Human kidney cells were infected 
with each re-isolate and Pol II phosphorylation (Ser2 phosphory-
lation–specific staining, Pol II-p) was quantified by immunohisto-
chemistry and flow cytometry. One loss-of-function mutant was 
strongly attenuated for the inhibitory phenotype in human kidney 
cells (E. coli SN25, ~20% remaining function; Figure 1, A and B).  
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The genes nlpD, lldD, lldR, rfaH, cysE, lrhA, mdoH, and rcsB were 
selected for further study, as they affected phenotypic traits poten-
tially associated with bacterial virulence or adaptation to the host 
environment (Supplemental Table 2). Single-gene knockouts for 
each of these 8 genes were generated in E. coli 83972 by homolo-
gous recombination with a chloramphenicol resistance cassette 
(21). Effects on Pol II phosphorylation were quantified in human 
cells, using infection or bacterial supernatants, with E. coli 83972 
as a positive and E. coli SN25 as a negative control. The ΔnlpD, 
ΔlldD, ΔlldR, and ΔrfaH deletion mutants showed a loss of Pol II 
inhibitory activity, identifying candidate genes for further study  
(P < 0.05–0.01 compared with E. coli 83972; Figure 3, B–D).

Regulation of Pol II phosphorylation. DNA is transcribed by RNA 
polymerases and the large RNA Pol II complex is essential for protein 
expression (13). The CTD of the largest Pol II subunit RPB1 is subject 

In parallel, innate immune activation was enhanced as E. coli 
SN25 activated neutrophil, monocyte, and lymphocyte chemoat-
tractants in human kidney cells (17, 18), as well as the β2 integrin 
receptor ICAM1 (19) and the UTI-related antimicrobial peptide 
pentraxin PTX3 (20) (Figure 1, C and D). In infected mice, E. coli 
SN25 triggered an inflammatory response with increased neu-
trophil infiltration, unlike E. coli 83972, which suppressed Pol II 
phosphorylation in the bladder mucosa (Figure 2, A–C, and Sup-
plemental Figure 1; supplemental material available online with 
this article; https://doi.org/10.1172/JCI140333DS1).

Genomic analysis of the E. coli SN25 strain. Comparative genome 
sequencing identified 48 DNA sequence discrepancies between 
E. coli SN25 and 83972 (Figure 3A and Supplemental Table 1). Of 
these, 36 mapped to protein-coding regions and 25 were predict-
ed to lead to amino acid substitutions or frame shifts (Figure 3A). 

Figure 1. Bacterial inhibition of Pol II phosphorylation. (A and B) Identification of E. coli SN25 as a loss-of-function mutant. Pol II Ser2 phosphorylation 
was quantified in human kidney cells infected with the ABU strain E. coli 83972 or E. coli SN25, a re-isolate from a human carrier of E. coli 83972. (A) 
Confocal microscopy and (B) flow cytometry. Nuclei were counterstained with DRAQ5. Histograms show quantification of fluorescence intensity. Scale 
bar: 10 μm. Data are presented as mean ± SEM (n = 3–6 experiments). *P < 0.05, **P < 0.01 compared with PBS control by Kruskal-Wallis test with Dunn’s 
multiple-comparison test. (C and D) Comparative gene expression analysis of host cells infected with E. coli 83972 or SN25. (C) Heatmap: >500 genes were 
regulated exclusively in response to E. coli SN25. (D) E. coli SN25 activated innate immune response genes more efficiently than E. coli 83972. Data are 
representative of 2 independent experiments; fold change (FC) > 2.0 compared with PBS control.
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The E. coli 83972 deletion mutants were subsequently screened 
for effects on cellular PAF1C and CDK12 levels. Strikingly, the ΔnlpD 
supernatant reproduced the loss-of-function phenotype of E. coli 
SN25 (Figure 4, D and E) and the effect was considerably stronger 
than that of the ΔlldD, ΔlldR, or ΔrfaH mutant, making NlpD the most 
likely candidate effector molecule. A direct effect of NlpD on the Pol 
II phosphorylation complex constituents was supported by pull-down 
experiments, using Ni2+ beads coated with His-tagged recombinant 
NlpD protein (rNlpD). The Pol II subunits RPB1 and PAF1C were 
identified as NlpD binding partners from whole cell extracts (Fig-
ure 4F). Furthermore, rNlpD was shown to competitively inhibit the 
binding of RPB1 to anti-RPB1 antibody–coated beads (Figure 4G). 
The results define NlpD as a prokaryotic binding partner for constitu-
ents of the eukaryotic Pol II phosphorylation complex.

Transcriptional regulation by NlpD in host cells. Further anal-
ysis identified rNlpD as a potent inhibitor of Pol II–dependent 
gene expression, with dose-dependent effects in human kidney 
cells (50–250 μg/mL; heatmap in Figure 5A). A Pol II–dependent 
gene network was strongly inhibited (Figure 5B), including Pol II 

to continuous structural remodeling by kinases and phosphatases and 
serves as a platform for binding and release of numerous regulatory 
proteins (refs. 22–24 and Figure 4A). The recruitment of Ser2- specific 
kinase activity is critical to activate promoter-proximally paused 
Pol II (25–28) and the preinitiation complex and TATA box binding 
protein (TBP) recruit the Pol II complex by binding to RPB1. CDK9 
recruits the RNA polymerase–associated factor 1 complex (PAF1C) to 
the Pol II complex, followed by cyclin-dependent kinase 12 (CDK12) 
recruitment by PAF1C (29). Finally, CDK9 and CDK12 phosphorylate 
the CTD of RPB1, activating the RNA polymerase (30, 31).

Effects of infection on constituents of the Pol II phosphor-
ylation complex were first compared between E. coli 83972 and  
E. coli SN25. Cellular levels of CDK12 and the PAF1C subunit 
CDC73 were markedly reduced by E. coli 83972 infection of 
human kidney cells, as were TBP levels (Figure 4, B and C). In con-
trast, E. coli SN25 did not significantly affect these targets, provid-
ing further insights into the functional differences between E. coli 
83972 and E. coli SN25 as well as an additional functional filter for 
identifying the bacterial genes underlying these differences.

Figure 2. In vivo response to urinary tract infection in C57BL/6 mice, comparing E. coli SN25 to 83972.  (A) Mucosal Pol II phosphorylation at Ser2 (Pol II-p) 
was inhibited by E. coli 83972 but not by E. coli SN25. Pol II-p staining is indicated by the arrows. (B) Urine bacterial counts and neutrophil numbers were 
higher in E. coli SN25–infected mice after 24 hours (PMNs, polymorphonuclear leukocytes; CFU, colony forming unit), as well as (C) tissue neutrophil stain-
ing. Data are representative of 2 independent experiments and are presented as mean ± SEM (n = 5 mice). Scale bars: 50 μm. *P < 0.05, **P < 0.01 compared 
with control by Kruskal-Wallis test with Dunn’s multiple-comparison test. See also Figure 8 and Supplemental Figure 1.
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Figure 3. Inhibition of Pol II phosphorylation by 
E. coli 83972 single gene mutants. (A) Schematic 
of genomic changes detected in the E. coli SN25 
genome (red lines) compared with the ancestral 
strain E. coli 83972 (black lines) (n = 48). Genes 
with mutations leading to amino acid changes or 
frame shifts (fs) are indicated in red. (B and C) Pol 
II inhibition by E. coli 83972 single gene deletion 
mutants. Human kidney epithelial cells were 
infected for 4 hours, stained with antibodies 
against Pol II phosphorylated on Ser2 (Pol II-p), 
and analyzed by (B) confocal microscopy or (C) 
flow cytometry. The inhibitory phenotype of E. 
coli 83972 was attenuated after deletion of lldD, 
lldR, nlpD, rfaH, or cysE. (D) Pol II inhibition by 
supernatants from E. coli 83972 single gene dele-
tion mutants. The ΔlldD, ΔlldR, ΔnlpD, or ΔrfaH 
deletions (red) attenuated Pol II inhibition, repro-
ducing the E. coli SN25 phenotype. Scale bars: 10 
μm. Data are presented as mean ± SEM (n = 2–10 
experiments). *P < 0.05, **P < 0.01, ***P < 0.001 
compared with E. coli 83972 by Kruskal-Wallis 
test with Dunn’s multiple-comparison test.
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complex genes CDK12 and CDK13, EFR3A, CDK9 elongation fac-
tor AFF4, and the PAF1C subunit CDC73. Gene expression was 
identified as the most strongly inhibited function (–log[P value] 
35, z score –4.7, 510 regulated genes, cutoff FC > 2; Supplemental 
Figure 2A), including genes involved in transcription of DNA and 
RNA, transcription initiation, gene expression, and stabilization of 
mRNA (Figure 5C).

The effect of NlpD on gene expression was compared to the 
nucleoside analog 5,6-dichloro-1-β-D-ribofuranosyl-benzimid-
azole (DRB), which specifically targets CDK9, inhibiting Pol II 
phosphorylation and transcription elongation (32). A substantial 
overlap was detected including genes regulating Pol II–depen-
dent transcription, supporting the specificity of NlpD for Pol II; 
579 genes were shared and 99.8% of those genes were inhibit-
ed (Figure 5D and Supplemental Figure 2, B and C). While DRB 
inhibited CDK9, NlpD inhibited CDK12, suggesting a molecular 
basis for specificity.

Innate immune recognition of uropathogenic E. coli by TLR4 
activates a signaling cascade. The phosphorylation of the TLR4 
adaptor proteins TICAM2 (TIR domain–containing adapter mol-
ecule 2 or TRAM) and TICAM1 (TIR domain–containing adapter 
molecule 1 or TRIF) activates the phosphorylation of mitogen-acti-
vated protein (MAP) kinases, phospholipase C, and p38, activating 
JNK (c-Jun N-terminal kinases), CREB (cyclic AMP response ele-
ment–binding), and Fos-Jun (AP1), leading to IRF-3–, IRF-7–, and 
AP-1–dependent expression of cytokine and chemokine genes, as 
well as type I interferons (IFNs) including IFN-β (33, 34).

A general state of innate immune inhibition was detected, 
including the TLR4 signaling pathway that regulates the innate 
immune response to uropathogenic E. coli (refs. 33, 34; Figure 5, 
E and F, and Supplemental Figure 2D). NlpD inhibited the TRIF/
TRAM-dependent arm of this pathway but IRF3, which regulates 
the host defense in infected kidneys, was activated. Inhibited 
DRB-specific genes included JUN, IL6, IL7, and TNF superfamily 

genes, while NlpD inhibited NFKB, TBK1, CREB1, and JAK2. The 
results associate Pol II–dependent gene expression with innate 
immunity and suggest that NlpD acts by creating a broad, nonre-
sponsive state.

Dynamics of NlpD transfer into host cells. Sequence align-
ment revealed homology between NlpD and the human mem-
brane-spanning 4-domain protein MS4D (membrane-spanning 
4-domains, subfamily A, member 15, isoform 1; Figure 6A), 
suggesting that NlpD might be capable of membrane insertion. 
This hypothesis was tested by exposing giant unilamellar vesi-
cles (GUVs) to rNlpD labeled with Alexa Fluor 488. Rapid colo-
calization was detected between Alexa Fluor 488–NlpD and the 
rhodamine-labeled GUV membrane constituent egg phosphatidyl 
choline (Figure 6B).

The inhibition of Pol II phosphorylation suggested that NlpD 
is transferred into host cells. A dose-dependent increase in NlpD 
levels was detected in human kidney cells exposed to rNlpD pro-
tein, by Western blot analysis (Figure 6C), and confocal micros-
copy (Figure 6D), after staining with anti-His antibodies. By 
subcellular fractionation, NlpD was detected in the membrane, 
cytoplasmic, and nuclear fractions, suggesting membrane inter-
actions, cellular uptake, and nuclear translocation (Figure 6E). 
Two NlpD bands were detected in the bacterial supernatants and 
recombinant preparations and their identity as NlpD was verified 
by mass spectrometry (MS) and Western blot analysis (Supplemen-
tal Figure 3). The bands detected in extracts from cells exposed to 
rNlpD corresponded in size to those in the bacterial supernatants. 
The internalization of NlpD by host cells was further monitored in 
real time by live-cell imaging, using Alexa Fluor–labeled rNlpD. 
A time- and dose-dependent increase in cytoplasmic and nucle-
ar staining was detected (1–3 hours; Figure 6F). After 1 hour, the 
protein was mainly dispersed in the cytoplasm, with a punctate 
appearance followed by a later increase in nuclear NlpD staining 
(Figure 6F). Uptake of NlpD was also detected after infection with 
E. coli 83972 but not E. coli SN25, consistent with the difference 
in NlpD release. Cells infected with the complemented strain E. 
coli SN25-pRH320 (35), carrying the intact E. coli 83972 nlpD-rpoS 
operon, showed higher staining intensity (Figure 6, G and H).

Complementation of the nlpD-rpoS operon in E. coli SN25. The 
effect of NlpD was further investigated using the complemented 
strain E. coli SN25-pRH320 (Figure 7A and refs. 35, 36). E. coli 
SN25-pRH320 inhibited Pol II and PAF1C at least as efficiently as 
E. coli 83972 (Figure 7B) and the proinflammatory effect of E. coli 
SN25 was attenuated by complementation, as defined by reduced 
cytokine levels in infected-cell supernatants (Supplemental Figure 
4). Gene expression was attenuated compared with E. coli SN25, 
to a level resembling that of  E coli 83972 (heatmap in Figure 7C). 
Cytokine gene expression was inhibited (Figure 7D) and tran-
scripts from E. coli SN25-pRH320–infected kidney cells formed 
a cluster with E. coli 83972 distant from E. coli SN25 (Figure 7E).

The complemented strain was further shown to inhibit muco-
sal Pol II phosphorylation in the murine urinary tract, with effi-
ciency similar to that of E. coli 83972 (Figure 8A). In parallel, the 
proinflammatory effect of E. coli SN25 was attenuated, as shown 
by reduced neutrophil recruitment and pathology scores (Figure 
8B) (for data distinguishing the effects of NlpD and σ38, please see 
Supplemental Figures 5 and 6).

Figure 4. Effects on the Pol II phosphorylation machinery. (A) Schematic 
of the Pol II phosphorylation machinery in eukaryotic cells (29). The Pol II 
phosphorylation complex binds to DNA at different eukaryotic promot-
ers. CDK9 brings the PAF1C adaptor close to Pol II and the PAF1C subunit 
CDC73 recruits CDK12 to the complex. CDK9 and CDK12 then phosphorylate 
the Pol II subunit RPB1 CTD domain at Ser2. (B and C) PAF1C (CDC73) and 
CDK12 protein levels were markedly reduced by supernatants from E. coli 
83972 but not E. coli SN25. (B) Western blot analysis of whole cell extracts, 
and (C) confocal imaging of human kidney cells. Histograms show quan-
tification of fluorescence intensity. Data are presented as mean ± SEM (n 
= 4–5 experiments); Mann-Whitney U test. (D) Mutant screen for effects 
on PAF1C (CDC73) and CDK12 in human kidney cells. The ΔnlpD deletion 
mutant failed to inhibit PAF1C and CDK12. Western blot analysis of whole 
cell extracts. Band intensities were quantified (FC compared with PBS). 
(E) Loss of Pol II-p and PAF1C inhibition in E. coli SN25– and E. coli 83972 
ΔnlpD–infected cells compared with those infected with E. coli 83972. Data 
are presented as mean ± SEM (n = 20 cells). Scale bars: 10 μm. *P < 0.05, 
**P < 0.01, ***P < 0.001 compared with E. coli 83972 by Kruskal-Wallis test 
with Dunn’s multiple-comparison test. (F) NlpD pull-down of RPB1 and 
PAF1C. Whole cell lysates (WCL) were exposed to Ni2+ beads coated with 
rNlpD-His and binding partners were identified by Western blot. TBP and 
TFIIB were not detected. (G) RPB1 binding to anti-RPB1–coated magnetic 
beads is inhibited by rNlpD (lane 2). Pull-down of RPB1 from whole cell 
lysates by the coated beads (lane 1) was competitively inhibited by rNlpD 
(lane 2). Data are representative of 3 independent experiments.
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Therapeutic effects of NlpD in a UTI model. The effects of E. 
coli SN25-pRH320 suggested that the NlpD protein might have 
therapeutic potential. This hypothesis was examined in a murine 

UTI model. rNlpD was administered intraperitoneally to C57BL/6 
mice (50 μL, 2.1 mg/mL) 30 minutes before intravesical infection 
with E. coli SN25, and the mice were sacrificed after 24 hours. 

Figure 5. Effects of NlpD on host gene expression. Genome-wide transcriptomic analysis of human kidney cells exposed to rNlpD (50–250 μg/mL, 4 hours). 
Cells treated with PBS served as controls. (A) Dose-dependent regulation of gene expression by rNlpD (n = 2,410 genes were regulated at the highest dose, 
84% were inhibited). Heatmap of differentially regulated genes in human kidney cells. (B) An RNA Pol II–centric gene network with inhibited (blue) or activat-
ed (red) genes in cells exposed to rNlpD (250 μg/mL). Effects on members of the Pol II phosphorylation complex. CDC73/PAF1C, CCNT2, CDK12, and CDK13 were 
inhibited. (C) Gene expression was the most strongly regulated function in cells exposed to rNlpD. (D) Comparative analysis of NlpD and DRB, a chemical Pol 
II inhibitor; 578 of 610 genes regulated by both NlpD and DRB were inhibited. (E and F) Effects on innate immune signaling activated by uropathogenic E. coli 
(33, 50). NlpD (green) inhibited a large number of genes in this pathway as well as transcriptional regulators. DRB (blue) showed a partial effect. Both NlpD and 
DRB inhibited the genes at the intersection (dark turquoise). Fold change (FC) > 2.0 and P < 0.05 compared with PBS control.
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in the host and attenuate inflammation. Furthermore, protective 
effects against UTI suggest that such bacterial proteins merit fur-
ther exploration as potential drug candidates.

NlpD is a divisome-associated, outer membrane bacteri-
al lipoprotein that activates the peptidoglycan hydrolase AmiC 
during septal splitting (41, 42). In addition, NlpD contains a lyso-
staphin/M23 peptidase (LytM) domain (41) required for bacteri-
al cell separation. The NlpD pro-form is transported to the inner 
leaflet of the periplasmic space by a SecA-dependent mecha-
nism, processed by removal of the signal peptide and diacylation, 
followed by further acylation to form the mature lipoprotein (43, 
44). Our data suggest that NlpD is released by bacteria and trans-
ferred into human cells, where the protein reaches the cytoplasm 
as well as the nuclei. The band sizes in host cells corresponded 
to those in the supernatants, suggesting that the proteins may 
not need to be processed. Protein sequence alignment revealed 
homology between NlpD and the human membrane-spanning 
4-domain protein MS4D. Ishibashi et al. suggested that the 
MS4D subfamily genes function either directly as ligand-gated 
ion channels or as essential components of such channels (45). 
Homology of NlpD to this gene family could potentially explain 
how this bacterial protein is able to insert into lipid bilayers and 
cross the plasma membrane into host cells, to target constituents 
of the Pol II phosphorylation complex.

The alternative bacterial RNA polymerase subunit σ38 is main-
ly expressed during stationary phase growth (46) and serves as an 
important regulator of more than 20 stationary phase genes and 
operons involved in multiple-stress resistance, secondary metab-
olism, and other functions (47–49). This study raises the question 
whether NlpD and σ38 may serve as cooperating bacterial antag-
onists of Pol II phosphorylation. NlpD did not require σ38 to exert 
its effects on the Pol II phosphorylation complex, as shown using 
specific gene deletions as well as rNlpD protein (Supplemental 
Figure 10). An independent mechanism of transcriptional regula-
tion by σ38 was detected, however. A synthetic peptide comprising 
the DNA binding domain of σ38 was shown to bind to TATA box 
oligonucleotides and competitively inhibit the binding of TBP and 
this interaction was reproduced using the recombinant σ38 holo-
protein. The results suggest that σ38 may limit the access of TBP to 
eukaryotic TATA box DNA, providing a mechanism to disturb the 
formation of the preinitiation complex and Pol II complex assem-
bly and enhance the effect of NlpD on host gene expression.

This study further suggests that the bacterial effector pro-
tein NlpD might be used therapeutically, to protect the host 
against hyperinflammatory responses to infection. Safety of this 
approach is supported by numerous clinical studies document-
ing protective effects of ABU in otherwise healthy carriers (10). 
Furthermore, overall toxicity was not detected in healthy mice 
challenged with the recombinant protein or in cells challenged 
with rNlpD or bacterial supernatants in vitro. As epithelial cells 
are the first to be targeted during UTI, these effects were tested 
using human kidney epithelial cell lines. In previous studies, we 
also included 2 intestinal cell lines (HT29 and DLD1) to address 
the effect of NlpD-producing strains from the fecal flora. A sim-
ilar reduction in Pol II phosphorylation was observed in all cell 
types. Importantly, like ABU strains, fecal strains from healthy 
individuals inhibit Pol II phosphorylation (5) and release NlpD at 

Bacterial counts were significantly lower in infected mice receiv-
ing rNlpD and urine neutrophil counts and tissue neutrophil infil-
trates were reduced compared with untreated mice (Figure 8C). 
As a result, the pathology score was lower, reflecting a loss of ede-
ma and hyperemia (Figure 8C). The mucosal tissue structure was 
also more intact in rNlpD-treated mice than in E. coli SN25–infect-
ed controls (Supplemental Figure 7A).

The therapeutic potential of NlpD in UTI was further investi-
gated in mice infected with uropathogenic E. coli (schematic in Fig-
ure 9A). rNlpD was administered intraperitoneally (50 μL, 2.1 mg/
mL), 30 minutes before intravesical infection with E. coli CFT073 
and daily for 7 days. Samples were obtained after 24 hours and 7 
days. rNlpD treatment was shown to accelerate bacterial clearance 
from kidneys and bladders of infected mice and pathology scores 
were reduced (Figure 9B and Supplemental Figure 7B). Neutrophil 
recruitment was virtually abolished by rNlpD treatment, suggesting 
a strong antiinflammatory effect. Similar protective effects were 
observed in mice infected with the uropathogenic strain E. coli CY17 
(Figure 9C and Supplemental Figure 7C), where accelerated bacte-
rial clearance was accompanied by a pronounced reduction in neu-
trophil recruitment and tissue pathology. The results identify NlpD 
as a bacterial protein with potent antibacterial and antiinflammato-
ry effects in a murine UTI model.

Analysis of potential toxicity. The human E. coli 83972 inoc-
ulation study was conducted to establish protective bacteriuria 
in patients with recurrent UTI (14). Many of the patients devel-
oped ABU and carriage was accompanied by a significant reduc-
tion in symptomatic UTI episodes (6). There was no evidence of 
side effects in patients (>50 patient-years), suggesting that the 
NlpD-producing strain is not toxic. This was confirmed in healthy 
C57BL/6 mice treated with rNlpD intravesically or intraperito-
neally (105 μg per day, 3 days). There was no evidence of gross 
pathology in the urinary tract or major organs. Pol II inhibition 
was detected in the urinary tract mucosa (Supplemental Figure 8).

In vitro experiments further showed that supernatants from E. 
coli 83972, SN25, or ΔnlpD do not affect cell viability in vitro (Sup-
plemental Figure 9A). In contrast, the Pol II inhibitory toxin α-am-
anitin (37) caused a rapid reduction in cell numbers, unlike NlpD 
or DRB (Supplemental Figure 9B). TUNEL staining was exclusive-
ly detected in α-amanitin–treated cells, suggesting DNA damage 
(Supplemental Figure 9C). Consistent with its membrane-inte-
grating properties, rNlpD caused a moderate reduction in trypan 
blue exclusion and ATP levels, at the highest dose (250 μg/mL) 
(Supplemental Figure 9D). Presto Blue staining was not affected 
and TUNEL staining was not observed. DRB did not affect any of 
these parameters.

Discussion
Commensals adjust their lifestyle to the host niche that they 
inhabit. The dynamics of this adaptation process have been ele-
gantly studied at the bacterial population level, taking into consid-
eration the extreme complexity of microbiomes and the challenge 
of population size (38–40). Molecular adaptation strategies used 
by individual microbes have been difficult to resolve in these com-
plex habitats, however. We therefore selected ABU as a model to 
study bacterial adaptation and host-response strategies. We show 
that ABU strains use specific proteins to modulate transcription 
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acterized by genome sequencing, gene expression analysis, proteom-
ics, and cellular techniques (16). The prototype strain E. coli CFT073 
(O6:H1:K?) (52) and E. coli CY17 isolated during a prospective study of 
childhood UTI in Gothenburg, Sweden (53, 54) were used as uropatho-
genic strains. The ABU strains (from children with positive urine cul-
ture with no symptom of UTI), APN strains (from children with febrile 
UTI), and fecal isolates (from children who had no history of UTI and 
negative urine cultures) were isolated during population-based stud-
ies of childhood UTI in Gothenburg, Sweden (55), using standard 
microbiological techniques (54, 56).

Genome sequence analysis and quality-based variant detection. Total 
genomic DNA was isolated from the E. coli ABU re-isolate SN25 using 
the MagAttract high-molecular-weight (HMW) DNA kit (Qiagen). A 
500-bp paired-end library of the E. coli strain SN25, generated with 
the Nextera XT DNA library preparation kit (Illumina), was sequenced 
on the Illumina MiSeq sequencing platform with v2 sequencing chem-
istry. Quality-based variant detection in the E. coli SN25 genome was 
performed with the CLC Genomics Workbench (Qiagen Bioinformat-
ics). First, low-quality reads were trimmed using quality scores, setting 
the limit to 0.05. The quality-filtered reads were mapped to the refer-
ence genome of E. coli strain 83972 (accession number NC_017631). 
As a result, 99.1% of the reference genome was covered. The average 
coverage was 160-fold. Quality-based variant detection based on the 
neighborhood quality standard (NQS) algorithm (57) was done with a 
minimum coverage of 100 and a minimum variant frequency of 80% 
at a given position of the reference genome.

Construction of gene deletion mutants in E. coli 83972. To delete 
selected genes from the E. coli 83972 chromosome, the entire cod-
ing sequence of the determinant (except for rpoS, in which the first 
and last 5 nucleotides of the open reading frame remained) was 
replaced by a cat cassette via λ-Red–mediated recombination (21). 
For this, the cat cassette flanked by 2 FRT sites was amplified from 
pKD3. The resulting PCR product was electroporated into E. coli 
83972 carrying pKD46, and clones with the correct replacement of 
the gene by the cat cassette were selected on selective agar (20 μg/
mL chloramphenicol) (21). Mutants (ΔlldD, ΔlldR, ΔnlpD, ΔrfaH, 
ΔcysE, ΔrcsB, ΔmdoH, and ΔlrhA) were cultured on tryptic soy agar 
(TSA) with added chloramphenicol (20 μg/mL, 16 hours at 37°C). 
Deletions were confirmed by DNA sequencing. For details on the 
primers used see Supplemental Table 3.

Mutants were confirmed by Western blotting using whole protein 
extracts from overnight bacterial cultures. Twenty micrograms of pro-
tein per sample was run in a 10% polyacrylamide gel under denaturing 
conditions and transferred to a nitrocellulose membrane (0.45 μm, GE 
Healthcare). RpoC was used as loading control. Primary antibodies 
were detected with horse radish peroxidase–conjugated (HRP-con-
jugated) secondary anti-mouse antibody (see Supplemental Table 4). 
Chemiluminescence (Clarity Western ECL Substrate, Bio-Rad) was 
detected using a ChemiDoc (Bio-Rad).

Bacterial cell extracts and culture supernatants. Overnight bacterial 
cultures on TSA plates were lysed in B-PER (Thermo Fisher Scientif-
ic) supplemented with DNase I (4 U/mL) using sonication (3 times, 30 
seconds each, at 4°C). Bacterial supernatants were prepared in RPMI (4 
hours) using 1 × 108 CFU/mL, and then centrifuged and sterile filtered 
(0.2 μm PES syringe filter). Bacterial proteins were precipitated from 
supernatants by gentle mixing with trichloroacetic acid (TCA) (9:1 ratio) 
and incubated overnight at –20°C. Precipitated proteins were treated 

least as frequently as the ABU strains (Supplemental Figure 11), 
suggesting that the intestinal environment is exposed to NlpD 
and may benefit from its effects.

Commensals create calm, nonreactive environments in the 
host and persist for extended periods of time. The molecular 
insights shed light on how adaptation to the host environment 
may be achieved and how the bacteria pacify gene expression at 
mucosal sites (5). Our findings suggest a mechanism for commen-
sals to actively create symbiosis by releasing NlpD, adding molec-
ular precision to this argument. This molecular solution appears 
to be favored, as nlpD has become fixed in the E. coli population. 
The loss-of-function mutant E. coli SN25 was unique in a screen 
of more than 2,000 E. coli genomes, suggesting that the function-
al NlpD sequence may be under positive selection. Interestingly, 
the addition of a single virulence gene to E. coli 83972 was suffi-
cient to override the inhibitory effect of NlpD (50), bypassing Pol 
II inhibition at the transcriptional level. The calm, nonreactive 
environment created by commensals thus appears to be favored 
but easily disrupted if the strain acquires a sufficiently potent vir-
ulence gene (50).

Methods
Human inoculation with E. coli 83972 and isolation of a lack-of-function 
mutant. Patients with lower urinary tract dysfunctions, residual urine 
(≥100 mL), and recurrent lower UTI (≥3 episodes per year, for 2 years) 
participated in the study. E. coli 83972 (1 × 105 CFU/mL) bacteriuria was 
established by intravesical inoculation, according to Wullt et al. (14) and 
the patients were followed according to a standardized study protocol 
(6). Monthly urine samples were obtained for analysis and E. coli 83972 
was identified by culture and PCR. The loss-of-function mutant E. coli 
SN25 was a re-isolate obtained from one of the inoculated patients (15).

Bacterial strains. The prototype ABU strain E. coli 83972 
(OR:K5:H-) (7, 51) was used as the reference strain throughout the 
study. Re-isolates from E. coli 83972–inoculated patients were char-

Figure 6. Membrane interaction and transfer of rNlpD into host cells. (A) 
Sequence alignment of NlpD and the human MS4D protein. (B) Membrane 
interaction of rNlpD (Alexa Fluor 488, green) with giant unilamellar vesicles, 
labeled with rhodamine (red). Membrane colocalization (yellow) was detect-
ed in 6 of 13 vesicles. PC, phosphatidyl choline. (C–F) NlpD was detected in 
lysates and was internalized by human kidney cells exposed to rNlpD-His 
protein (0–250 μg/mL). (C) Western blot stained with anti-His antibod-
ies. (D) Confocal imaging of cells stained with anti-His antibodies. Nuclei 
were counterstained with DRAQ5. Data are presented as mean ± SEM (n 
= 3 experiments). (E) NlpD was detected in the cytoplasm, membrane, 
and nuclei of treated cells. Western blot of cellular fractions stained with 
anti-NlpD antibodies. (F) NlpD internalization and nuclear translocation in 
cells exposed to Alexa Fluor 633–labeled rNlpD (magenta, 250 μg/mL) for 
1 or 3 hours. Live-cell imaging: the nuclear plane of each image is shown. 
NlpD levels were quantified from 3 Z-stacks surrounding the nuclear plane. 
Nuclei were counterstained with Hoechst 33342. Data are presented as 
mean ± SEM (n = 18–24 cells). (G and H) Detection of NlpD in human kidney 
cells after infection with E. coli 83972 or the nlpD-reconstituted strain E. 
coli SN25-pRH320. (G) Western blot of whole cell lysates stained with anti-
NlpD antibodies. Data are representative of 2 independent experiments. (H) 
NlpD uptake after infection. Staining was quantified by confocal imaging 
using anti-NlpD antibodies. E. coli SN25 served as a negative control. Scale 
bars: 10 μm. Data are presented as mean ± range (n = 2 experiments). *P 
< 0.05, **P < 0.01, ***P < 0.001 compared with 25 μg/mL (D) or compared 
with blank (F) by Kruskal-Wallis test with Dunn’s multiple-comparison test.
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mal models and clinical data (5, 34, 58). A498 cells were obtained 
from ATCC (HTB44) and cultured in RPMI-1640 (Thermo Fisher 
Scientific) supplemented with 1 mM sodium pyruvate, 1 mM nones-
sential amino acids (GE Healthcare), and 10% heat-inactivated fetal 
calf serum (FCS) at 37°C with 5% CO2. Depending on the experimen-
tal design, cells were cultured in 6-well plates (4 × 105 cells per well) 
or 8-well chamber slides (4 × 104 cells per well, both Thermo Fisher 
Scientific) in medium supplemented with 10% FCS overnight. For 
infection (1 × 108 CFU/mL) or exposure to bacterial supernatants or 
recombinant proteins, cells were washed and adjusted to the appropri-
ate concentration in serum-free medium. All experiments were per-
formed with mycoplasma-free cells.

with 100% acetone and after complete evaporation, run in SDS-PAGE 
(4%–12% Bis-Tris gels, Invitrogen), blotted onto PVDF membranes (Bio-
Rad), blocked with 5% nonfat dry milk (NFDM), incubated with primary 
antibodies (see list of dilutions in Supplemental Table 4), washed with 
0.1% PBS-T (3 times, 10 minutes each), and incubated with secondary 
antibodies in 5% NFDM before a final wash in PBS-T (3 times, 10 min-
utes each). Bands were imaged using ECL Plus detection reagent (GE 
Healthcare) and quantified using ImageJ 1.46r (NIH). See also the MS 
analysis of bacterial supernatant in Supplemental Figure 3.

Cell culture and stimulation of human kidney epithelial cells. Human 
A498 kidney carcinoma cells (RRID:CVCL_1056) have been exten-
sively used in studies of UTI pathogenesis and validated against ani-

Figure 7. Complementation of nlpD and rpoS expression in E. coli SN25. (A) NlpD levels in the supernatant of E. coli SN25-pRH320, complemented with 
the nlpD-rpoS operon from E. coli 83972. E. coli SN25-pBR322 carrying the empty vector served as a negative control (35, 36). (B) Inhibition by E. coli SN25-
pRH320 of Pol II-p and PAF1C in infected cells. Nuclei were counterstained with DRAQ5. Fluorescence intensity was quantified by confocal microscopy, 
normalized against uninfected cells. Data are representative of 3 independent experiments and are presented as mean ± SEM (n = 50 cells). Scale bars: 
20 μm. ***P < 0.001 compared with PBS by Kruskal-Wallis test with Dunn’s multiple-comparison test. (C–E) Whole genome transcriptomic analysis of 
the cellular response to infection (1 × 108 CFU/mL, 4 hours). (C) Reduced transcriptional activity in cells infected with E. coli SN25-pRH320. Heatmap: FC > 
2.0 compared with uninfected cells. (D) Antiinflammatory effect of E. coli SN25-pRH320 defined by the inhibition of specific cytokine genes. (E) Principal 
component analysis of gene expression profiles in cells infected with E. coli SN25-pRH320 or E. coli 83972, compared with SN25 and uninfected controls.

https://www.jci.org
https://doi.org/10.1172/JCI140333
https://www.jci.org/articles/view/140333#sd
https://www.jci.org/articles/view/140333#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(4):e140333  https://doi.org/10.1172/JCI1403331 2

The cells were washed twice before adding fluorescently labeled sec-
ondary antibody for 1 hour at room temperature. After a final wash, 
cells were resuspended in flow cytometry buffer (0.02% EDTA, 5% 
FCS in PBS) and analyzed with a BD Accuri C6 flow cytometer (BD 
Biosciences); 20,000 events were collected at 60 μL/min flow rate.

Western blotting. Lysates from infected cells and cells treated with 
bacterial supernatants or recombinant proteins were harvested in NP-40 
lysis buffer supplemented with protease and phosphatase inhibitors 
(both from Roche Diagnostics). Proteins were resolved by SDS-PAGE, 
blotted onto PVDF membranes, and stained with primary antibodies 
in 5% NFDM or BSA overnight. Membranes were washed followed by 
addition of appropriate HRP-conjugated secondary antibodies.

Recombinant proteins. Recombinant His-tagged NlpD (rNlpD) and 
σ38 proteins (Supplemental Table 5) were expressed in E. coli using the 
pET30a expression vector and TB fermentation (custom ordered from 
GenScript). rNlpD was obtained from inclusion bodies using 3-step 
purification by Ni, Superdex 200, and Ni columns; σ38 was obtained 

Confocal microscopy. Cells were washed (PBS), fixed (3.7% form-
aldehyde), permeabilized (0.25% Triton X-100), blocked (5% FCS, 1 
hour at room temperature), and treated with primary antibodies (4°C, 
overnight). After washing (0.025% Triton X-100), Alexa Fluor–labeled 
secondary antibodies were added (1 hour at room temperature), fol-
lowed by nuclear staining with DRAQ5 (Abcam; 15 minutes at room 
temperature). Slides were then washed and mounted (Fluoromount, 
Sigma-Aldrich) and imaged by laser-scanning confocal microscopy 
(LSM800, Carl Zeiss). Staining was quantified using ImageJ software 
1.46r. Secondary antibody controls were included in all experiments. 
For details of antibodies see Supplemental Table 4.

Flow cytometry. For flow cytometry, infected human kidney cells (5 
× 105 cells) were harvested after 4 hours, washed with PBS, fixed (3.7% 
formaldehyde in PBS, 15 minutes), washed twice with PBS, centri-
fuged and resuspended, permeabilized (0.25% Triton X-100, 5% FCS 
in PBS, 10 minutes), blocked (5% FCS, 1 hour at room temperature), 
and incubated with primary antibodies in 5% FCS (4°C, overnight). 

Figure 8. In vivo validation of nlpD complementation and treatment. Mice were infected with E. coli 83972, SN25, or SN25-pRH320 and sacrificed after 
24 hours. (A) NlpD-rpoS reconstitution increased Pol II inhibition in vivo. Tissue sections were stained with anti–Pol II-p antibodies and the fluorescence 
intensity was quantified (mean ± SEM). Reduced Pol II-p staining in the bladder mucosa of mice infected with E. coli 83972 or E. coli SN25-pRH320 (P = 
0.006) compared with E. coli SN25. (B) Neutrophil (left) and bacterial counts (middle) in urine, and bladder pathology scores (right) were reduced in mice 
infected with E. coli SN25-pRH320 compared with E. coli SN25 (PMNs, polymorphonuclear leukocytes; CFU, colony forming unit). *P < 0.05, **P < 0.01, 
***P < 0.001 compared with E. coli 83972 by Kruskal-Wallis test with Dunn’s multiple-comparison test. (C) E. coli SN25–infected, NlpD-treated mice 
showed lower neutrophil counts (left), bacterial counts (middle), and bladder pathology scores (right) than untreated mice (24 hours). ***P < 0.001 by 
Mann-Whitney test. Urine PMNs and CFUs for SN25-infected mice are presented in B and C. Scale bar: 50 μm. Data are presented as mean ± SEM (n = 5 
mice, 2 independent experiments). 
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Polyclonal antibody production. Polyclonal rabbit anti-NlpD anti-
body was produced using rNlpD protein as antigen (Innovagen, 
project 11358). Briefly, initial immunization was followed by booster 
immunizations performed after 2, 4, 7, and 10 weeks (500 μg of pro-
tein per time point) and serum was collected. The polyclonal rabbit 
antiserum was titrated by ELISA using Nunc-Immuno MaxiSorp plates 
and absorbance measured at 405 nm.

from supernatant of cell lysate. All proteins were approximately 90% 
pure as estimated by densitometric analysis of Coomassie-stained 
SDS-PAGE gels under reducing conditions. Endotoxin levels were 
less than 5 (rNlpD) and less than 10 EU/mg (σ38). For live imaging of 
cells and unilamellar vesicles, NlpD and σ38 proteins were labeled with 
Alexa Fluor 488 or Alexa Fluor 633, as per the manufacturer’s instruc-
tions (Thermo Fisher Scientific). Purity was confirmed by MS (BioMS).

Figure 9. Therapeutic efficacy of NlpD against pathogenic E. coli strains. (A) NlpD treatment protocol in mice infected with the uropathogenic  
E. coli strain CFT073 or CY17. Mice were pretreated with rNlpD protein by intraperitoneal injection, 30 minutes before intravesical bacterial infection 
and daily, for 7 days. (B and C) The bladder pathology score, urine neutrophil counts, and bacterial counts in urine and bladder tissue were reduced 
by NlpD treatment (open circles) compared with untreated mice (dots) after (B) E. coli CFT073 (blue) or (C) E. coli CY17 (red) infection. PMNs, poly-
morphonuclear leukocytes; CFU, colony forming unit. Data are presented as mean ± SEM (n = 5 per time point, 2 independent experiments) and 
were analyzed by Mann-Whitney test.
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glycerol, and 500 ng/μL BSA (Sigma-Aldrich). For band-shift inhibi-
tion, 2 μg of anti-σ38 antibody and 1 μg of anti-TBP antibody were used. 
For competition assays, 0.5 or 2.5 μg of σ38 peptide and 1 μg of TBP pro-
tein were used. Binding reactions were incubated at 15°C for 30 min-
utes, loaded onto a 6% nondenaturing, nonreducing polyacrylamide 
gel, and run in buffer containing 50 mM Tris (pH 7.0), 0.38 M glycine, 
and 2 mM EDTA at 125 V. Gels were stained with GelGreen (Biotium) 
and imaged using the Bio-Rad ChemiDoc System.

Murine UTI model. Female C57BL/6JRj mice, obtained from Jan-
vier Labs (SC-C57J-F), were used for experiments at 9–15 weeks of 
age, weighing 22–28 g. The mice were bred and housed in a specific 
pathogen–free animal facility with free access to food and water. Mice 
were intravesically infected with E. coli 83972, SN25, SN25-pRH320, 
CFT073, or CY17 (1 × 108 CFU in 0.1 mL) through a soft polyethylene 
catheter (outer diameter 0.61 mm; Clay Adams) after intraperitoneal 
injection of a cocktail of ketamine (1.48 mg in 100 μL of 0.9% NaCl 
solution, Intervet) and xylazine (0.22 mg in 100 μL of 0.9% NaCl solu-
tion, Vetmedic). Animals were sacrificed under isoflurane anesthesia 
by cervical dislocation at 24 hours and 7 days. Bladders and kidneys 
were aseptically removed and frozen for RNA isolation, and cryomolds 
containing OCT were used for cryosections. Viable counts were deter-
mined by growth on TSA plates (37°C, overnight) after serial dilutions 
as appropriate. Neutrophils in uncentrifuged urine were counted using 
a hemocytometer.

For immunohistochemistry, 7-μm-thick cryosections were cut 
and added to double-positive poly-L-cystine slides, dried, and stained 
using anti-Ly6g (neutrophils) or anti–Pol II-p antibodies. Briefly, tissue 
sections were washed in PBS, permeabilized (0.25% Triton X-100) and 
blocked (5% FCS, 1 hour, room temperature) before addition of prima-
ry antibodies (5% FCS, 4°C, overnight). Slides were washed 2 times, 5 
minutes each in 0.025% Triton X-100 before addition of appropriately 
labeled secondary antibodies (5% FCS + 0.025% Triton X-100, 1 hour 
at room temperature). The nuclei were counterstained with DAPI (5 
μg/mL, 1 minutes) washed 3 times, 5 minutes each in PBS, mounted, 
and scanned by fluorescence microscopy (AX60, Olympus Optical).

To assess tissue pathology, frozen tissue sections were stained 
with Richard-Allan Scientific Signature Series Hematoxylin 7211 and 
Eosin-Y 7111 (Thermo Fisher Scientific). The tissue pathology score 
was based on neutrophil infiltration, tissue architecture, and epithelial 
thickness on a scale of 0–5, where 0 is unchanged compared to unin-
fected controls and 5 the highest neutrophil infiltration, most dam-
aged tissue architecture, and maximal epithelial thickness.

Whole genome transcriptomic analysis. For A498 cells, total RNA 
was extracted using the RNeasy Mini Kit (Qiagen) and on-column 
DNase digestion. RNA (100 ng) was amplified using a GeneChip 3′IVT 
PLUS Kit (Thermo Fisher Scientific), fragmented, and labeled aRNA 
was hybridized onto Human Genome U219 array strips (16 hours at 
45°C), washed, stained, and scanned in house using the GeneAtlas 
system (Affymetrix).

All samples passed the internal quality controls included in the 
array strips (signal intensity by signal to noise ratio; hybridization and 
labeling controls; sample quality by GAPDH signal and 3′–5′ ratio < 
3). Data were normalized using robust multi average implemented 
in the Partek Express (60, 61) or the Transcriptome Analysis Console 
(v.4.0.1.36, Applied Biosystems) software. Differential expression was 
calculated by comparing cells treated with bacteria or recombinant 
proteins to uninfected cells (PBS control). Differentially expressed 

Coimmunoprecipitation. Five micrograms of recombinant His-
tagged protein were added to HisPur Ni-NTA resin (50 μL; Thermo 
Fisher Scientific) for 30 minutes, washed, and incubated with 100 μg 
of A498 whole cell lysates (1 hour). The beads were then washed, and 
protein complexes eluted with 250 mM imidazole (pH 7.4, 700g, 2 min-
utes) and analyzed by Western blot. Alternatively, 2 μg of anti–total Pol 
II antibody (RPB1) was bound to magnetic protein G Dynabeads (30 
μL, Thermo Fisher Scientific) and incubated with 1 mg of proteins from 
A498 cell lysate  prior to or following the addition of NlpD protein. Com-
plexes were washed, separated on a magnetic stand, and prepared for 
Western blot analysis.

In-gel digestion and MS analysis. After protein separation by SDS-
PAGE, the gel was stained with Pierce Silver Stain for Mass Spec-
trometry (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. Bands of interest were cut from the SDS-PAGE gel, 
digested with trypsin (sequencing-grade modified trypsin, Promega), 
followed by identification using liquid chromatography–tandem MS 
(LC–MS/MS). MS/MS spectra were searched with Proteome Discover-
er (Thermo Fisher Scientific) against the E. coli 83972 data base (pro-
tein sequences were downloaded from https://patricbrc.org/). The 
precursor tolerance and fragment tolerance were set to 10 ppm and 
0.05 Da, respectively. Trypsin was selected as enzyme, methionine 
oxidation and deamidation of asparagine and glutamine were treated 
as dynamic modification, and carbamidomethylation of cysteine as a 
fixed modification.

Preparation of GUVs. A reaction bed for the GUVs was formed by 
plasma etching of coverslips and coating with 1% molten agarose. A 
lipid solution in chloroform was labeled with rhodamine. GUVs were 
formed on the coverslips as described in Hansen et al. (59), mobilized, 
and rehydrated for 25 minutes. Further, the GUVs were collected and 
allowed to settle in 200 mM of glucose solution for 60 minutes. Alexa 
Fluor 633–labeled NlpD, Alexa Fluor 488–labeled σ38, or a mixture of 
NlpD and σ38 incubated for 30 minutes, were added to the observation 
chambers and the GUVs were monitored for 60 minutes. The GUVs 
were washed with glucose solution and monitored again to visualize 
protein colocalization, membrane alterations, and vesicular uptake.

Live-cell imaging. A498 cells grown in ibidi chamber slides (1 × 
105 cells) pretreated with poly-L-lysine overnight. Cells were exposed 
to Alexa Fluor 633–labeled (Thermo Fisher Scientific) NlpD at time 
0 and incubated for 30 minutes followed by washing of the labeled 
protein. The cells were then monitored in real time by laser-scanning 
confocal microscopy (Nikon) at 1-hour and 3-hour intervals in live-
cell imaging buffer (Thermo Fisher Scientific). Nuclei were counter-
stained with Hoechst 33342. The quantification of NlpD in the nucle-
us was performed by selecting 3 Z-stack sections encompassing the 
nuclear plane. The total NlpD incorporation into the cells was quanti-
fied by performing Z-stack projections using maximum intensity with 
ImageJ software 1.46r.

Electrophoretic mobility shift assay. Prokaryotic (5′-GGGTGTGT-
GTTCTATACTGTGTGTGTGTGG-3′) or eukaryotic TATA-box-con-
taining double-stranded oligonucleotides (5′-GGGTGTGTGTGT-
TATAAAGTGTGTGTGTGG-3′) were synthesized (Integrated DNA 
Technologies). Each EMSA reaction contained 1.8 μg oligonucleotides 
and 2.5 μg σ38 peptide (aa 149–183, Mimotopes), 3 μg σ38 protein (Sup-
plemental Table 5), or 1 μg TBP (aa 227–339, H00006908-Q01, Abno-
va) in binding buffer (100 mM Tris, 500 mM NaCl, and 10 mM DTT, 
pH 7.0). TBP binding buffer was supplemented with 5 mM MgCl2, 10% 
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a microplate reader (Infinite F200, Tecan). Mitochondrial integrity was 
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confocal microscopy and quantified using ImageJ software.
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