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Deacidification by FhlA‑dependent 
hydrogenase is involved in urease 
activity and urinary stone 
formation in uropathogenic Proteus 
mirabilis
Wen‑Yuan Lin1 & Shwu‑Jen Liaw1,2*

Proteus mirabilis is an important uropathogen, featured with urinary stone formation. Formate 
hydrogenlyase (FHL), consisting of formate dehydrogenase H and hydrogenase for converting 
proton to hydrogen, has been implicated in virulence. In this study, we investigated the role of P. 
mirabilis FHL hydrogenase and the FHL activator, FhlA. fhlA and hyfG (encoding hydrogenase large 
subunit) displayed a defect in acid resistance. fhlA and hyfG mutants displayed a delay in medium 
deacidification compared to wild-type and ureC mutant failed to deacidify the medium. In addition, 
loss of fhlA or hyfG decreased urease activity in the pH range of 5–8. The reduction of urease activities 
in fhlA and hyfG mutants subsided gradually over the pH range and disappeared at pH 9. Furthermore, 
mutation of fhlA or hyfG resulted in a decrease in urinary stone formation in synthetic urine. These 
indicate fhlA- and hyf-mediated deacidification affected urease activity and stone formation. Finally, 
fhlA and hyfG mutants exhibited attenuated colonization in mice. Altogether, we found expression 
of fhlA and hyf confers medium deacidification via facilitating urease activity, thereby urinary stone 
formation and mouse colonization. The link of acid resistance to urease activity provides a potential 
strategy for counteracting urinary tract infections by P. mirabilis.

Urinary tract infections (UTIs) are common infectious diseases, afflicting a large proportion of the human popu-
lation. An estimated 40–50% of women will experience at least one UTI during their lifetime1,2. UTIs with usage 
of indwelling catheters and formation of urinary stones usually cause therapeutic failure3–5. Catheter-associated 
urinary tract infections (CAUTIs) are among the most common nosocomial infections, causing an enormous 
health and financial burden worldwide. In addition, the rise of antimicrobial resistance in uropathogens has 
complicated the treatment of UTIs2,4,6. Thus, new antibacterial strategies are open for further investigation.

Formate hydrogenlyase activator (FhlA) belongs to one of the RpoN-dependent enhancer binding proteins 
and is a master regulator of formate hydrogenlyase (FHL) which consists of formate dehydrogenase H (FDH), and 
hydrogenase multimers, connecting formate oxidation to proton reduction responsible for the H2 production7–11. 
Hydrogenases are enzymes that catalyze the oxidation of molecular hydrogen (H2) into protons or the reduc-
tion of protons to molecular hydrogen12. The hydrogenase of FHL belongs to [NiFe] hydrogenase involving in 
converting proton to hydrogen11,13. Escherichia coli could produce four distinct [NiFe]-hydrogenase isoenzymes 
including hydrogenase-1 (Hya), hydrogenase-2 (Hyb), hydrogenase-3 (Hyc) and hydrogenase-4 (Hyf) encoded by 
hya, hyb, hyc and hyf operon respectively11,13. The homologous Hyc and Hyf are energy-converting hydrogenases 
conserved in gammaproteobacteria such as uropathogenic E. coli (UPEC) and Klebsiella pneumoniae13. Hyc and 
Hyf are made of several components such as electron transfer proteins, membrane-anchored proteins and cata-
lytic hydrogenase subunits11,14,15. The transcriptions of both hyc and hyf operons are activated by FhlA and are 
dependent on RpoN7–10. Taking E. coli as an example, Hyc and Hyf would couple with formate dehydrogenase to 
form FHL-1 and FHL-2, respectively. At slightly acidic pH 6.5, the production of H2 was mostly dependent on 
FHL-1, while FHL-2 contributes to H2 production at slight alkaline pH 7.516. The FHL-1 of E coli contributes to 
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medium deacidification during mix acid fermentation17 and acid resistance in the anaerobic environment18. In 
addition, hydrogenases of FHL might play a role in virulence by neutralizing hydroxyl free radicals (OH·), pro-
viding energy and maintaining acid–base homeostasis19. In this regard, fhlA and FHL-2 genes have been shown 
to be induced in UPEC during urinary tract infections20. Recently, fhlA and the genes encoding the components 
of FHL-2, were found to be likely to contribute to mouse colonization in uropathogenic Proteus mirabilis by 
the genome-wide study21. In view that enzymes and the maturation machinery required for production of FHL 
hydrogenases are completely different from human proteins22, these pathways would be promising targets for 
the development of new antimicrobial strategies.

Proteus mirabilis is an important pathogen of the urinary tract, especially in patients with indwelling urinary 
catheters5. UTIs and CAUTIs involving P. mirabilis are typically complicated by the formation of bladder and 
kidney stones due to alkalinization of urine from urease-catalyzed urea hydrolysis, leading to catheter blockage 
and permanent renal damage3. In addition, urinary stones deposit on the catheter surface, facilitating the forma-
tion of crystalline biofilms3. On the basis of the genome-wide study by Armbruster et al.21, we investigated if FhlA 
and FHL hydrogenase are associated with virulence factor expression of P. mirabilis. Here, we show that FhlA-
regulated hydrogenase gene expression accelerated medium deacidification, whereby facilitating urease activity 
and urinary stone formation. Moreover, we confirmed the fitness defect of fhlA and hydrogenase gene (hyfG) 
mutants in UTI mouse model of P. mirabilis. This is the first report revealing P. mirabilis fhlA and hydrogenase 
genes participate in urease activity, urinary stone formation and virulence. This finding provides a perspective 
for development of new therapeutic approaches to counteract UTIs caused by P. mirabilis.

Results
Counterparts of the FHL hydrogenase hyc locus, fhlA and fdhF genes in P. mirabilis N2.  To 
investigate the role of FhlA and FHL in uropathogenic P. mirabilis, we searched the genome of P. mirabilis HI4320 
for the homologous genes of FhlA, FHL hydrogenase and formate dehydrogenase H (FDH-H encoded by fdhF). 
Only a putative FHL hydrogenase 4 operon (hyf) is present in P. mirabilis HI4320. No similar FHL hydrogenase 
3 operon (hyc) was found in P. mirabilis HI4320. We amplified the entire DNA fragment (11,956 bp) containing 
hyfABCDEFGHIJhycI and the upstream region of hyfA from the genomic DNA of P. mirabilis N2 using the KOD 
DNA polymerase of high fidelity and efficiency by primers designed from P. mirabilis HI4320 (Table 1) and the 
sequence of the product was determined. hyfA and hyfH may encode electron carrier proteins containing 4Fe-
4S domain; hyfB, hyfD and hyfF may encode proton-conducting membrane transporters; hyfC and hyfE may 
encode membrane-anchored subunits; hyfG and hyfI may encode [NiFe] hydrogenase large and small subunits 
respectively; hyfJ and hycI may encode proteins for maturation of HyfG. As shown in Fig. 1a, the P. mirabilis 
N2 hyf locus consists of hyfABCDEFGHIJhycI. The putative proteins encoded by hyf locus of P. mirabilis N2 
shared 59–86% similarities with their respective orthologues in E. coli MG1655 and CFT073 respectively, with 
highest similarity between hydrogenase large subunit (HyfG vs HycE) (Fig. 1a). The nucleotide sequences of 
fhlA (2572 bp) and fdhF (2810 bp) containing the upstream promoter region were also acquired by amplifica-
tion with primers designed from P. mirabilis HI4320 (Table 1) and sequencing the product. The BLAST search 
revealed FhlA and FDH-H orthologues with 71% and 85% similarities to that of uropathogenic E. coli CFT073 
and nonpathogenic E. coli MG1655 respectively (Fig. 1a). The nucleotide sequences of fhlA, hyf locus and fdhF 
were assigned accession number MT492462, MT492463 and MT492464 respectively by the GenBank database.

Table 1.   Primers used in this study. The underlined sequences represent restriction endonuclease cutting sites.

Primer Sequence (5′–3′) Description

fhlA_com_F GGA​TCC​ATA​AGA​AAA​TAG​CGG​TTT​GG For fhlA complementation. Paired with “fhlA_com_R”

fhlA_com_R GTC​GAC​CTA​AAG​AAT​TTC​AGG​AAT​GGA​ For fhlA gene locus sequencing. Paired with “fhlA_promoter_F”

hyfG_com_F TCG​GTT​CAG​GAG​AAG​TAA​CG For hyfG complementation. Paired with “hyfG_com_R”

hyfG_com_R CTC​ACT​TGA​GCG​GCG​AAT​

rpoN_com_F GAG CTC​AAG​AGG​ATC​CAT​CGC​ATC​ For rpoN complementation. Paired with “rpoN_com_R”

rpoN_com_R CTC​GAG​CCA​TAG​TGT​CTT​CCT​TCT​

hyfA_promoter_F GCA​TGC​AGA​TCC​TTC​AGG​TTATG​ For hyfA reporter assay. Paired with “hyfA_promoter_R”

hyfA_promoter_R CTG​CAG​TCG​CCA​CAT​CCT​CCG​AGA​

fhlA_promoter_F TTA​GAA​CAA​TAA​ATC​AGC​G For fhlA reporter assay. Paired with “fhlA_promoter_R”

fhlA_promoter_R TCT​AGA​CAT​GAC​ACC​ACC​GAT​TGC​

fdhF_promoter_F GCA​TGC​GGC​ACA​CAG​AAT​TCT​CAC​AA For fdhF reporter assay. Paired with “fdhF_promoter_R”

fdhF_promoter_R CTG​CAG​CAA​CAT​TGC​TCC​TGT​GTT​CA

fdhF_R TTA​GCC​TTC​AGC​GGC​TTC​TCTTA​ For fdhF gene locus sequencing. Paired with “fdhF_promoter_F”

hyf_R CTA​TTC​TTC​GAT​ATC​GTC​TTC​ For hyf operon genes locus sequencing. Paired with “hyfA_
promoter_F”

fhlA_site_direct_F CGG​GTG​CAA​CAC​ATG​CCC​ For fhlAcSD strain construction. Paired with “fhlA_site_direct_R”

fhlA_site_direct_R AAA​TAG​CGC​CTT​TAT​CAT​GTCC​
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Figure 1.   P. mirabilis hyf locus and involvement of FHL-related genes in acid resistance. (a) (i) The P. mirabilis 
FHL hydrogenase gene locus (hyfA-J-hycI) corresponds to the well characterized hyc locus in E. coli K-12 
MG1655 and UPEC CFT073 with corresponding genes in shadows. An amino acid sequence analysis of the hyf 
locus in P. mirabilis N2 and its counterparts in E. coli K-12 MG1655 and E. coli CFT073 was performed using 
position-specific iterative BLAST. The eight proteins of the hyf locus in P. mirabilis N2 are similar to the HycB, 
HycC, HycD, HycE, HycF. HycG, HycH and HycI in E. coli K-12 MG1655 and E. coli CFT073. The percent 
amino acid similarities between P. mirabilis N2 and E. coli K-12 MG1655 or E. coli CFT073 were shown below 
each gene. The number inside white arrow represents the amino acid length of each protein. (ii) The P. mirabilis 
fhlA and fdhF loci correspond to those of E. coli K-12 MG1655 and UPEC CFT073 with corresponding genes 
in shadows. An amino acid sequence analysis was carried out the same as above. The predicted amino acid 
sequences of fhlA and fdhF in P. mirabilis N2 are similar to FhlA and formate dehydrogenase-H respectively in 
E. coli K-12 MG1655 and E. coli CFT073. The percent amino acid similarities between P. mirabilis N2 and E. 
coli K-12 MG1655 or E. coli CFT073 were shown below each gene. The number inside white arrow represents 
the amino acid length of each protein. (b) The survival rate of the wild-type, mutants (fhlA, hyfG and rpoN), 
complemented strains (fhlAc, hyfGc and rpoNc) and fhlAcSD strain after exposure to acid (pH 3). Acid survival 
rate (expressed as percent) was calculated with the following formula: 100 × (CFU after acid treatment/CFU 
before acid treatment). Significant differences from the wild-type bacteria were determined by using the one-
way ANOVA with Tukey’s multiple-comparison test (*P < 0.05, **P < 0.01). The data are averages and standard 
deviations of three independent experiments. wt, wild-type; fhlA, fhlA mutant; hyfG, hyfG mutant; fhlAc, fhlA 
complemented strain; hyfGc, hyfG complemented strain; fhlAcSD, fhlA mutant containing altered FhlA (F291I, 
T292S) in pGEM-T Easy; rpoN, rpoN mutant; rpoNc, rpoN complemented strain.
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fhlA and hyf are involved in acid resistance.  Knowing FhlA is the transcriptional activator for the 
expression of the genes encoding FHL components of E. coli8,10 and E. coli hycE (encoding catalytic large subunit 
of hydrogenase 3) mutant has been shown to display reduced acid survival compared to the wild-type strain18, 
we first investigated whether FhlA and Hyf hydrogenase affect acid resistance in P. mirabilis N2. We performed 
homologous recombination to construct kanamycin-resistant fhlA and hyfG mutants, followed by Southern 
blotting to verify the mutant clone. In view that the large subunit of hydrogenase is critical for hydrogenase 
activity18, hyfG deletion stands for functional loss of Hyf activity in the study. There was no difference between 
the growth of the wild-type bacteria and respective mutants (Fig. 6c). We then tested the ability of the wild-type 
strain, fhlA and hyfG mutants and respective complemented strains to survive the acid exposure. We found that 
the survival rate of both fhlA and hyfG mutants was significantly lower than that of the wild-type strain and the 
respective complemented strains (Fig. 1b). The results indicate that FhlA and Hyf are involved in resistance to 
extreme acid exposure in P. mirabilis. FhlA was reported as an enhancer binding protein which could hydrolyze 
ATP to activate RpoN-dependent transcriptions through the RpoN-interacting motif, GAFTGA​23. Thus, we 
constructed the site-directed mutant, fhlAcSD strain (the fhlA mutant containing an altered FhlA with the con-
served RpoN-interacting motif GAFTGA changing into GAISGA in the pGEM-T Easy vector) which exhibited 
no growth defect compared to the wild-type bacteria. Then we assessed the survival in acid using the fhlAcSD 
strain, rpoN mutant and the rpoN-complemented strain. The survival of fhlAcSD strain and rpoN mutant was 
reduced relative to the wild-type and the rpoN-complemented strain. We concluded that FhlA (requiring the 
GAFTGA motif for RpoN-interaction), RpoN and HyfG contribute to the acid resistance (Fig. 1b).

hyf and fdhF are regulated by FhlA and induced by formate and anaerobiosis.  In E. coli, the 
transcription of both fdhF and hyf operons is regulated by FhlA8,10. To identify conserved promoter elements 
for FhlA-dependent transcriptions, we submitted position weight matrices of FhlA and RpoN from charac-
terized FhlA- and RpoN-dependent promoters (Table  2) to the Regulatory Sequence Analysis Tools (RSAT) 
sever24. TGG​CAC​GNNNNTTGCA/T and the palindromic sequence TGA/TC-A/GAA/TA/GAT-GA/TCA 
were shown to be the conserved binding sites for RpoN and FhlA respectively. We found two putative FhlA and 
one RpoN conserved regulatory sequences present in the promoter regions of all the determined fhlA, hyf and 
fdhF sequences (Fig. 2a). We therefore performed the reporter assay to examine if fhlA, hyf and fdhF are regu-
lated by FhlA and RpoN. We found hyf and fdhF promoter activities were reduced in the fhlA and rpoN mutants 
relative to the wild-type and respective complemented strains at 3, 5, 7, and 24 h after incubation (Fig. 2b,c). In 
addition, the RpoN-interacting domain of FhlA is responsible for regulation of hyf and fdhF promoter activities 
(Fig. 2b,c). According to the RpoN conserved regulatory sequence not in the fhlA gene direction, the reporter 
assay showed loss of rpoN or RpoN-dependent fhlA had no effect on fhlA promoter activity during the time 
period tested (Fig. 2d). It is known fdhF, hyf and fhlA could be induced by either formate or anaerobiosis in 
E. coli8,10,25. We tested the effect of 30 mM formate or anaerobic condition on the promoter activities of fhlA, 
fdhF and hyf after incubation for 5 h. We found P. mirabilis fdhF and hyf were induced significantly by 30 mM 
formate and anaerobiosis respectively (Fig. 2f,g) while formate and anaerobiosis seemed not have a significant 
effect on fhlA promoter activity (Fig. 2e). The results of fhlA promoter activity contrasted with previous reports 
that showed formate and anaerobiosis could trigger expression of FhlA-regulated hypABCDE-fhlA in E. coli10,26. 
Figure 2b–d showed the wild-type P. mirabilis displayed hyf, fdhF and fhlA promoter activities under the aerobic 
condition at 3, 5, 7 and 24 h after incubation. In summary, promoter activities of fdhF and hyf were under the 
control of FhlA in response to formate and anaerobiosis.

The deacidification of the medium requires fhlA and hyf.  It has been known that formate, a prod-
uct of mixed-acid fermentation, can be converted to H2 and CO2 by the FHL complex, in a process consuming 
protons and resulting in medium deacidification, thereby increasing bacterial survival17. We hypothesized that 
uropathogenic P. mirabilis could use the FHL system to consume protons, leading to deacidification of the envi-
ronment. Therefore, we performed deacidification experiments using the synthetic urine at pH 4.8 (± 0.2) to test 
if loss of hyfG or fhlA affects the deacidification ability. The data showed both hyfG and fhlA mutants displayed 
a significant delay in deacidification, especially for hyfG mutant, compared to the wild-type and respective com-

Table 2.   Position-weight matrices of FhlA and RpoN binding sequences. These weight matrices based on 13 
characterized FhlA-dependent promoters10,59 and 186 characterized RpoN-dependent promoters60.

FhlA 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A 1 0 4 2 5 7 5 5 9 0 0 6 1 7

C 0 1 1 10 2 2 1 0 1 0 2 1 11 1

G 2 12 1 0 5 1 2 5 2 0 10 1 1 4

T 10 0 7 1 1 3 5 3 1 13 1 5 0 2

RpoN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A 12 2 0 12 139 11 55 51 46 44 38 13 4 1 9 76

C 14 0 0 147 23 122 17 48 64 42 62 22 18 2 173 5

G 10 184 186 6 18 10 103 69 36 35 43 15 10 181 1 17

T 150 0 0 21 6 43 11 18 40 65 43 136 154 2 3 88
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Figure 2.   The transcription regulations of hyf, fdhF and fhlA genes in P. mirabilis. (a) Schematic promoter 
region of fhlA, fdhF and hyf. FhlA and RpoN binding sites were predicted by Regulatory Sequence Analysis 
Tools24. Promoter activities of (b) hyf, (c) fdhF and (d) fhlA in wild-type, mutants (fhlA and rpoN), 
complemented strains (fhlAc and rpoNc) and fhlAcSD strain. The activity of XylE in the hyf-, fdhF- or fhlA-
xylE reporter plasmid-transformed bacterial strain was determined using the reporter assay at 3, 5, 7 and 24 h 
after incubation. (e–g) Inductivity of promoter activities of fhlA, fdhF and hyf in wild-type strain by formate or 
anaerobiosis. The overnight cultures of fhlA-, fdhF- or hyf-xylE reporter plasmid-transformed wild-type strain 
were regrown for 5 h. The activity of XylE in the reporter plasmid-transformed wild-type strain was determined 
after treatment of formate or anaerobiosis for 30 min. nil, aerobic condition; formate, 30 mM formate; 
anaerobic, anaerobic condition. Significant differences from the wild-type bacteria were determined by using 
two-way ANOVA (in b–d) and by one-way ANOVA (in e–g) with Tukey’s multiple-comparison test (*P < 0.05; 
**P < 0.01; ***P < 0.001). The data are averages and standard deviations of three independent experiments. wt, 
wild-type; fhlA, fhlA mutant; fhlAc, fhlA complemented strain; fhlAcSD, fhlA mutant altered FhlA (F291I, 
T292S) in pGEM-T Easy; rpoN, rpoN mutant; rpoNc, rpoN complemented strain.
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plemented strains (Fig. 3a). A similar reduction in deacidification ability of fhlA mutant was observed in the 
fhlAcSD mutant while rpoN mutant had a similar deacidification pattern to the wild-type strain (Fig. 3a).

Urease activity of P. mirabilis is pH‑dependent and loss of hyf or fhlA gene affects urease activ‑
ity and urinary stone formation.  Urease can catalyze the hydrolysis of urea into ammonia, rising pH 
value and promoting urinary stone formation27,28. The urease activity changes with different pH value in Helico-
bacter pylori, being activated by acidic pH down to pH 2.5 and 329. To understand whether urease activity of P. 
mirabilis is affected by pH value, we monitored the urease activity in LB broth at different pH values and found 
that urease activity was very low at pH 4, increased gradually in the pH range from 5 to 9 and dropped suddenly 
at pH 10 (Fig. 4a). Knowing fhlA and hyfG contributed to acid resistance, we assessed the urease activity in 
wild-type strain, hyfG and fhlA mutants and respective complemented strains in the pH range from 5 to 9. The 
data showed that urease activity of hyfG and fhlA mutants were lower than the wild-type and respective com-
plemented strains in the pH range from 5 to 8 (Fig. 4b). Likewise, fhlAcSD strain and rpoN mutant had reduced 
urease activity relative to the wild-type bacteria in this pH range (Fig. 4b). The rpoN mutant could restore the 
activity to a certain level from pH 5 to 9 after rpoN-complementation (Fig. 4b). Interestingly, we found the ure-
ase activity of hyfG, fhlA and fhlAcSD mutants was not different from that of the wild-type strain at pH 9 while 
urease activity of rpoN mutant still decreased relative to the wild-type bacteria (Fig. 4b). The results show that 
both urease activity and the involvement of fhlA and hyfG in the urease activity is pH-dependent in P. mirabilis. 
Subsequently, we assessed the urinary stone formation using the same synthetic urine at pH 5.8. We found that 
the ability of stone formation in fhlA and hyfG mutants was significantly lower than that of wild-type strain and 
respective complemented strains (Fig. 4c). The ability to form urinary stones of fhlAcSD mutant significantly 
decreased relative to the wild-type, in contrast to that of rpoN mutant being comparable to the wild-type strain.

To differentiate between direct proton consumption and modulation of urease activity for the role of hyf and 
fhlA in medium deacidification, we included the ureC (encoding urease subunit) mutant in deacidification assay 
in synthetic urine. No medium deacidification but slight acidification by the ureC mutant was observed (Fig. 3a). 
In addition, using synthetic urine medium in which urea has been replace by an equivalent amount of NH4Cl, 
the medium deacidification did not occur in wild-type and mutants of hyfG, fhlA and ureC (Fig. 3b). Slight 
acidification was observed for wild-type and the mutants. The data suggest that urea hydrolyzed by urease is an 
essential process to deacidify synthetic urine medium for P. mirabilis and the role of hyfG and fhlA in medium 
deacidification is mainly dependent on modulation of urease activity. These results suggest that fhlA-regulated 
hyf expression could help P. mirabilis to deacidify the environment via facilitating urease activity and subsequent 
urinary stone formation.

fhlA‑regulated hyf expression assists bacterial colonization in the mouse urinary tract.  To 
confirm the finding that FHL and FhlA were responsible for mouse colonization in P. mirabilis21, we investigated 
if fhlA and hyfG are associated with UTIs caused by P. mirabilis. The colonization ability was assessed in wild-
type strain and mutants of hyfG and fhlA using the UTI mouse model30. In the bladder, the colonization ability 

Figure 3.   Urease activity and urea are required for P. mirabilis medium deacidification mediated by fhlA and 
hyfG. (a) Overnight cultures of the wild-type, mutants (fhlA, hyfG, rpoN, fhlAcSD and ureC) and complemented 
strains (fhlAc, hyfGc and rpoNc) were regrown for 5 h and resuspended in synthetic urine (pH 4.8 ± 0.2). The pH 
value was monitored during 30–90 min at 10-min intervals. (b) Overnight cultures of the wild-type and mutants 
of fhlA, hyfG and ureC were regrown for 5 h and resuspended in synthetic urine (pH 6.0 ± 0.2) in which the urea 
has been replaced by an equivalent amount of NH4Cl. The pH value was monitored at 30-min intervals over 
90 min. The data are averages and standard deviations of three independent experiments. wt, wild-type; fhlA, 
fhlA mutant; hyfG, hyfG mutant; fhlAc, fhlA complemented strain; hyfGc, hyfG complemented strain; fhlAcSD, 
fhlA mutant containing altered FhlA (F291I, T292S) in pGEM-T Easy; rpoN, rpoN mutant; rpoNc, rpoN 
complemented strain; ureC, ureC mutant (without urease activity).
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of fhlA and hyfG mutant were significantly lower than wild-type strain (Fig. 5a). Both fhlA and hyfG mutants 
exhibited a significantly low ability of colonization in the kidney relative to the wild-type strain (Fig. 5b).

Loss of fhlA or hyf does not affect proton motive force‑related motility, drug susceptibility 
and growth under carbonyl cyanide m‑chlorophenyl hydrazone (CCCP).  Previous studies showed 
that Hyf complex is similar to respiratory NADH dehydrogenase complex I11,13,14 and the complex I was shown 
to provide the proton motive force (PMF)31, which could affect acid resistance, susceptibilities of polymyxin B 
and aminoglycosides, motility and growth under treatment of the PMF uncoupler32–37. We monitored the PMF-

Figure 4.   The pH-dependent urease activity and the effect of fhlA, hyfG or rpoN mutation on urease activity 
and stone formation in P. mirabilis. (a) The urease activity of wild-type bacteria regrown in LB for 5 h was 
determined by phenol-hypochlorite assay at pH 5–9. The relative urease activity is calculated with the following 
formula: OD625 of test/OD625 of wt at pH 7. Significant differences from the result at pH 7 were determined 
by using the Student’s t test (*P < 0.05). (b) Urease activities of the wild-type, mutants (fhlA, hyfG and rpoN), 
complemented strains (fhlAc, hyfGc and rpoNc) and fhlAcSD strain regrown in LB for 5 h were measured at 
different pH values. The relative urease activity is calculated with the following formula: OD625 of test/OD625 of 
wt at pH 7. Significant differences from the wild-type bacteria at each pH were determined by using two-way 
ANOVA with Tukey’s multiple-comparison test (*P < 0.05; **P < 0.01). (c) Stone formation of the wild-type, 
mutants (fhlA, hyfG and rpoN), complemented strains (fhlAc, hyfGc and rpoNc) and fhlAcSD strain. Bacteria 
were regrown and adjusted to 2 × 108 CFU/ml with synthetic urine and incubated for 1 h at 37 ℃. The optical 
density at 630 nm of suspensions was measured as the intensity of stone formation. The relative urinary stone 
formation is calculated with the following formula: OD630 of test/ OD630 of wt. Significant differences from the 
wild-type bacteria were determined by using one-way ANOVA with Tukey’s multiple-comparison test (*P < 0.05; 
**P < 0.01). The data are averages and standard deviations of three independent experiments. wt, wild-type; fhlA, 
fhlA mutant; hyfG, hyfG mutant; fhlAc, fhlA complemented strain; hyfGc, hyfG complemented strain; fhlAcSD, 
fhlA mutant containing altered FhlA (F291I, T292S) in pGEM-T Easy; rpoN, rpoN mutant; rpoNc, rpoN 
complemented strain.
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related phenotypes including drug susceptibilities and motility in the wild-type bacteria and fhlA and hyfG 
mutants. Neither the MICs of the drugs (polymyxin B, streptomycin and gentamicin) used nor the swarming 
and swimming motility was different between wild-type strain and respective mutants (Table 3; Fig. 6a,b). We 
also examined the effect of CCCP, a PMF uncoupler, on growth of the wild-type, hyfG mutant and fhlA mutant. 
The growth curves of all strains showed no difference in the presence or the absence of CCCP (Fig. 6c). These 
results indicate that mutation of fhlA or hyfG did not affect the PMF-related phenotypes examined except acid 
resistance. It implies that the consumption of protons may be the main reason for FhlA-regulated hyf expression 
in acid resistance.

Discussion
To our knowledge, this study is the first to demonstrate that RpoN-dependent FhlA and hydrogenase Hyf par-
ticipate in acid tolerance by medium deacidification and facilitate urease activity, urinary stone formation and 
mouse colonization. A typical characteristic of P. mirabilis UTIs is the development of urinary stones. P. mirabilis 
would rapidly invade bladder epithelium cells and start to form extracellular clusters within the bladder lumen 
adjacent to the urothelium38,39. The concentrated urease activity within extracellular clusters would cause min-
eral deposition that serves as an early step in urinary stone formation38. Urease decomposes urea to produce 

Figure 5.   Colonization in mice by the wild-type P. mirabilis, hyfG mutant or fhlA mutant. ICR mice were 
inoculated transurethrally with bacteria at a dose of 1.5 × 107 CFU per mouse. Bacterial loads (CFU) in the (a) 
bladders and (b) kidneys were determined on day 3 after inoculation. Horizontal bars indicate the average for 
each group, and the limit of detection was 100 CFU/g organ. Significant differences were determined using the 
Wilcoxon rank sum test (*P < 0.05; **P < 0.01). wt, wild-type; hyfG, hyfG mutant; fhlA, fhlA mutant.

Table 3.   Minimal inhibitory concentration of gentamicin (Gm), polymyxin B (PB) and streptomycin (Sm) in 
wild-type (wt) and mutants (hyfG and fhlA).

Strain

MIC (μg/ml)

PB Gm Sm

wt 50,000 8 32

hyfG 50,000 8 32

fhlA 50,000 8 32
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ammonia, damaging renal epithelial cells40 and facilitating the formation of infectious urinary stones, carbon-
ate apatite and struvite38. P. mirabilis extracellular clusters draw a massive neutrophil response and provide the 
environment to form biofilms39. The formation of extracellular clusters is critical to prevent clearance of bacteria 
by neutrophils and would influence the severity of infection38,39. In addition, medium deacidification has been 
shown to be involved in acid resistance of Salmonella enterica serovar Typhimurium41. We found FhlA and HyfG 
not only participated in medium deacidification and acid resistance (Figs. 1b, 3) but also affected urease activ-
ity and urinary stone formation in P. mirabilis (Fig. 4b). We identified that urease activity was pH-dependent, 
increasing in the pH range from 5 to 9 (Fig. 4a) and was dependent on FhlA and Hyf in the pH range from 5 
to 8 (Fig. 4b). We showed that FhlA and Hyf-mediated deacidification or urine alkalization assisted in urease 
activity, stone formation and mouse colonization (Figs. 3a, 4b,c, 5), suggesting that FhlA and Hyf play a role 
in P. mirabilis virulence factor expression and virulence. In this regard, the data of transposon insertion-site 
sequencing (Tn-Seq) by Armbruster et al. have showed P. mirabilis hyfB, hyfC, hyfD, hyfE, hyfF, hyfG, fdhF, and 
fhlA are all likely to contribute to colonization in vivo21.

The published Proteus genomes including P. mirabilis HI4320, P. mirabilis BB2000, P. hauseri, P. penneri 
and P. vulgaris contain only a hydrogenase 4-like operon but not the hydrogenase 3-like operon. It is likely that 
hydrogenase 4-like operon is the functional counterpart of hydrogenase 3-like operon for encoding the protein 
complex joining with FDH-H to form FHL in Proteus species. The facts that PCR produced a product of 4228 bp 
but not the predicted 524 bp using P. mirabilis N2 genomic DNA as the template with primers annealing to the 
conserved region of hycD and hycE (data not shown) and P. mirabilis hyfG mutant displayed reduced survival 
against acid exposure (Fig. 1b) as the hyc mutant18 reinforce the notion. Hyf belongs to group 4a hydrogenase 
and is highly conserved in gammaproteobacteria13. The key role of Hyf is to convert proton to hydrogen, namely 
deacidification11,13. The structure of Hyf is similar to respiratory complex I, indicating Hyf is probably involved 
in the formation of proton gradient and energy production13,19. We found hyfG and fhlA are required for the 
full extent of acid tolerance in P. mirabilis (Fig. 1b). The dye DiOC2 commonly used to detect membrane proton 
gradient does not work in P. mirabilis N2 as is the case for P. mirabilis HI432033. Instead, we determined other 
PMF-related phenotypes, motility and drug susceptibility, to know whether Hyf is involved in conservation of 

Figure 6.   Proton motive force-related phenotypes in P. mirabilis. (a) The swarming migration distance of wild-
type and fhlA and hyfG mutants was monitored by following swarm fronts of the bacterial cells and recording 
progress at 1-h intervals. (b) The swimming migration distance of wild-type and mutants of fhlA and hyfG was 
recorded at 18 h after inoculation. (c) Growth of the wild-type and mutants (fhlA and hyfG) cultured in LB 
broth with and without CCCP (7.5 μM) was monitored by measurement of OD600. The data are averages and 
standard deviations of three independent experiments. wt, wild type; fhlA, fhlA mutant; hyfG, hyfG mutant.
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the proton gradient and PMF. No difference of swarming motility, swimming and drug susceptibility between 
wild-type strain and hyfG or fhlA mutant may indicate that the formation of PMF by FhlA-Hyf is negligible or 
compensable in these conditions. Although proton consumption should be the main reason for fhlA and hyf-
involved acid tolerance. Possibly, it cannot be ruled out that the extent of PMF provided by FhlA-regulated Hyf 
may contribute to acid resistance of P. mirabilis. Recent studies showed that FHL-2 (FDH+Hyf) might couple 
with ATPase to generate PMF42,43 and formate affects ATPase activity and changes the number of thiol groups43. 
Hyf activity is ATP-dependent, while the formate can increase the F0F1-ATPase activity42. It is worth noting that 
the effect of formate on ATPase activity disappeared in hyf mutant or under the respiratory condition44. In addi-
tion, the formate dehydrogenase-H activity was dependent on Hyf and F0F1-ATPase16. These studies indicate 
FHL-2 may contribute to regulation of formate-associated ATPase under fermentative condition. In this regard, 
our finding that P. mirabilis Hyf did not play an important role in generating PMF under aerobic condition may 
attribute to coupling of ATPase with FHL-2 only under fermentative or formate-rich conditions. Thus, it could 
not be ruled out that Hyf is involved in PMF formation under oxygen-limited condition during infection and 
contribute to virulence.

Unlike fhlA and hyfG mutants, the urease activity of rpoN mutant still significantly decreased compared to 
the wild-type strain at pH 9 (Fig. 4b). Apparently, RpoN would have other regulatory pathways to affect urease 
activity at pH 9. In P. mirabilis, urease subunits and accessory proteins encoded by ureDABCEFG operon has 
been shown to be regulated positively by UreR and negatively by H-NS in the transcription level45. Previous 
study showed that RpoN and its cognate enhancer binding protein NtrC regulated expression of urease gene 
operon indirectly through control nac, encoding a transcriptional factor Nac which could activate urease gene 
operon in K. pneumonia46. We will investigate if other enhancer binding proteins such as NtrC, QseF and PspF 
are involved in the pathways of RpoN-regulated urease expression. In addition, we will examine whether UreR 
and H-NS are subject to the control of RpoN.

We found urinary stone formation ability of rpoN mutant was not impaired while fhlA mutant (lacking the 
enhancer binding protein, FhlA) was. In this regard, it was established that amino acids have effects on stone for-
mation. For example, serine and asparagine could serve as the catalysts of this process47. Addition of asparagine 
did increase stone formation of wild-type P. mirabilis (data not shown). In addition, expression of asparagine 
synthetase gene (asnA) was downregulated by RpoN in wild-type P. mirabilis (data not shown). It is likely that 
loss of rpoN increases the asparagine level, compensating for the effect of rpoN loss.

This study showed P. mirabilis fdhF and hyf but not fhlA were induced significantly by formate and anaero-
biosis respectively (Fig. 2e–g). Previous reports showed formate and anaerobiosis could trigger transcription 
of FhlA-regulated hypABCDE-fhlA operon in E. coli10,26. Two reasons could account for the discrepancy of fhlA 
expression in response to formate. First, In E. coli, hypABCDE-fhlA constitute an operon subject to the control of 
FhlA, namely self-regulation of FhlA10. This is not the case for P. mirabilis, whose fhlA promoter is not depend-
ent on RpoN and FhlA (Fig. 2a). Second, formate serves as a ligand to activate FhlA, thus leading to transcrip-
tion of FhlA-dependent genes including hypABCDE-fhlA operon in E. coli48 but not fhlA in P. mirabilis. As for 
anaerobic induction of fhlA, there are an FNR binding site in the promoter region and an OxyS-interacting site 
in the 5′UTR of fhlA in E. coli26,49. FNR is a global regulatory protein that regulates gene expression in response 
to oxygen deprivation in E. coli and it was shown that FNR acts as an anaerobic activator of hypABCDE-fhlA 
operon expression to control the expression of the hydrogenase maturation genes (Hyp)26 and FhlA. OxyS, a 
small regulatory RNA (sRNA) which is induced in response to the oxygen and oxidative stress in E. coli, inhibits 
fhlA translation by pairing with a short sequence overlapping the Shine-Dalgarno sequence, thereby blocking 
ribosome binding and translation49. Neither corresponding OxyS was found after searching for P. mirabilis 
sRNAs in the Bacterial Small Regulatory RNA Database (BSRD, https​://kwanl​ab.bio.cuhk.edu.hk/BSRD/), nor 
FNR binding site was present in the P. mirabilis fhlA promoter region analyzed by RSAT. Therefore, unlike E. coli 
fhlA which is regulated by OxyS sRNA and transcription factor FNR sensing oxygen availability, the P. mirabilis 
promoter of fhlA was unresponsive to anaerobiosis (Fig. 2e).

This study implies that the proton-consuming acid resistance mechanism such as glutamate- and arginine-
dependent acid resistance50 may also contribute to urease activity in the presence of glutamate or arginine. Our 
preliminary data showed urease activity of wild-type P. mirabilis was induced by arginine and glutamate. What is 
the biological significance of the proton-consuming acid resistance of FHL? The different metabolites or signals 
would trigger different acid resistance system. Under stationary phase or the presence of extracellular glutamate, 
glutamate-dependent acid resistance would be important to bacterial acid response51. Likewise, arginine-depend-
ent acid resistance is triggered by extracellular arginine50. However, FHL is the amino acid-independent acid 
resistance induced by formate or anaerobiosis50. In this study, we found that fdhF, hyfG and fhlA of FHL genes 
of wild-type P. mirabilis were expressed when cultured in the aerobic condition (Fig. 2b–d) and the expression 
of fdhF and hyf could also be induced by formate or anaerobiosis (Fig. 2f,g).

In this study, we showed FhlA-dependent hyf expression accelerates deacidification to facilitate urease activity 
and infectious urinary stone formation of P. mirabilis (Fig. 7) and subsequently mouse colonization. This is the 
first report investigating how P. mirabilis FHL-associated genes are involved in virulence and linking the ability 
of acid resistance to urease activity of P. mirabilis. The formate-induced FHL pathway provides a perspective for 
development of new approaches to counteract P. mirabilis UTIs. The prohibition against food producing formate 
could be a preventive measure to combat P. mirabilis UTIs. For example, uptake of aspartame increases urine 
formate level52, which could trigger FHL system to facilitate urease activity and subsequently urinary stone forma-
tion and in vivo colonization. In addition, our findings support the notion that manipulation of the urine pHn 
(the pH above which calcium and magnesium phosphates come out of solution in urine) could form the basis of 
a strategy to prevent catheter encrustation in those with urinary tract colonization by urease-positive bacteria53.

https://kwanlab.bio.cuhk.edu.hk/BSRD/
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Materials and methods
Bacterial strains, plasmids, primers, reagents and growth conditions.  The bacterial strains, plas-
mids and primers used in this study are listed in Tables 1 and 4. All chemicals were obtained from the Sigma-
Aldrich unless otherwise indicated. Bacteria were routinely cultured in Luria–Bertani (LB) broth at 37 ℃ with 
shaking at 200–250 rpm. The LSW− agar 54 was used to prevent the phenotypic expression of swarming motility 
for selecting mutant clones and determining CFU. Ampicillin (100 μg/ml), chloramphenicol (40 μg/ml), kana-
mycin (100 μg/ml), tetracycline (20 μg/ml), streptomycin (100 μg/ml) was added to the medium as needed.

Synthetic urine was prepared according to a recipe previously described27,28 containing the following compo-
nents (g/l): CaCl2·2H2O, 0.651; MgCl2·6H2O, 0.651; NaCl, 4.6; Na2SO4, 2.3; sodium citrate, 0.65; sodium oxalate, 
0.02; KH2PO4, 2.8; KCl, 1.6; NH4Cl, 1.0; urea, 25.0; creatine, 1.1 and tryptic soy broth, 10.0. pH was adjusted to 
5.8 and urine was sterilized by passing through a 0.2 μm pore-size filter.

The anaerobiosis was established and maintained in the anaerobic chamber (Whitley A35 anaerobic worksta-
tion, 5% H2–5% CO2–90% N2).

Figure 7.   Putative FhlA-dependent Hyf expression accelerates deacidification to facilitate urease activity and 
urinary stone formation during the early stage of urinary tract infection. hyf operon expression requires RpoN 
(σN) and the FhlA activator. (Left) When bacteria enter the urinary tract of about pH 5.0, the urease activity 
is limited. Deacidification by FhlA-dependent Hyf increases urease activity to rise the urine pH value. (Right) 
Higher urine pH leads to higher urease activity further alkalizing urine to facilitate infectious urinary stone 
formation. Rectangle, FhlA; oval, urease; cylinder, proton channel; a right-angled arrow, RpoN-dependent 
transcription start.

Table 4.   Strains and plasmids.

Strain or plasmid Genotype or relevant phenotype Source or reference

P. mirabilis

wt P. mirabilis N2; wild-type strain; Tcr Clinical isolate

rpoN wt derivative; rpoN-knockout mutant; Kmr This study

fhlA wt derivative; fhlA-knockout mutant; Kmr This study

hyfG wt derivative; hyfG-knockout mutant; Kmr This study

fhlAc fhlA mutant containing pGEM-T Easy-fhlA; Ampr Kmr This study

hyfGc hyfG mutant containing pGEM-T Easy-hyfG; Ampr Kmr This study

fhlAcSD fhlA mutant containing pGEM-T Easy-fhlA(F291I, T292S); Ampr Kmr This study

Plasmids

pGEM-T Easy TA cloning vector; Ampr Promega

pGEM-T Easy-rpoN pGEM-T Easy containing intact rpoN sequence including its RBS; Ampr This study

pGEM-T Easy-fhlA pGEM-T Easy containing intact fhlA sequence including its RBS; Ampr This study

pGEM-T Easy-hyfG pGEM-T Easy containing intact hyfG sequence including its RBS; Ampr This study

pGEM-T Easy-fhlA(F291I,T292S) pGEM-T Easy containing an altered FhlA with the conserved RpoN-interacting motif GAFTGA changing into 
GAISGA; Ampr This study

pACYC184-fhlA-xylE fhlA reporter plasmid, pACYC184 containing intact fhlA promoter sequence before xylE; Cmr This study

pACYC184-fdhF-xylE fdhF reporter plasmid, pACYC184 containing intact fdhF promoter sequence before xylE; Cmr This study

pACYC184-hyf-xylE hyf reporter plasmid, pACYC184 containing intact hyf operon promoter sequence before xylE; Cmr This study
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Acid resistance assay.  Acid resistance assay was performed as described by Wu et al.55 with some modi-
fications. Overnight bacterial cultures were diluted 500-fold with fresh LB broth in centrifuge tubes and incu-
bated at 37 °C with shaking at 220 rpm for 4 h. Cells were incubated in LB medium at pH 3.0 (± 0.1) for 2 h. 
Acid-treated cells and the untreated control (cells before the acid treatment) then were washed with phosphate-
buffered saline (PBS), serially diluted in PBS and plated on LSW− agar plates to determine the CFU. Acid survival 
rate (expressed as percent) was calculated with the following formula: 100 × (CFU after acid treatment/CFU 
before acid treatment).

Swarming assay.  The swarming assay was performed on LB agar (tryptone, 10 g/l; yeast extract, 5 g/l; NaCl, 
0.5 g/l; agar, 1.5%, w/v) plates as described previously30. The swarming migration distance was monitored by fol-
lowing swarm fronts of the bacterial cells and recording progress every hour.

Swimming assay.  The swimming assay was performed on LB agar (agar, 0.3%, w/v) plates as described 
previously30. The swimming migration distance was recorded at 18 h after inoculation.

MIC assay.  MICs of antibiotics for wild-type and mutant strains were determined by the broth microdilution 
method according to the guidelines proposed by the Clinical and Laboratory Standards Institute.

Growth curve analysis.  Bacteria were grown overnight at 37 ℃, the cultures were diluted to an initial 
optical density at 600 nm (OD600) of 0.01 in LB with or without 7.5 μM CCCP and then the OD600 values were 
measured at 1-h intervals up to 8 h with a spectrophotometer.

Urease activity (phenol‑hypochlorite) assay.  Phenol-hypochlorite assay is based on the detection of 
ammonia released during urea hydrolysis. Ammonia can react with phenol-hypochlorite at high pH to form 
blue indophenol56. Bacteria grown to log phase (5 h after subculture) were adjusted to 2 × 109 CFU using LB and 
incubated statically in LB containing urea at 0.5 M for 2 h at 37 ℃. Supernatants were collected (70 μl per well 
of 96-well microplates) for urease activity measurement after centrifugation at 12,000 rpm for 5 min. Urease 
activity was determined by measuring ammonia production after 2-h incubation in LB containing urea at 0.5 M. 
Briefly, 70 μl of phenol reagent (2%(w/v) phenol in 75% ethanol) and 70 μl of alkali reagent (0.28 M sodium 
hydroxide and 100 mM sodium hypochlorite) were added to each well. After one hour, the absorbance at 625 nm 
was measured using a microplate reader (SpectraMax M2, USA).

Urinary stone formation assay.  Urinary stone formation assay was performed as described previously27,28 
with some modifications. Wild-type and mutant strains were grown overnight in LB broth and diluted 100-fold 
in the same medium. After incubation for 5 h, bacteria were adjusted to 2 × 108 CFU/ml with synthetic urine 
and incubated for another 1 h in the static condition at 37 ℃. The optical density at 630 nm of well-suspended 
suspensions was measured as the intensity of stone formation.

UTI mouse model.  The mouse model of UTIs was used as described previously57. Six- to eight-week old 
female ICR mice were injected transurethrally with overnight cultures of bacteria at a dose of 1.5 × 107 CFU 
per mouse. On day 3 after injection, mice were sacrificed and bladder and kidney samples were collected to 
determine the viable bacterial count. All animal experiments were performed in strict accordance to the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National Laboratory Animal Center 
(Taiwan), and the protocol was approved by the Institutional Animal Care and Use Committee of National 
Taiwan University College of Medicine.

Reporter assay.  The reporter plasmid-transformed wild-type and mutant strains were grown overnight in 
LB broth with chloramphenicol (40 μg/ml) and diluted (100-fold) into 10 ml LB broth. Promoter activity was 
measured as described previously58. For monitoring expression profiles, the XylE activity was monitored at 3, 5, 
7 and 24 h after incubation. For signal induction, overnight bacterial cultures were regrown for 5 h and 30-min 
induction was performed in different conditions before the XylE activity was measured.

Deacidification assay.  Overnight cultures were diluted 100-fold in fresh LB medium and incubated at 
37 °C with shaking at 220 rpm for 5 h. Bacterial pellet was resuspended in synthetic urine (pH 4.8 ± 0.2). The pH 
value was monitored during 30–90 min at 10-min intervals by a pH meter (Jencomodel 6173, USA).

Statistical analysis.  Statistical analyses were performed using GraphPad Prism software, version 6.01 or 
Microsoft Excel 2016. The specific statistical tests used are described in the figure legends.

Received: 11 June 2020; Accepted: 26 October 2020

References
	 1.	 Foxman, B. Epidemiology of urinary tract infections: Incidence, morbidity, and economic costs. Am. J. Med. 113(Suppl 1A), 5s–13s. 

https​://doi.org/10.1016/s0002​-9343(02)01054​-9 (2002).
	 2.	 Thanert, R. et al. Comparative genomics of antibiotic-resistant uropathogens implicates three routes for recurrence of urinary 

tract infections. mBio https​://doi.org/10.1128/mBio.01977​-19 (2019).

https://doi.org/10.1016/s0002-9343(02)01054-9
https://doi.org/10.1128/mBio.01977-19


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19546  | https://doi.org/10.1038/s41598-020-76561-w

www.nature.com/scientificreports/

	 3.	 Jacobsen, S. M., Stickler, D. J., Mobley, H. L. & Shirtliff, M. E. Complicated catheter-associated urinary tract infections due to 
Escherichia coli and Proteus mirabilis. Clin. Microbiol. Rev. 21, 26–59. https​://doi.org/10.1128/cmr.00019​-07 (2008).

	 4.	 Chen, Y. H., Ko, W. C. & Hsueh, P. R. Emerging resistance problems and future perspectives in pharmacotherapy for complicated 
urinary tract infections. Expert Opin. Pharmacother. 14, 587–596. https​://doi.org/10.1517/14656​566.2013.77882​7 (2013).

	 5.	 Norsworthy, A. N. & Pearson, M. M. From catheter to kidney stone: The uropathogenic lifestyle of Proteus mirabilis. Trends 
Microbiol. 25, 304–315. https​://doi.org/10.1016/j.tim.2016.11.015 (2017).

	 6.	 Foxman, B. The epidemiology of urinary tract infection. Nat. Rev. Urol. 7, 653–660. https​://doi.org/10.1038/nruro​l.2010.190 (2010).
	 7.	 Self, W. T., Hasona, A. & Shanmugam, K. T. Expression and regulation of a silent operon, hyf, coding for hydrogenase 4 isoenzyme 

in Escherichia coli. J. Bacteriol. 186, 580–587. https​://doi.org/10.1128/jb.186.2.580-587.2004 (2004).
	 8.	 Skibinski, D. A. et al. Regulation of the hydrogenase-4 operon of Escherichia coli by the sigma(54)-dependent transcriptional 

activators FhlA and HyfR. J. Bacteriol. 184, 6642–6653 (2002).
	 9.	 Hopper, S. & Bock, A. Effector-mediated stimulation of ATPase activity by the sigma 54-dependent transcriptional activator FHLA 

from Escherichia coli. J. Bacteriol. 177, 2798–2803 (1995).
	10.	 Schlensog, V., Lutz, S. & Bock, A. Purification and DNA-binding properties of FHLA, the transcriptional activator of the formate 

hydrogenlyase system from Escherichia coli. J. Biol. Chem. 269, 19590–19596 (1994).
	11.	 Sargent, F. The Model [NiFe]-Hydrogenases of Escherichia coli. Adv. Microb. Physiol. 68, 433–507. https​://doi.org/10.1016/bs.ampbs​

.2016.02.008 (2016).
	12.	 Jugder, B.-E., Welch, J., Aguey-Zinsou, K.-F. & Marquis, C. P. Fundamentals and electrochemical applications of [Ni–Fe]-uptake 

hydrogenases. RSC Adv. 3, 8142–8159. https​://doi.org/10.1039/C3RA2​2668A​ (2013).
	13.	 Schoelmerich, M. C. & Muller, V. Energy-converting hydrogenases: The link between H2 metabolism and energy conservation. 

Cell. Mol. Life Sci. https​://doi.org/10.1007/s0001​8-019-03329​-5 (2019).
	14.	 Andrews, S. C. et al. A 12-cistron Escherichia coli operon (hyf) encoding a putative proton-translocating formate hydrogenlyase 

system. Microbiol. (Reading, England) 143(Pt 11), 3633–3647. https​://doi.org/10.1099/00221​287-143-11-3633 (1997).
	15.	 McDowall, J. S. et al. Bacterial formate hydrogenlyase complex. Proc. Natl. Acad. Sci. USA 111, E3948-3956. https​://doi.org/10.1073/

pnas.14079​27111​ (2014).
	16.	 Bagramyan, K., Mnatsakanyan, N., Poladian, A., Vassilian, A. & Trchounian, A. The roles of hydrogenases 3 and 4, and the F0F1-

ATPase, in H2 production by Escherichia coli at alkaline and acidic pH. FEBS Lett. 516, 172–178. https​://doi.org/10.1016/s0014​
-5793(02)02555​-3 (2002).

	17.	 Vivijs, B. et al. Formate hydrogen lyase mediates stationary-phase deacidification and increases survival during sugar fermentation 
in acetoin-producing enterobacteria. Front. Microbiol. 6, 150. https​://doi.org/10.3389/fmicb​.2015.00150​ (2015).

	18.	 Noguchi, K., Riggins, D. P., Eldahan, K. C., Kitko, R. D. & Slonczewski, J. L. Hydrogenase-3 contributes to anaerobic acid resistance 
of Escherichia coli. PLoS One 5, e10132. https​://doi.org/10.1371/journ​al.pone.00101​32 (2010).

	19.	 Nie, W. et al. Hydrogenase: The next antibiotic target?. Clin. Sci. (Lond., Engl.: 1979) 122, 575–580. https​://doi.org/10.1042/cs201​
10396​ (2012).

	20.	 Subashchandrabose, S. et al. Host-specific induction of Escherichia coli fitness genes during human urinary tract infection. Proc. 
Natl. Acad. Sci. USA 111, 18327–18332. https​://doi.org/10.1073/pnas.14159​59112​ (2014).

	21.	 Armbruster, C. E. et al. Genome-wide transposon mutagenesis of Proteus mirabilis: Essential genes, fitness factors for catheter-
associated urinary tract infection, and the impact of polymicrobial infection on fitness requirements. PLoS Pathog. 13, e1006434. 
https​://doi.org/10.1371/journ​al.ppat.10064​34 (2017).

	22.	 Lacasse, M. J. et al. A whole-cell, high-throughput hydrogenase assay to identify factors that modulate [NiFe]-hydrogenase activity. 
J. Biol. Chem. 294, 15373–15385. https​://doi.org/10.1074/jbc.RA119​.00810​1 (2019).

	23.	 Bush, M. & Dixon, R. The role of bacterial enhancer binding proteins as specialized activators of sigma54-dependent transcription. 
Microbiol. Mol. Biol. Rev. 76, 497–529. https​://doi.org/10.1128/mmbr.00006​-12 (2012).

	24.	 Nguyen, N. T. T. et al. RSAT 2018: Regulatory sequence analysis tools 20th anniversary. Nucleic Acids Res. 46, W209-w214. https​
://doi.org/10.1093/nar/gky31​7 (2018).

	25.	 Schlensog, V. & Böck, A. Identification and sequence analysis of the gene encoding the transcriptional activator of the formate 
hydrogenlyase system of Escherichia coli. Mol. Microbiol. 4, 1319–1327. https​://doi.org/10.1111/j.1365-2958.1990.tb007​11.x (1990).

	26.	 Messenger, S. L. & Green, J. FNR-mediated regulation of hyp expression in Escherichia coli. FEMS Microbiol. Lett. 228, 81–86. https​
://doi.org/10.1016/s0378​-1097(03)00726​-2 (2003).

	27.	 Prywer, J., Kozanecki, M., Mielniczek-Brzóska, E. & Torzewska, A. Solid phases precipitating in artificial urine in the absence and 
presence of bacteria Proteus mirabilis—a contribution to the understanding of infectious urinary stone formation. Crystals 8, 20 
(2018).

	28.	 Torzewska, A. & Rozalski, A. Various intensity of Proteus mirabilis-induced crystallization resulting from the changes in the mineral 
composition of urine. Acta Biochim. Pol. 62, 127–132 (2015).

	29.	 Rektorschek, M., Weeks, D., Sachs, G. & Melchers, K. Influence of pH on metabolism and urease activity of Helicobacter pylori. 
Gastroenterology 115, 628–641. https​://doi.org/10.1016/s0016​-5085(98)70142​-8 (1998).

	30.	 Wang, M. C., Chien, H. F., Tsai, Y. L., Liu, M. C. & Liaw, S. J. The RNA chaperone Hfq is involved in stress tolerance and virulence 
in uropathogenic Proteus mirabilis. PLoS One 9, e85626. https​://doi.org/10.1371/journ​al.pone.00856​26 (2014).

	31.	 Friedrich, T., Steinmuller, K. & Weiss, H. The proton-pumping respiratory complex I of bacteria and mitochondria and its homo-
logue in chloroplasts. FEBS Lett. 367, 107–111. https​://doi.org/10.1016/0014-5793(95)00548​-n (1995).

	32.	 Foster, J. W. Escherichia coli acid resistance: Tales of an amateur acidophile. Nat. Rev. Microbiol. 2, 898–907. https​://doi.org/10.1038/
nrmic​ro102​1 (2004).

	33.	 Armbruster, C. E., Hodges, S. A., Smith, S. N., Alteri, C. J. & Mobley, H. L. Arginine promotes Proteus mirabilis motility and fit-
ness by contributing to conservation of the proton gradient and proton motive force. MicrobiologyOpen 3, 630–641. https​://doi.
org/10.1002/mbo3.194 (2014).

	34.	 Vestergaard, M. et al. Inhibition of the ATP synthase eliminates the intrinsic resistance of Staphylococcus aureus towards polymyx-
ins. mBio https​://doi.org/10.1128/mBio.01114​-17 (2017).

	35.	 Vestergaard, M., Nohr-Meldgaard, K. & Ingmer, H. Multiple pathways towards reduced membrane potential and concomitant 
reduction in aminoglycoside susceptibility in Staphylococcus aureus. Int. J. Antimicrob. Agents 51, 132–135. https​://doi.org/10.1016/j.
ijant​imica​g.2017.08.024 (2018).

	36.	 Becker, L. A., Bang, I. S., Crouch, M. L. & Fang, F. C. Compensatory role of PspA, a member of the phage shock protein 
operon, in rpoE mutant Salmonella enterica serovar Typhimurium. Mol. Microbiol. 56, 1004–1016. https​://doi.org/10.111
1/j.1365-2958.2005.04604​.x (2005).

	37.	 Alteri, C. J., Lindner, J. R., Reiss, D. J., Smith, S. N. & Mobley, H. L. The broadly conserved regulator PhoP links pathogen virulence 
and membrane potential in Escherichia coli. Mol. Microbiol. 82, 145–163. https​://doi.org/10.1111/j.1365-2958.2011.07804​.x (2011).

	38.	 Schaffer, J. N., Norsworthy, A. N., Sun, T. T. & Pearson, M. M. Proteus mirabilis fimbriae- and urease-dependent clusters assemble 
in an extracellular niche to initiate bladder stone formation. Proc. Natl. Acad. Sci. USA 113, 4494–4499. https​://doi.org/10.1073/
pnas.16017​20113​ (2016).

	39.	 Armbruster, C. E., Mobley, H. L. T. & Pearson, M. M. Pathogenesis of Proteus mirabilis Infection. EcoSal Plus https​://doi.
org/10.1128/ecosa​lplus​.ESP-0009-2017 (2018).

https://doi.org/10.1128/cmr.00019-07
https://doi.org/10.1517/14656566.2013.778827
https://doi.org/10.1016/j.tim.2016.11.015
https://doi.org/10.1038/nrurol.2010.190
https://doi.org/10.1128/jb.186.2.580-587.2004
https://doi.org/10.1016/bs.ampbs.2016.02.008
https://doi.org/10.1016/bs.ampbs.2016.02.008
https://doi.org/10.1039/C3RA22668A
https://doi.org/10.1007/s00018-019-03329-5
https://doi.org/10.1099/00221287-143-11-3633
https://doi.org/10.1073/pnas.1407927111
https://doi.org/10.1073/pnas.1407927111
https://doi.org/10.1016/s0014-5793(02)02555-3
https://doi.org/10.1016/s0014-5793(02)02555-3
https://doi.org/10.3389/fmicb.2015.00150
https://doi.org/10.1371/journal.pone.0010132
https://doi.org/10.1042/cs20110396
https://doi.org/10.1042/cs20110396
https://doi.org/10.1073/pnas.1415959112
https://doi.org/10.1371/journal.ppat.1006434
https://doi.org/10.1074/jbc.RA119.008101
https://doi.org/10.1128/mmbr.00006-12
https://doi.org/10.1093/nar/gky317
https://doi.org/10.1093/nar/gky317
https://doi.org/10.1111/j.1365-2958.1990.tb00711.x
https://doi.org/10.1016/s0378-1097(03)00726-2
https://doi.org/10.1016/s0378-1097(03)00726-2
https://doi.org/10.1016/s0016-5085(98)70142-8
https://doi.org/10.1371/journal.pone.0085626
https://doi.org/10.1016/0014-5793(95)00548-n
https://doi.org/10.1038/nrmicro1021
https://doi.org/10.1038/nrmicro1021
https://doi.org/10.1002/mbo3.194
https://doi.org/10.1002/mbo3.194
https://doi.org/10.1128/mBio.01114-17
https://doi.org/10.1016/j.ijantimicag.2017.08.024
https://doi.org/10.1016/j.ijantimicag.2017.08.024
https://doi.org/10.1111/j.1365-2958.2005.04604.x
https://doi.org/10.1111/j.1365-2958.2005.04604.x
https://doi.org/10.1111/j.1365-2958.2011.07804.x
https://doi.org/10.1073/pnas.1601720113
https://doi.org/10.1073/pnas.1601720113
https://doi.org/10.1128/ecosalplus.ESP-0009-2017
https://doi.org/10.1128/ecosalplus.ESP-0009-2017


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19546  | https://doi.org/10.1038/s41598-020-76561-w

www.nature.com/scientificreports/

	40.	 Mobley, H. L., Chippendale, G. R., Swihart, K. G. & Welch, R. A. Cytotoxicity of the HpmA hemolysin and urease of Proteus 
mirabilis and Proteus vulgaris against cultured human renal proximal tubular epithelial cells. Infect. Immun. 59, 2036–2042 (1991).

	41.	 Viala, J. P. et al. Sensing and adaptation to low pH mediated by inducible amino acid decarboxylases in Salmonella. PLoS One 6, 
e22397. https​://doi.org/10.1371/journ​al.pone.00223​97 (2011).

	42.	 Trchounian, A. Escherichia coli proton-translocating F0F1-ATP synthase and its association with solute secondary transporters 
and/or enzymes of anaerobic oxidation-reduction under fermentation. Biochem. Biophys. Res. Commun. 315, 1051–1057. https​://
doi.org/10.1016/j.bbrc.2004.02.005 (2004).

	43.	 Gevorgyan, H., Trchounian, A. & Trchounian, K. Formate and potassium ions affect Escherichia coli proton ATPase activity at low 
pH during mixed carbon fermentation. IUBMB Life 72, 915–921. https​://doi.org/10.1002/iub.2219 (2020).

	44.	 Bagramyan, K., Mnatsakanyan, N. & Trchounian, A. Formate increases the F0F1-ATPase activity in Escherichia coli growing on 
glucose under anaerobic conditions at slightly alkaline pH. Biochem. Biophys. Res. Commun. 306, 361–365. https​://doi.org/10.1016/
s0006​-291x(03)00967​-7 (2003).

	45.	 Coker, C., Bakare, O. O. & Mobley, H. L. H-NS is a repressor of the Proteus mirabilis urease transcriptional activator gene ureR. J. 
Bacteriol. 182, 2649–2653. https​://doi.org/10.1128/jb.182.9.2649-2653.2000 (2000).

	46.	 Collins, C. M., Gutman, D. M. & Laman, H. Identification of a nitrogen-regulated promoter controlling expression of Klebsiella 
pneumoniae urease genes. Mol. Microbiol. 8, 187–198. https​://doi.org/10.1111/j.1365-2958.1993.tb012​15.x (1993).

	47.	 Golovanova, O. A., Yu, V. V. K., Punin, O. & Vysotskiy, A. S. Effect of amino acid on the crystallization kinetics of calcium oxalate 
monohydrate. Chem. Sustain. Dev. 21, 381–388 (2013).

	48.	 Korsa, I. & Bock, A. Characterization of fhlA mutations resulting in ligand-independent transcriptional activation and ATP 
hydrolysis. J. Bacteriol. 179, 41–45. https​://doi.org/10.1128/jb.179.1.41-45.1997 (1997).

	49.	 Altuvia, S., Zhang, A., Argaman, L., Tiwari, A. & Storz, G. The Escherichia coli OxyS regulatory RNA represses fhlA translation by 
blocking ribosome binding. EMBO J. 17, 6069–6075. https​://doi.org/10.1093/emboj​/17.20.6069 (1998).

	50.	 Kanjee, U. & Houry, W. A. Mechanisms of acid resistance in Escherichia coli. Annu. Rev. Microbiol. 67, 65–81. https​://doi.
org/10.1146/annur​ev-micro​-09241​2-15570​8 (2013).

	51.	 Castanie-Cornet, M. P. & Foster, J. W. Escherichia coli acid resistance: cAMP receptor protein and a 20 bp cis-acting sequence 
control pH and stationary phase expression of the gadA and gadBC glutamate decarboxylase genes. Microbiology (Reading, England) 
147, 709–715. https​://doi.org/10.1099/00221​287-147-3-709 (2001).

	52.	 Stegink, F. Aspartame: Physiology and Biochemistry (Taylor & Francis, New York, 1984).
	53.	 Stickler, D. J. Clinical complications of urinary catheters caused by crystalline biofilms: Something needs to be done. J. Int. Med. 

276, 120–129. https​://doi.org/10.1111/joim.12220​ (2014).
	54.	 Belas, R., Erskine, D. & Flaherty, D. Transposon mutagenesis in Proteus mirabilis. J. Bacteriol. 173, 6289–6293. https​://doi.

org/10.1128/jb.173.19.6289-6293.1991 (1991).
	55.	 Wu, J., Li, Y., Cai, Z. & Jin, Y. Pyruvate-associated acid resistance in bacteria. Appl. Environ. Microbiol. 80, 4108–4113. https​://doi.

org/10.1128/aem.01001​-14 (2014).
	56.	 Weatherburn, M. W. Phenol-hypochlorite reaction for determination of ammonia. Anal. Chem. 39, 971–974. https​://doi.

org/10.1021/ac602​52a04​5 (1967).
	57.	 Tsai, Y. L., Chien, H. F., Huang, K. T., Lin, W. Y. & Liaw, S. J. cAMP receptor protein regulates mouse colonization, motility, 

fimbria-mediated adhesion, and stress tolerance in uropathogenic Proteus mirabilis. Sci. Rep. 7, 7282. https​://doi.org/10.1038/
s4159​8-017-07304​-7 (2017).

	58.	 Jiang, S. S. et al. Proteus mirabilis pmrI, an RppA-regulated gene necessary for polymyxin B resistance, biofilm formation, and 
urothelial cell invasion. Antimicrob. Agents Chemother. 54, 1564–1571. https​://doi.org/10.1128/aac.01219​-09 (2010).

	59.	 Leonhartsberger, S., Ehrenreich, A. & Bock, A. Analysis of the domain structure and the DNA binding site of the transcriptional 
activator FhlA. Eur. J. Biochem. 267, 3672–3684. https​://doi.org/10.1046/j.1432-1327.2000.01399​.x (2000).

	60.	 Barrios, H., Valderrama, B. & Morett, E. Compilation and analysis of sigma(54)-dependent promoter sequences. Nucleic Acids 
Res. 27, 4305–4313. https​://doi.org/10.1093/nar/27.22.4305 (1999).

Acknowledgements
This work was supported by Grant MOST 105-2320-B-002-050-MY3 from the Ministry of Science and Tech-
nology of Taiwan. We thank Laboratory Animal Center, College of Medicine, National Taiwan University for 
providing assistance in approving protocol and supplying ICR mice.

Author contributions
W.Y.L. performed experiments. W.Y.L. and S.J.L. performed data analysis. W.Y.L. and S.J.L. designed experiments. 
W.Y.L. and S.J.L. prepared the manuscript. W.Y.L. and S.J.L. wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.-J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1371/journal.pone.0022397
https://doi.org/10.1016/j.bbrc.2004.02.005
https://doi.org/10.1016/j.bbrc.2004.02.005
https://doi.org/10.1002/iub.2219
https://doi.org/10.1016/s0006-291x(03)00967-7
https://doi.org/10.1016/s0006-291x(03)00967-7
https://doi.org/10.1128/jb.182.9.2649-2653.2000
https://doi.org/10.1111/j.1365-2958.1993.tb01215.x
https://doi.org/10.1128/jb.179.1.41-45.1997
https://doi.org/10.1093/emboj/17.20.6069
https://doi.org/10.1146/annurev-micro-092412-155708
https://doi.org/10.1146/annurev-micro-092412-155708
https://doi.org/10.1099/00221287-147-3-709
https://doi.org/10.1111/joim.12220
https://doi.org/10.1128/jb.173.19.6289-6293.1991
https://doi.org/10.1128/jb.173.19.6289-6293.1991
https://doi.org/10.1128/aem.01001-14
https://doi.org/10.1128/aem.01001-14
https://doi.org/10.1021/ac60252a045
https://doi.org/10.1021/ac60252a045
https://doi.org/10.1038/s41598-017-07304-7
https://doi.org/10.1038/s41598-017-07304-7
https://doi.org/10.1128/aac.01219-09
https://doi.org/10.1046/j.1432-1327.2000.01399.x
https://doi.org/10.1093/nar/27.22.4305
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Deacidification by FhlA-dependent hydrogenase is involved in urease activity and urinary stone formation in uropathogenic Proteus mirabilis
	Results
	Counterparts of the FHL hydrogenase hyc locus, fhlA and fdhF genes in P. mirabilis N2. 
	fhlA and hyf are involved in acid resistance. 
	hyf and fdhF are regulated by FhlA and induced by formate and anaerobiosis. 
	The deacidification of the medium requires fhlA and hyf. 
	Urease activity of P. mirabilis is pH-dependent and loss of hyf or fhlA gene affects urease activity and urinary stone formation. 
	fhlA-regulated hyf expression assists bacterial colonization in the mouse urinary tract. 
	Loss of fhlA or hyf does not affect proton motive force-related motility, drug susceptibility and growth under carbonyl cyanide m-chlorophenyl hydrazone (CCCP). 

	Discussion
	Materials and methods
	Bacterial strains, plasmids, primers, reagents and growth conditions. 
	Acid resistance assay. 
	Swarming assay. 
	Swimming assay. 
	MIC assay. 
	Growth curve analysis. 
	Urease activity (phenol-hypochlorite) assay. 
	Urinary stone formation assay. 
	UTI mouse model. 
	Reporter assay. 
	Deacidification assay. 
	Statistical analysis. 

	References
	Acknowledgements


