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Abstract

Objective This study aimed to investigate whether the VCA0560 gene acts as an active diguanylate
cyclase (DGC) in Vibrio cholerae and how its transcription is regulated by Fur and HapR.

Methods The roles of VCA0560 was investigated by utilizing various phenotypic assays, including
colony morphological characterization, crystal violet staining, Cyclic di-GMP (c-di-GMP) quantification,
and swimming motility assay. The regulation of the VCA0560 gene by Fur and HapR was analyzed by
luminescence assay, electrophoretic mobility shift assay, and DNase | footprinting.

Results VCA0560 gene mutation did not affect biofilm formation, motility, and c-di-GMP synthesis in V.
cholerae, and its overexpression remarkably enhanced biofilm formation and intracellular c-di-GMP
level but reduced motility capacity. The transcription of the VCA0560 gene was directly repressed by Fur

and the master quorum sensing regulator HapR.

Conclusion
repressed by Fur and HapR.

Overexpressed VCA0560 functions as an active DGC in V. cholerae, and its transcription is
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INTRODUCTION

ibrio cholerae naturally lives in aquatic
Venvironments and causes deadly cholera

in humans'. V. cholerae biofilms play
significant  roles in  virulence, persistence,
transmission,andsurvivalinadverseenvironments[z'sl,
and their formation requires specific structures,
including flagella, exopolysaccharide, and pilim.
Numerous factors, such as VpsR[G’”, VpsT[6'7], erB[S],

H-NS®, crP™, carR™, PhoB™, Fur™, quorum
sensing (QS)[”’H], and cyclic diguanylate (c-di-
GMP)™ are required for biofilm regulation in V.
cholerae.

Cyclic di-GMP (c-di-GMP) is diffusely applied by
bacteria to modulate multiple behaviors, including
motility, biofilm formation, virulence determinant
production, DNA repair, and cell shape!*™.
Increased c-di-GMP levels in bacterial cells induce
biofilm formation, and decreased c-di-GMP
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concentrations induce a motile Iifestyle[16’19]. c-di-
GMP is catalyzed by diguanylate cyclase (DGC)
harboring the GGDEF domain and is degraded by
phosphodiesterase harboring the EAL or HD-GYP
domain™. More than 50 genes encode GGDEF-
and/or EAL-type proteins in V. cholerae®, and about
50% of these genes contribute to c-di-GMP
metabolism!®***33, However, the c-di-GMP
metabolic pool in V. cholerae warrants further
investigation.

The VCA0560 gene encodes a GGDEF-type
protein in V. cholerae”. VCA0560 overexpression
reduces motility™ but only slightly alters biofilm
formation®®. Whether the VCA0560 protein affects
the intracellular c-di-GMP pool needs to be further
investigated. Here, the data showed that VCA0560
gene deletion does not affect the c-di-GMP
synthesis, biofilm  formation, and motility.
Meanwhile, VCA0560 overexpression enhances c-di-
GMP production and biofilm formation but reduces
swimming motility. In addition, the transcription of
the VCAO0560 gene is directly repressed by the
master quorum sensing (QS) regulator HapRm] and
the ferric uptake regulator (Fur)BS]. In summary,
overexpressed VCA0560 acts as an active DGC, and
its transcription is repressed by Fur and HapR.

MATERIALS AND METHODS

Bacterial Strains

V. cholerae El Tor C7258 was applied as the wild-

type (WT) strain. Nonpolar hapR and fur single-gene
mutants (AhapR and Afur) and the complementary
mutants  AhapR/pBAD24-hapR  (C-AhapR) and
Afur/pBAD24-fur (C-Afur) were constructed as
previously described®. The VCA0560 gene mutant
(AVCA0560) was constructed from WT using the
suicide plasmid pWM91 by the allelic exchange as
previously described“”. The coding region of the
VCAO0560 gene was cloned into the pBAD24 vector
containing an arabinose-inducing pBAD promoter to
construct the overexpression plasmid pBAD24-
VCA0560“". The recombinant pBAD24-VCA0560 was
transferred into WT to construct the VCA0560
overexpression strain WT/pBAD24-VCA0560, which
produced about 3.5 times as many VCA0560 mRNA
levels as that of the WT/pBAD24 strain (data not
shown). The pBAD24 vector was also introduced into
WT, AhapR, and Afur to prepare controls. All primers
used are listed in Table 1.

Growth Conditions

Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast
extract, and 1% NaCl) was applied for V. cholerae
cultivation®, Overnight bacterial cultures were diluted
at 1:50 into 5 mL of fresh LB broth and grown at 30 °C
with shaking at 200 rpm to an ODgy, value of 1.0. The
resultant cultures were diluted 1:100 into 5 mL of fresh
LB broth for the third-round growth. The bacterial cells
were harvested at an ODgy, value of about 0.6.
Whenever required, antibiotics were used in the
following concentrations: 100 mg/mL ampicillin,
5 mg/mL chloramphenicol, and 0.1% arabinose.

Table 1. Oligonucleotide primers used in this study

Target

Primers (forward/reverse, 5'-3’)

Construction of mutant

GCGGGATCCGAACAGCGATCAGAGCATG/CCTCCTTTGCCAATTTTGAATTCCTGAGGTTCTACATTG

VCAO0560

CAATGTAGAACCTCAGGAATTCAAAATTGGCAAAGGAGG/GGACTAGTGCGAGTTGATGTGGGTAG

GCGGGATCCGAACAGCGATCAGAGCATG/GGACTAGTGCGAGTTGATGTGGGTAG

Construction of overexpressed plasmid
VCAO0560

Luminescence assay

GATTCTAGAATGTCTTCTAGCTTTGTTAC/GCGAAGCTTTTAGCTAGCGACTTTGACAC

VCAO0560 GCGGAGCTCGAACAGCGATCAGAGCAT/GCGGGATCCCAGCAGCAATAGAGGAAAA
EMSA

VCAO0560 GAACAGCGATCAGAGCAT/CAGCAGCAATAGAGGAAAA

recA AAGATTGGTGTGATGTTTGGTA/CACTTCTTCGCCTTCTTTGA

DNase | footprinting

VCAO0560
AGGAAAA

GTAAAACGACGGCCAGTCAAGCTGCAACGGCAAGTAG/CAGGAAACAGCTATGACCAGCAGCAATAG

M13 FAM-GTAAAACGACGGCCAGT/CAGGAAACAGCTATGAC-HEX
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Colony Morphological Characterization

Colony morphology was characterized as
previously described“”. In brief, 2 pL of overnight
bacterial culture was spotted onto the LB agar and
then statically incubated at 30 °C for 48 h.

Crystal Violet (CV) Staining

CV staining was performed as previously
described™™. The third round of cultures was diluted
50-fold into 2 mL of fresh LB broth in glass tubes and
then allowed to grow at 30 °C with shaking at 100
rom for 48 h. The surface-attached cells were
stained with 0.1% CV. The bound dye was dissolved
with dimethylsulfoxide (DMSO), and the ODsyq
values were measured for each strain as the index of
CV staining.

Quantification of c-di-GMP

Intracellular c-di-GMP levels were detected as
previously described™*, Bacterial cells were
harvested at ODgq, = 0.6, washed twice with ice-cold
phosphate buffered solution (PBS), resuspended in
2 mL of ice-cold PBS, incubated at 100 °C for 5 min,
and sonicated for 15 min (power 100%, frequency
37 kHz) in an ice-water bath. The supernatant was
collected, and the pellet was resuspended in 2 mL of
ice-cold PBS and re-extracted twice. The intracellular
c-di-GMP levels were determined with a c-di-GMP
ELISA kit (Mskbio, Beijing, China). Total protein
concentration in the supernatant was also
determined using a Pierce BCA Protein Assay kit
(ThermoFisher Scientific, USA) in accordance with
the manufacturer’s instructions. c-di-GMP
concentration was expressed as pmol/mg protein.

Swimming Motility Assay

Swimming motility was assayed as previously
described™. In brief, 2 uL of the third round of cell
cultures were inoculated into semisolid swim plates
(1% tryptone, 0.5% yeast extract, 1% NaCl, and
0.35% bacterial agar), and the diameter of the
swimming areas was measured after incubation at
30 °C for about 10 h.

Luminescence Assay

A luminescence assay was performed as
previously described™’. The regulatory DNA region
of VCA0560 was cloned into the pBBRlux vector
harboring a promoterless luxCDABE reporter gene.
The recombinant plasmid was transferred into WT
and regulatory gene mutants (AhapR and Afur) to
measure [ux activity in each strain. Luminescence

was determined using an Infinite® 200 Pro
NanoQuant (Tecan, Switzerland), and /ux activity was
calculated as light units/ODgq.

Preparation of His-Tagged Fur and HapR (His-Fur
and His-HapR)

The coding regions of hapR and fur were separately
cloned into the pET28a (Novagen, USA) to express His-
HapR and His-Fur using Escherichia coli BL21ADE3
cells™. His-HapR and His-Fur were prepared as
previously described 4798 The dialyzed proteins were
concentrated to approximately 0.5 mg/mL, and their
purity was analyzed by SDS-10% PAGE.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as previously described™®.

The 5-ends of the regulatory DNA region of the
VCAO560 gene were labeled with [y->P] ATP and T4
polynucleotide kinase. DNA binding was performed
in a 10 pL reaction volume containing binding buffer
(1 mmol/L MgCl,, 100 pmol/L MnCl, or 0.5 mmol/L
EDTA, 0.5 mmol/L DTT, 50 mmol/L NaCl, 10 mmol/L
Tris-HCI/pH 7.5, and 10 mg/mL salmon sperm DNA),
labeled DNA probe, and increasing amounts of
purified His-Fur or His-HapR. After incubation at
room temperature for 20 min, the products were
loaded onto a native 4% (w/v) polyacrylamide gel
and electrophoresed in 1.0x TB or 0.5x TBE buffer
for approximately 60 min at 150 V. Radioactive
species were detected by autoradiography after
exposure to Fuji Medical X-ray film at -20 °C. Three
controls were included in each EMSA experiment:
1) a cold probe as a specific DNA competitor (the
same promoter DNA region unlabeled), 2) a negative
probe as a nonspecific DNA competitor (the
unlabeled coding region of the 16S rRNA gene), and
3) a nonspecific protein competitor (rabbit anti-F1-
protein polyclonal antibodies).

DNase | Footprinting

DNase | footprinting was performed as
previously described®>". The results were analyzed
using an ABI 3500XL DNA Genetic analyzer with
GeneMarker software 2.2.

Statistical Methods

Colony  morphological characterization, CV
staining, EMSA, and DNase | footprinting assays were
performed at least twice with similar results.
Luminescence assay and c-di-GMP quantification
were performed three times, and the values were
expressed as mean * standard deviation (SD). Paired
Student’s t-tests were applied to calculate statistical
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significance. P values less than 0.01 were considered
significant.

RESULTS

Growth of V. cholerae Strains

The growth curves of WT/pBAD24,
AVCAO0560/pBAD24, and WT/pBAD24-VCA0560
grown at 30 °Cin LB broth were recorded with 1 h
intervals to determine the effect of VCA0560 on the
growth of V. cholerae. As shown in Figure 1,
indistinguishable growth rates were observed for
WT/pBAD24 and WT/pBAD24-VCAQ560, indicating
that VCAO560 overexpression did not affect the
growth of V. cholerae. However, the
AVCA0560/pBAD24 strain showed a slight growth
defect relative to the WT/pBAD24 and WT/pBAD24-
VCAOQ560 strains, suggesting that VCA0560 might be
required for the growth of V. cholerae.

VCA0560 Overexpression Induced V. cholerae

Biofilm Formation

Colony morphological characterization and CV
staining were performed to compare colony
morphology and  biofilm  quantity = among
WT/pBAD24, AVCA0560/pBAD24, and WT/pBAD24-

A Colony morphology

y
1)

VCAO0560. As shown in Figure 2A, WT/pBAD24 and
AVCA0560/pBAD24 produced smooth colonies on
the LB plates, and WT/pBAD24-VCA0560 formed

-o- WT/pBAD24
-2 AVCA0560/pBAD24
-2~ WT/VCA0560-pBAD24

10 12 14 16 18 20 22
Hours

2 4 6 8

Figure 1. Growth curves of V. cholerae strains.
The overnight growth cultures of WT/pBAD24,
AVCA0560/pBAD24, and WT/pBAD24-VCA0560
were diluted at 1:100 into 20 mL of LB broth
supplemented with 100 mg/mL ampicillin and
0.1% arabinose, mixed well, and then divided
into a microwell plate with 300 pL in each well.
V. cholerae strains were grown at 30 °C with
shaking at 200 rpm, and the ODgy, values were
monitored at 1 h intervals. The experiment
was conducted twice, with five replicates per
trial for each strain.
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Figure 2. VCA0560 overexpression induced biofilm formation by V. cholerae. (A) Colony morphological
characterization. In brief, 2 uL of overnight bacterial culture was spotted on the LB agar supplemented
with 100 mg/mL ampicillin and 0.1% arabinose and then statically incubated at 30 °C for 48 h. (B) Crystal
violet (CV) staining. Bacterial cells were inoculated into 2 mL of fresh LB broth supplemented with
100 mg/mL ampicillin and 0.1% arabinose in glass tubes and allowed to grow at 30 °C with shaking at
100 rpm for 48 h. The surface-attached cells were stained with 0.1% CV. The bound CV was dissolved
with dimethylsulfoxide (DMSO), and the ODs;, values were measured as the index of CV staining. NS

represents no significant difference.
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wrinkled colonies. CV staining assay showed that
WT/pBAD24-VCA0560 produced significantly more
normalized CV staining than WT/pBAD24 and
AVCA0560/pBAD24, and AVCA0560/pBAD24 showed
similar CV staining result with WT/pBAD24
(Figure 2B). These results indicated that VCA0560
gene deletion had no regulatory activity on biofilm
formation, but overexpression of the protein did
induce biofilm formation by V. cholerae.

VCA0560 Overexpression Inhibited V. cholerae
Swimming Motility

The swimming motility assay showed that the
swimming capacity of WT/pBAD24-VCA0560 was
significantly inhibited relative to those of
WT/pBAD24 and AVCA0560/pBAD24. AVCA0560/
pBAD24 and WT/pBAD24 manifested a similar
capacity for swimming motility (Figure 3). These
results suggested that VCAO0560 overexpression
inhibited V. cholerae swimming motility.

Overexpression of VCA0650 Induced c-di-GMP
Production

Elevated c-di-GMP levels in bacterial cells lead to
decreased motility but increased biofilm formation®.

P<0.01
2.0, P<0.01
15 R —
g
810
[}
€
©
a 1
0.5
0 N
Cla por
we 50\ o
¢ N(©
N \Nﬂ

Figure 3. Regulation of swimming motility by
VCAO0560 protein in V. cholerae. In brief, 2 pL
of bacterial cells were inoculated into
semisolid swim plates (1% tryptone, 0.5%
yeast extract, 1% NaCl, and 0.35% bacterial
agar) supplemented with 100 mg/mL ampicillin
and 0.1% arabinose. The diameter of the
swimming areas was measured after
incubation at 30 °C for 10 h.

Thus, we further detected whether VCA0560 regulates
c-di-GMP production in V. cholerae. The concentration
of c-di-GMP in WT/pBAD24-VCA0560 was higher than
that in  WT/pBAD24 and AVCA0560/pBAD24.
Meanwhile, AVCA0560/pBAD24 had similar c-di-GMP
levels to WT/pBAD24 (Figure 4). These results indicated
that VCA0560 mutation did not influence c-di-GMP
production, but VCA0560 overexpression induced c-di-
GMP synthesis in V. cholerae.

Fur Directly Repressed VCA0560 Transcription

A Fur consensus-like sequence AATAAGCATA
GTTTTCATC with a weighted score of 8.1 located
from -126 bp to -108 bp was detected within the
upstream of the VCA0560 gene[38'52], suggesting that
VCAO0560 transcription might be directly regulated by
Fur in V. cholerae. In a previous study, Fur has been
demonstrated to repress c-di-GMP production and
biofilm formation by V. cholerae independent of
iron™, Thus, the bacterium was cultured in LB broth
and then harvested to investigate the Fur-dependent
transcription of VCA0560. As shown in Figure 5A, the
luminescence activity under the direct action of the
VCAO0560 promoter was higher in Afur than in WT
across the growth periods. EMSA results indicated
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Figure 4. Intracellular c-di-GMP levels in V.
cholerae strains. V. cholerae strains were
cultured in LB broth supplemented with
100 mg/mL ampicillin and 0.1% arabinose at
30 °C and harvested at ODg = 0.6.
Intracellular c-di-GMP was extracted by
ultrasonication, and its concentration was
measured by a c-di-GMP ELISA kit (Mskbio,
Beijing, China) and expressed as pmol/mg. NS
represents no significant difference.
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that His-Fur dose-dependently bound to the 581 bp
upstream of the VCA0560 gene but was incapable of
binding to the negative control DNA from recA
(Figure 5B). DNase | footprinting assay revealed that
His-Fur protected a single DNA region located from
-162 bp to -19 bp upstream of VCA0560 (Figure 5C).
Thus, VCA0560 transcription was directly suppressed
by Fur.

HapR Directly Repressed VCA0560 Transcription

An MQSR consensus-like sequence TAATTGTA
GAATTATCATTA with a weighted score of 8.3 located
from -46 bp to -27 bp was detected within the
upstream of the VCA0560 gene[48], suggesting that
VCAO0560 transcription might be directly regulated by
HapR. As shown in Figure 6A, VCA0560 expressed

was enhanced significantly in AhapR compared with
that in WT across the growth periods. EMSA results
demonstrated that His-HapR dose-dependently
bound to the regulatory DNA region of the VCA0560
gene but was incapable of binding to the negative
control DNA fragment from recA (Figure 6B). DNase |
footprinting assay results showed that His-HapR
bound one DNA region located from -59 bp to -11
bp upstream of the coding region of VCA0560
(Figure 6C). Thus, VCA0560 transcription was directly
inhibited by HapR.

DISCUSSION

In this work, we showed that the overexpression
of the VCA0560 gene, which encodes a GGDEF-type
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Figure 5. Fur regulated the transcription of the VCA0560 gene. The first base of the start codon of
VCAO0650 was defined as +1. (A) Luminescence assay. The recombinant pBBRlux plasmid containing the
regulatory DNA region of VCA0560 was introduced into Afur and WT to measure the lux activity (RLU; the
light units/ODgy,) for each strain. (B) EMSA. The [y-’P]-ATP-labeled DNA probe of VCA0560 was
incubated with different amounts of His-Fur and then analyzed by 4% (w/v) polyacrylamide gel
electrophoresis. The results were detected by autoradiography. (C) DNase | footprinting. Fluorescently-
labeled DNA probe of VCA0560 was incubated with different amounts of His-Fur (L-1, Il, and Il containing
0, 2.95, and 8.85 pmol His-Fur, respectively) and then digested with DNase I. The protected regions are

marked with boxes and positions.
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protein in V. cholerae, induced biofilm formation and
c-di-GMP production but inhibited the motility of V.
cholerae. Meanwhile, the deletion of the VCA0560
gene had no influence on c-di-GMP synthesis, biofilm
formation, and motility (Figures 2—4). These results
suggested that the VCA0560 protein acts as an active
DGC in V. cholerae, but its activity is low. A previous
study also showed that VCAQ0560 overexpression
seems to have only a weakly positive effect on the
biofilm formation by V. cholerae®. The deletion of a
DGC gene does not alter the phenotype changes
because more than 30 GGDEF-containing proteins
with a high level of functional redundancy can be
found in V. cholerae™. The VCA0560 protein is
perhaps not the main enzyme that modulates c-di-
GMP synthesis under the growth conditions in the
current work. VCA0560 expression is significantly
induced in the early stage than in the late stage of
cholera infection®. V. cholerae forms biofilms
almost immediately after it adheres to the intestinal
cells™. Thus, the VCA0560 protein might play some
roles in the early stage of V. cholerae infection by

formation. Further investigations are warranted to
verify this hypothesis.

A Fur consensus-like sequence and an MQSR
consensus-like sequence were detected in the
regulatory DNA region of the VCA0560 gene. Thus,
we further investigated the transcriptional
regulation of the VCA0560 gene by Fur and HapR.
The data showed that VCA0560 transcription was
directly repressed by HapR and Fur (Figures 5 and
6). In the presence and absence of HapR and Fur,
the promoter activity of the VCAO0560 gene
increased with cell density until ODgy = 0.6 and
then decreased over time (Figures 5A and 6A).
Thus, VCA0560 might be repressed strongly by
some other unknown regulators operating at low
and high cell densities. In addition, primer
extension'™** and 5-RACE™ did not detect any
transcription starts for VCA0560 (data not shown).
Only one transcription start located at 124 bp
upstream of the VCA0560 gene was predicted
using the online tool SoftBerry (http://linuxl.
softberry.com/) (Figure 7). The putative -10

promoting  c-di-GMP  synthesis and  biofilm element was well matched to the -10 consensus,
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Figure 6. HapR regulated the transcription of the VCA0560 gene. The first base of the start codon of
VCA0650 was defined as +1. Luminescence assay (A), EMSA (B), and DNase | footprinting (C) were

performed as described in Figure 5.


http://linux1.softberry.com/
http://linux1.softberry.com/

956

Biomed Environ Sci, 2023; 36(10): 949-958

-306 CATCGATAGTGACCTTGTTACTTGAAGCTGCGTCAGGGTCGGCAAGCT -259

-258 GCAATGACAAGCTGCAACGGCAAGTAGCTTGTGTATAGATTGTAGATT -211

-210 CTGCACGACGCCATGAGATCACTGTAGCCGAATCTACCAAACTTTATC -163

-35 box

Predicted transcription start
-10 box

—>
-162 TTTAATCAAGCCTATACTTGTCACAATATACTTACGCAATAAGCATAG _115

Fur site

~114 TTTTCATCACTGAACTTGAGTAAAAAGCTTGGAAATTCACGAAATCAA _g7

-66  AGTATCCTTGGTTACAATTTT NGO A TTCAATG  -18

HapR site

-17  TAGAACCTCAGGAATTCATG] +3

Translation start

Fur consensus-like sequence B HapR consensus-like sequence

Figure 7. Promoter organization of VCA0560 gene. The predicted transcription and translation start sites
are marked with boxes and bent arrows. The putative -10/-35 elements are enclosed in boxes. The Fur
site is marked with a solid line, and the HapR site is marked with a dotted line.

but the putative -35 element possessed three
bases mismatch with the consensus (Figure 7),
suggesting that the promoter is relatively weak.
The Fur site overlapped with the putative =10 and
-35 elements and the predicted transcription
start, indicating that Fur represses VCA0560
transcription possibly via its direct interference
with RNA polymerase (RNAP) function. In contrast,
the HapR site was located downstream of the
predicted transcription start. Thus, HapR represses
VCAO0560 transcription, possibly by blocking RNAP
elongation. The HapR site almost entirely
overlapped with the Fur site (Figure 7). Whether
HapR cooperates with Fur to repress VCA0560
transcription or not warrants further investigation.

HapR acts as a negative regulator of biofilm
formation, intracellular c-di-GMP synthesis, and
many other gene loci in V. cholerae™>*. In
addition, HapR regulates the transcription of 14
genes involved in c-di-GMP metabolism in V.
cholerae, but the VCA0560 gene is not included™.
The above data were obtained in the genetic
background of luxO mutant™. LuxO is a central
quorum regulator that controls the QS circuit and
many other genes[57'58]. Therefore, the discrepancies
between previous and present data may be mainly
due to the bacterial genetic background. Moreover,
Fur acts as a repressor of biofilm formation and c-di-
GMP synthesis in V. cholerae™, and its transcription
is directly repressed by HapR[39]. The current study
showed that Fur and HapR directly repressed the
transcription of VCA0560 encoding a GGDEF-type

protein that acts as an active DGC in V. cholerae.
Thus, Fur and HapR compose a regulatory circuit to
tightly regulate biofilm formation at multiple genes
and levels.

In conclusion, VCAO0560 overexpression
significantly enhances biofilm formation and
intracellular c-di-GMP levels but reduces the motility
capacity of V. cholerae. Fur and HapR bind to the
regulatory DNA region of the VCA0560 gene to
repress its transcription. Therefore, overexpressed
VCAO0560 acts as an active DGC in V. cholerae, and its
transcription is repressed by Fur and HapR.
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