Journal of Inorganic Biochemistry 196 (2019) 110685

journal homepage: www.elsevier.com/locate/jinorgbio

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry S e

“JouRnAL OF

Inorganic
Biochemistry

V3 e
L
C'\\O;Z@ 75

Inactivation of NikR from Helicobacter pylori by a bismuth drug

Yu Guo?, Chujun Guan®, Heiyu Wan", Zhengrui Zhang”, Hongyan Li”, Hongzhe Sun""*, Wei Xia™*

Check for
updates

@ MOE Key Laboratory of Bioinorganic and Synthetic Chemistry, School of Chemistry, Sun Yat-sen University, Guangzhou, China, 510275

b Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, China

ARTICLE INFO ABSTRACT

Keywords:
Helicobacter pylori
Bismuth drug
DNA regulator
Metal-binding

The NikR protein is an essential DNA regulator of Helicobacter pylori, a human pathogen, which infects almost
half of the world's population. Herein, we comprehensively characterized the interaction of a bismuth drug with
Helicobacter pylori NikR. We show that Bi(IIl) can occupy the high-affinity Ni(II) site of NikR. The highly-con-
served residue Cys107 at this site is critical for Bi(III) binding. Importantly, such a binding disassembles phy-
siologically functional NikR tetramer into inactive dimer, leading to abrogation of the DNA-binding capability of

NikR. Bi(Ill)-binding also significantly disturbs regulatory function of Helicobacter pylori NikR in vivo. Therefore,
NikR might serve as a potential intracellular target of a bismuth drug.

1. Introduction

Helicobacter pylori (H. pylori) is a worldwide spread pathogen that
can colonize in human gastric mucosa. H. pylori infection causes a series
of gastrointestinal diseases, including chronic gastritis, peptic ulcer and
even gastric cancer [1]. Two obligate nickel-containing enzymes, ur-
ease and hydrogenase, play a crucial role in the survival of this bac-
terium under highly-acidic environment in human stomach. Urease
hydrolyzes urea into ammonia and bicarbonate to neutralize the gastric
acids and raise the local pH [2,3]. While hydrogenase allows H. pylori to
utilize the hydrogen gas produced by other host flora as an energy
source [4]. Although transition metal nickel is an essential nutrient for
H. pylori, the intracellular nickel distribution is tightly controlled due to
its intrinsic toxicity. In H. pylori, nickel homeostasis is primarily regu-
lated by a nickel-responsive transcription factor NikR [5-8].

H. pylori NikR (HpNikR) is a pleiotropic regulator and controls the
expression of a large set of genes involved not only in nickel home-
ostasis but also in iron metabolism as well as acid stress response
[3,6,9]. Therefore, HpNikR is considered as a global regulator and ex-
erts a critical role in H. pylori colonization, adaption and survival in
human gastric mucosa. HpNikR is a tetrameric protein and each
monomer is composed of two domains, an N-terminal DNA-binding
domain (DBD) and a C-terminal metal-binding domain (MBD)
[7,8,10,11]. The activation of HpNikR depends on the incorporation of
nickel ions to a conserved high-affinity nickel binding site (HA site) at
MBD (Fig. 1), which consists of a cysteine and two histidines (Cys107,
His99 and His101) from one subunit and an additional histidine
(His88") from the adjacent subunit [11-16]. Ni(II) coordination to the
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HA site increases the orientation mobility of DBD with respect to the
MBD, which promotes tight DNA binding of HpNikR [8,12,17-20].
Importantly, the HpNikR HA site is nickel specific, since other divalent
metal ions cannot activate HpNikR for DNA binding [13,16].

Bismuth compounds, such as bismuth subsalicylate (BSS) and col-
loidal bismuth subcitrate (CBS) [21,22] have been widely used to treat H.
pylori infection [23-25]. Although significant progress has been made to
understand the inhibitory mechanism of bismuth compounds, the bis-
muth-binding targets are not fully unveiled [26,27]. Due to the thiophilic
nature of Bi(IIl), its biological targets are predominantly proteins rich in
thiol-containing cysteine residues [28,29]. Recently, we have identified
the ferric uptake regulator (Fur) of H. pylori as one of the important
targets of bismuth drugs. Bi(Ill) binding causes Fur dysfunction, which
leads to disruption of iron metabolism in H. pylori [30]. The HA site of
HpNikR is composed of one cysteine and three histidine residues. Given
the highly thiophilic feature of bismuth and significantly bigger ion ra-
dius compared with nickel, it is reasonable to speculate that Bi(III) could
probably occupy the HA site and interfere with the physiological func-
tion of HpNikR. Herein, we have comprehensively characterized the in-
teraction between HpNikR and Bi(Ill). The data demonstrate that HpNikR
is a potential Bi(III)-binding target in vitro as well as in vivo. Importantly,
Bi(IID)-binding ruptures functionally tetrameric HpNikR and disturbs
transcriptional level of genes regulated by HpNikR.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich unless otherwise
stated. The HpNikR polyclonal antibodies were prepared by
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Fig. 1. Crystal structure of Ni(II) bound HpNikR tetramer (protein data bank
code 2CAD). The high-affinity (HA) and the tetramerization interface of HpNikR
are shown. The potential bismuth binding residues and cysteine residues at the
tetramer interface are shown in sticks.

immunizing rabbits with purified HpNikR protein (Huabio, China). The
antibodies were purified from antisera by Protein A sefinose (Sangon,
China). Escherichia coli (E. coli) BL21(DE3) and XL1-Blue strains were
cultured in Luria-Bertani (LB) medium with required antibiotics. Heli-
cobacter pylori (H. pylori) 26695 strain was cultured in Brucella Broth
(BB) medium supplemented with 0.2% pf-cyclodextrin. Primers are
listed in Table S1.

2.1. Expression and purification Apo-HpNikR

nikR gene was amplified by polymerase chain reaction (PCR) using
H. pylori strain 26695 genomic DNA as a template with the primers
listed in Table S1. The amplified nikR gene (hp1338) was digested with
BamHI and HindIIl restriction enzymes and ligated into pET47b
plasmid, which has been digested with the same restriction enzymes.
The generated NikR-pET47b plasmid was transformed into E. coli
BL21(DE3) for protein expression. Overnight culture of BL21(DE3)
strain that contains the NikR-pET47b plasmid was diluted by 1:100 to
fresh LB medium supplemented with 50 pg/mL Kanamycin and grown
for 3h aerobically at 37 °C until ODggyo reached around 0.6. Protein
expression was induced by addition of isopropyl-p-d-thiogalactoside
(IPTG) to a final concentration of 0.2 mM and bacteria were further
cultured at 25°C overnight. The bacteria were harvested by cen-
trifugation and the cell pellets were resuspended in 40 mL of buffer 1
[20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
300 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF), pH7.5]
and lysed by sonication at 4°C. The supernatant was subsequently
dialyzed against buffer 2 [50 mM NacCl, 20 mM Tris-HCI, 1 mM dithio-
threitol (DTT), 100mM ethylene diamine tetra acetic acid (EDTA),
pH 8.0] at 4 °C overnight. The supernatant was then applied onto a 5 mL
HiTrap Q HP column (GE Healthcare). Elution was performed with a
linear gradient from 0 to 500 mM NaCl. The eluted fractions were
treated with 100 mM EDTA at 4 °C overnight to remove bound metal
ions and further purified by Mono Q and Hiload 16/60 Superdex 200
16/60 column pre-equilibrated with buffer 3 [20 mM HEPES, 300 mM
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NaCl, 0.5mM tris(2-carboxyethyl)phosphine (TCEP), pH7.5]. Protein
purity was higher than 95% as confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S1). Purified apo-
form HpNikR was concentrated to 10 mg/mL and stored at —80 °C.
Plasmids for the variants were generated via Quick-Change mutagenesis
using Wild-type NikR-pET47b as DNA template. Primers used for mu-
tagenesis are listed in Table S1. The expression and purification of
HpNikR variants were similar to those of wild-type HpNikR.

2.2. UV-vis spectroscopy

UV-vis spectroscopy was employed to monitor binding of Bi(III) to
HpNikR. Aliquots of 2 mM CBS were added into 40 uM HpNikR in buffer
3 (20 mM HEPES, 300 mM NacCl, 500 uM TCEP, pH 7.5). UV-vis spectra
were recorded on a UV-2600 spectrophotometer (SHIMADZU) at am-
bient temperature after equilibrium for 15 min. All experiments were
performed in triplicate.

2.3. Inductively coupled plasma mass spectrometry

The metal contents of protein were determined by inductively
coupled plasma mass spectrometry (ICP-MS). All ICP-MS experiments
were conducted on a Thermo Scientific iCAP Q ICP-MS spectrometer.
4 molar equivalents of Bi(Ill) were added into 15uM HpNikR or var-
iants. After incubation for 60 min at room temperature, excess amounts
of Bi(Ill) were removed by HiTrap desalting column (GE healthcare).
The eluted protein concentrations were measured by bicinchoninic acid
(BCA) assay. And the bound Bi(IlI) contents were determined by ICP-
MS. Each sample was quantified in triplicate and the average value was
used.

2.4. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of HpNikR and variants were col-
lected on a Jasco-810 spectrophotometer. 8 uM protein was pre-in-
cubated with different molar equivalents Bi(IIl) as indicated in buffer 4
(20 mM HEPES, 50 mM NacCl, 0.5 mM TCEP, pH 7.5) at ambient tem-
perature for 30 min. The CD spectra were recorded from 200 to 250 nm
at a scan rate of 50 nm/min in a 0.1 cm quartz cuvette at ambient
temperature. Three scans were averaged for each spectrum and the
reference spectrum of the buffer was subtracted.

2.5. Size-exclusion chromatography

The oligomerization states of HpNikR and variants were analyzed by
size-exclusion chromatography (SEC). SEC was performed on a Tricorn
Superdex 200 10/300 GL increase analytical column (GE Healthcare) at
4°C. The column was pre-equilibrated with buffer 3 (20 mM HEPES,
300 mM NaCl, 0.5mM TCEP, pH 7.5). 50 uM HpNikR or variants were
incubated with different molar equivalents of Bi(NO)3; at room tem-
perature for 30 min. The samples were subsequently loaded into SEC
column at 0.5 mL/min. The column was calibrated with GE low mole-
cular weight calibration kit under the same buffer condition.

2.6. Electrophoretic mobility shift assays (EMSA)

DNA-binding capability of HpNikR and variant were examined by
EMSA. The promoter DNA of ureA gene for EMSA was generated by PCR
using H. pylori genomic DNA as a template with primer pairs listed in
Table S1. The reaction was performed in binding buffer (20 mM Borate
Bis-Tris, 800 uM NiSO,4, 50 mM KCl, 3 mM MgCl,, 0.1% Triton X-100
and 0.5% glycerol, pH7.4) with a final volume of 10 pL. For Ni(ID)-
dependent DNA binding, the reaction mixture contained 80 nM DNA
and different concentrations of HpNikR (0, 20, 50, 80, 100, 200 and
400nM). In Bi(Ill) perturbation assay, HpNikR or HpNikR'™7+4/H73A
were first incubated with gradient amounts of Bi(III) (0, 0.125, 0.25,
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1.25, 2.5, 10, 20 molar equivalents). DNA and protein was subsequently
mixed in reaction buffer to a final concentration of 80 nM and 400 nM,
respectively. Finally, 10 pL of the reaction samples were applied into a
6% (w/v) native polyacrylamide Borate bis-Tris (TB) gel and electro-
phoresed in 0.5 x TB (v/v) buffer for 50 min at 125 V. Gel was stained
in a 10,000-fold diluted Gene-Finder nucleic acid staining solution
(Xiamen Zhishan Ltd, China) for 5 min. The DNA bands were visualized
with blue light trans-illuminator (Syngene).

2.7. Cellular thermal shift assay (CETSA)

CETSA melting curve for HpNikR was established based on a pro-
tocol as described previously [31,32]. H. pylori strain 26695 was cul-
tured in BB medium supplemented with 0.2% p-cyclodextrin (Sigma) at
37 °C. At log phase (ODgoo = 0.6), H. pylori cells were diluted to ODggo
value of 0.35 and treated with or without 15 ug/mL of CBS and culture
at 37 °C overnight. The H. pylori cells were then centrifuged on 5000g
for 10 min at 4 °C. The medium was discarded and the cells were re-
suspended in HEPES buffer (20 mM HEPES, 300 mM NaCl, pH7.5).
Equal amounts of cell suspensions from control and CBS-treated groups
were aliquoted into PCR tubes and heated individually at different
temperatures from 55°C to 95°C for 4 min followed by immediate
cooling at 25 °C for 4 min. Each heating and cooling cycle was repeated
three times. The cells were then lysed via 3 freeze-thaw cycles with
liquid nitrogen. The cell lysates were centrifuged at 15,000g for 10 min
at 4°C to remove the precipitated protein. The supernatants were
analyzed by gel electrophoresis and quantified by immuno-blotting
using HpNikR polyclonal antibodies.

2.8. RNA isolation and quantitative real time PCR

The H. pylori culture were cultured at 37 °C for 12 h in BB medium
and grew until ODgoo reached 0.6. The culture was then diluted to
ODgqp value of 0.3 and treated with 16 ug/mL CBS at 37 °C overnight.
Total RNAs from both control and CBS-treated H. pylori were isolated
with SV total RNA isolation kit (Promega) according to the manufac-
turer's instructions. cDNAs were generated by reverse transcription
using GoScript Reverse Transcriptase (Promega). The transcription
level of detected genes was determined by real-time PCR using GoTaq
gPCR Master Mix kit (Promega) on a StepOnePlus Real-time PCR
system (Life Technologies). The rrsA gene (16S rRNA) was used as an
internal control. The primer pairs used to perform qPCR are listed in
Table S1. The relative quantification of gene transcriptional levels was
performed using the 2744C method [33]. The mean value of control
group was set as 1 and data were presented as mean * sd and all ex-
periments were conducted in triplicate.

3. Results and discussion
3.1. Bismuth binding property of HpNikR

Apo-form HpNikR was expressed and purified as described in the
experimental section [7]. To examine the bismuth binding property of
HpNikR, titration of apo-HpNikR with Bi(III) was performed and mon-
itored by UV-vis spectroscopy. In brief, aliquots of 2mM CBS were
added into 40uM apo-HpNikR in HEPES buffer (20 mM HEPES,
300 mM NacCl, 500 uM TCEP, pH7.5). A broad absorption band cen-
tered at 360 nm was observed in the UV-vis spectra with the addition of
Bi(III), which is assigned to 7(S)(Cys) — Bi(III) ligand-to-metal charge
transfer (Fig. 2a) [34]. Particularly, the absorption band reached
maximum at a molar ratio of 1:1 ([Bi(IlI)]/[HpNikR]), indicative of
binding of one Bi(IIl) per HpNikR monomer (Fig. 2a, inset). These re-
sults demonstrated that Bi(III) bound to apo-HpNikR via cysteine re-
sidue.

In addition to Cys107 at the HA site, HpNikR contains another cy-
steine residue (Cys96) at the tetramerization interface (Fig. 1) [8]. To

Journal of Inorganic Biochemistry 196 (2019) 110685

further identify which cysteine was involved in Bi(IIl) binding, two
cysteine residues were mutated to serine individually and titration of Bi
(III) to the variants were monitored by UV-vis spectroscopy. No ab-
sorption bands were observed in UV-vis spectra when Bi(II) was ti-
trated into HpNikR“'°”S variant, implying that Cys107 was likely in-
volved in Bi(IIl) binding (Fig. S2a). In contrast, Bi(Ill) titration into
HpNikR®®S variant led to a slow but visible increase of absorbance at
360 nm (Fig. S2b). It is implied that Bi(III) could bind to HpNikR®°
variant with a slow kinetics. Similar phenomenon was also observed for
Ni(II) binding to HpNikR“®*® [8]. Moreover, SEC and right angle light
scattering showed that both wild-type (WT) HpNikR and HpNikR<'°73
variant had a calculated molecular weight (MW) of 74.1 kDa, corre-
sponding to a tetrameric HpNikR (monomer: 17.1 kDa). In contrast,
HpNikR®®S variant was eluted as a broad peak with a calculated mo-
lecular MW of 56.4 kDa, possibly implying an equilibrium between a
dimeric and tetrameric form (Figs. S2¢, S6a and b). Since the Cys96 is
localized at the tetramerization interface, it is indicated that C96S
mutagenesis caused HpNikR tetramer dissociation, which could prob-
ably cause much slower binding of Bi(III) or Ni(II). On the other hand,
Cys96 is relatively buried and inaccessible to Bi(IlI)-binding. The results
demonstrate that only Cys107 at HA site was involved in Bi(III) binding.
Indeed, no absorbance was observed at 360 nm when Bi(III) was ti-
trated into Ni(II)-bound HpNikR, in which case Cys107 was coordinated
to Ni(I) (Fig. S2d).

To further investigate the Bi(IIl) binding capability of HpNikR,
4 molar equivalents of Bi(Ill) (as bismuth nitrate) were incubated with
15uM HpNikR and excess amounts of metal ions were removed by
HiTrap desalting column (GE healthcare). The bound Bi(III) contents
were measured by ICP-MS and protein concentrations were determined
by BCA assay as described previously [28]. Intriguingly, WT-HpNikR
could bind 2 molar equivalents of Bi(Ill) per monomer, implying that
additional Bi(III) binding site existed besides the HA site (Fig. 2b). In-
deed, the HpNikR®!%7/H99A yariant, which does not contain the HpNikR
HA site could still bind 1 molar equivalent of Bi(III).

Previous studies demonstrated that HpNikR contained two different
Ni(II) coordination sites, including the 4-coordinated HA site and a 5/6
coordinated nickel site consisting of His74, His101, His88” and water
molecules [35]. To examine whether His74 and adjacent His75 residue
participated in Bi(IIl) binding, HpNikR™**H754 variant was prepared
and identified to bind only 1 molar equivalent of Bi(III), indicating that
the two residues are probably involved in Bi(Ill) binding (Fig. 2b).
Furthermore, we investigated whether Bi(III) could replace Ni(II) at the
two metal-sites. Consistent with previous report, NikR monomer could
bind two molar equivalents of Ni(I) [36,37]. Subsequently, Ni(Il)-
bound NikR was incubated with different molar ratios of Bi(III) and the
protein bound metal contents were measured by ICP-MS. The results
indicated that only one Ni(Il) site could be displaced by Bi(Ill) (Fig.
S3A). In particular, the typical square planar Ni(Il) d-d transition peak
at 470 nm in UV-vis spectrum was not disturbed with increasing molar
equivalents of Bi(III) (Fig. S3B) [38]. It is indicated that the Ni(II) at the
HA site with square planar geometry could not be substituted by Bi(III).

3.2. Bi(Ill) binding induces HpNikR conformational change

Binding of non-physiological metal ions to proteins usually results
in protein conformational changes [28,30,39]. Therefore, the effects of
Bi(III) binding on the secondary structure of HpNikR were first ex-
amined by CD spectroscopy (Fig. S4). The CD spectra were analyzed by
the CAPITO Web server [40]. Deconvolution of the CD spectra of apo-
HpNikR gave rise to 66% a-helix and 10% p-sheet, while 52% a-helix
and 13% fB-sheet were found for Bi(III) bound HpNikR, indicating that
Bi(II)-binding perturbed HpNikR secondary structure.

Previous studies demonstrated that Bi(III) binding usually led to
aggregation of target protein, such as H. pylori Ni(I) chaperone HypB
and DNA regulator Fur [28,30]. We subsequently investigated the oli-
gomerization states of HpNikR by SEC-MALS. In the absence of Bi(IIl),
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(a) (b) Fig. 2. Bi(IIl) binding of HpNikR and variants monitored by
X 2.5 UV-vis spectroscopy and ICP-MS. (a) UV-vis spectra of 40 uM
0.6 i E 015 Ve < apo-HpNikR titrated by CBS. (b) ICP-MS analysis of Bi(III)
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Fig. 3. Effects of Bi(Ill) binding on the oligomeric state of HpNikR. Size-ex-
clusion chromatography of apo-HpNikR and HpNikR incubated with 0.1, 0.4,
0.8 and 1.2 molar equivalences of Bi(III).

apo-HpNikR was eluted as a tetramer with MW of 74.1 kDa, which is
consistent with a previous report [41]. Unexpectedly, incubation of
increasing amounts of Bi(III) with HpNikR resulted in a new peak eluted
at 16.2 mL on SEC column with an calculated MW of 33.8 kDa, implying
the formation of dimeric HpNikR upon Bi(IIl) binding (Fig. 3). The data
indicated that Bi(III) binding completely changed HpNikR quaternary
structure, from a tetramer to a dimer.

Since HpNikR contains two putative Bi(IIl) binding sites, we further
examined which site was responsible for the Bi(III) induced disassembly
of HpNikR. The HpNikR“'°’S variant negated the HA site for Bi(III)
binding, no evident disassembly was observed for HpNikR!%”® variant
in the presence of 4 molar equivalents of Bi(II) (Fig. S5a). In contrast,
majority of HpNikR™7*~H75A variant was eluted as the dimeric form
upon incubation with Bi(III) (Fig. S5b), indicating that Bi(IIl) binding to
the HA site led to the disassembly of HpNikR. Given that the HA site
was adjacent to two HpNikR monomer interfaces, non-physiological Bi
(I11) binding could probably cause conformational distortion at the in-
terfaces, which further resulted in HpNikR tetramer disassembly.

3.3. Bi(Ill) abrogates HpNikR DNA-binding capability

HpNikR is a pleiotropic DNA regulator and found to regulate di-
rectly or indirectly the expression of a series of genes involved in dif-
ferent functions [6]. For example, HpNikR directly binds to the pro-
moter region and activates the transcription of ureAB genes in the
presence of Ni(II) [9,12,13]. Therefore, the effects of Bi(IIl) on DNA-
binding capability of HpNikR were investigated by EMSA. The ureA
promoter DNA (P,.s) is a well-established HpNikR binding target
[8,16]. Therefore, the P,,.4» DNA fragment was amplified by PCR using
primers listed in Table S1. 80 nM P,,.4 DNA probe was incubated with
gradient amounts of HpNikR in the presence of 800 uM Ni(II). As shown
in Fig. 4a, a significant shift of the P,., probe was observed in the
EMSA, indicating the formation of HpNikR-DNA complex in the

(b) NikR (400 nM) + P, (80 nM)

NiSO, (uM) 800 800 800 800 800 800 800 800
Bi(NO,),(4M) 0 0 005 01 05 1 4 8

Complex o

Free DNA | twsies

(C) NikR"A75A (400 nM) + P, (80 nM)

NiSO, (M) 800 800 800 800 800 800 800 800
Bi(NO,),(uM) 0 0 00501 05 1 4 8

Complex — —

Free DNA |ww T St G et Sed S

Fig. 4. Electrophoretic mobility shift assay (EMSA) of WT-HpNikR and
HpNikR"7#AM75A variant binding to the ureA promoter DNA (Py4). (a) 80 nM
Pyrea DNA were incubated with gradient amounts of HpNikR in the presence of
800 uM Ni(II). 400 nM WT-HpNikR (monomer) (b) and HpNikR"74A/H75A yar.
iant (c) were incubated with increasing concentration of Bi(IIl) in the presence
of 80 nM P,;.4 DNA and 800 uM Ni(II).

presence of Ni(II). In contrast, HpNikR did not bind to a negative
control 7poB promoter (Pp,p) under similar condition (Fig. S7).
Whereas, supplementation of gradient amounts of Bi(IIl) to the mixture
of 400 nM HpNikR (monomer), P,.4 probe significantly ruptured the
HpNikR-DNA complex, resulting dissociation of P,.s DNA from
HpNikR. Typically, 20 molar equivalences of Bi(Ill) could completely
negate the HpNikR-DNA complex, indicating that Bi(II) binding atte-
nuated the DNA binding capability of HpNikR (Fig. 4b).

Similar to the WT-HpNikR, the HpNikR"*AM75A variant, which
retains the HA Ni(II) site, could still bind to the P,.» DNA. However,
the variant protein is even more vulnerable to Bi(III) binding as no
HpNikR-DNA complex was visible in the presence of 10 molar
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Fig. 5. (a) Cellular thermal shift assay of H. pylori
bacteria with or without 15 pg/mL of CBS treatment.
The band intensities at different temperatures are
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equivalences of Bi(IIl) (Fig. 4c). The data further verified that Bi(IIl)
binding to the HA Ni(II) site ablated the DNA binding capability of
HpNikR.

3.4. HpNikR is an intracellular target of Bi(IIl)

We have demonstrated that Bi(IIT) bound to HpNikR and negated its
regulatory functionality in vitro. To further examine whether HpNikR is
an intracellular target of Bi(III), the CETSA was employed to investigate
the interaction between HpNikR and Bi(Ill) in vivo as previously de-
scribed [32,42]. In brief, sub-lethal doses of CBS with a final con-
centration of 15 ug/mL were added into H. pylori culture. The thermal
denaturation curves of HpNikR with and without (negative control
groups) addition of CBS were plotted. As shown in Fig. 5a, the ag-
gregation temperature (Tqg,) of intracellular HpNikR was shifted from
59°C to 61°C after CBS treatment, indicating that Bi(III) bound to
HpNikR in bacterial cell. Furthermore, the results are also consistent
with protein denaturation assay of purified HpNikR in vitro, which
further demonstrated that Bi(III) binding could enhance HpNikR
thermal stability (Fig. S8).

As a global regulator, HpNikR is involved in the transcription of
multiple genes. However, only a few of the genes have been identified
as direct HpNikR targets. For example, HpNikR activates the tran-
scription of ureAB and represses nikR, exbB-exbD-tonB, nixA, frpB4,
fecA3 and fur genes in the presence of Ni(II) [6,9,43]. To investigate the
effects of Bi(Ill) on the regulatory function of HpNikR in vivo, we ex-
amined the transcriptional levels of five different HpNikR regulated
genes, including ureA, frpB4, fecA3, nixA and nikR. The gene ureA en-
codes the a-subunit of H. pylori urease [44]. FrpB4 and FecA3 are outer
membrane proteins involved in iron uptake [45,46]. And NixA is also a
high-affinity nickel permease of H. pylori [47]. As shown in Fig. 5b, the
mRNA transcriptional levels of all these five genes are significantly
attenuated after treatment of H. pylori with 16 ug/mL CBS, indicating
that Bi(Ill) treatment remarkably perturbed the transcription of
HpNikR-regulated genes. It should be noted that frpB4, fecA3, nixA and
nikR genes are repressed by Ni(II)-bound HpNikR. Therefore, func-
tionality abrogation of HpNikR by Bi(IlI) should enhance the tran-
scriptional levels of these genes. This discrepancy could be probably
due to the multi-targeted properties of Bi(IIl), which might interfere
with the transcription of the genes by other means. For example, it is
reported that the transcription of frpB4 and fecA3 genes are also under
the control of ferric uptake regulator (Fur), which has also been iden-
tified as an intracellular target of bismuth drug [30].

4. Conclusion and perspective

In conclusion, we demonstrate that a clinically used bismuth-based
drug CBS targets NikR from H. pylori via the highly conserved residue
Cys107 to the HA site of apo-form HpNikR. Importantly, Bi(IlI)-binding
disassembles apo-HpNikR from a functional tetramer into an inactive

%]
0}

@

normalized to that at 56 °C. All experiments were
performed in triplicates. (b) Quantitative transcrip-
tion analysis of ureA, frpB4, fecA3, nixA and nikR
genes with or without 16 pg/mL of CBS treatment.
The mean values of the transcription level of un-
treated groups are set as 1. Results are shown as
mean =+ sd. The statistical difference is determined
by two-tailed Student's t-test.

B CBS 16 pg/mL
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dimer, which negates its DNA binding capability both in vitro and in
vivo. NikR and Fur are two major DNA regulators in H. pylori. The
homeostasis of two essential metal nutrients, i.e., iron and nickel, are
orchestrated by the two regulators. They are also critical for H. pylori to
thrive in the inhospitable environment of human stomach [48]. The
bismuth-based drugs could significantly perturb the physiological metal
metabolism of H. pylori via targeting the two essential regulator pro-
teins, which contributes to its anti-bacterial activities.
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