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Abstract: Bacteria and archaea respond and adapt to environmental stress conditions by modulating
the toxin—antitoxin (TA) system for survival. Within the bacterium Helicobacter pylori, the protein
HP0894 is a key player in the HP0894-HP0895 TA system, in which HP0894 serves as a toxin and
HP0895 as an antitoxin. HP0894 has intrinsic ribonuclease (RNase) activity that regulates gene
expression and translation, significantly influencing bacterial physiology and survival. This activity is
influenced by the presence of metal ions such as Mg?*. In this study, we explore the metal-dependent
RNase activity of HP0894. Surprisingly, all tested metal ions lead to a reduction in RNase activity,
with zinc ions (Zn?*) causing the most significant decrease. The secondary structure of HP0894
remained largely unaffected by Zn?* binding, whereas structural rigidity was notably increased, as
revealed using CD analysis. NMR characterized the Zn?* binding, implicating numerous His, Asp,
and Glu residues in HP0894. In summary, these results suggest that metal ions play a regulatory role
in the RNase activity of HP0894, contributing to maintaining the toxin molecule in an inactive state
under normal conditions.

Keywords: toxin—-antitoxin system; Helicobacter pylori; Ribonuclease; HP0894; zinc

1. Introduction

Bacteria and archaea respond and adapt to environmental stress by modulating the
toxin—antitoxin (TA) system for survival [1-3]. The TA system consists of a stable toxin that
can harm cells and a labile antitoxin that neutralizes the toxin under normal physiological
conditions. The antitoxins can be either proteins or RNAs depending on type of the
TA systems. However, under stress conditions, such as nutrient deprivation or a rise
in temperature, specific proteases are triggered and rapidly degrade unstable or labile
antitoxins. The imbalance between toxin and antitoxin concentrations causes free toxins
to interact with cellular processes, inhibiting cell growth, and leading to cell death [3-6].
Depending on their functions, TA systems can be classified into eight types [7-9]. In
type I TA systems, short peptides containing a single helix are the majority of type I
toxins, exemplified by Hok and Fst that are membrane-associated peptides that disrupt
the membrane [7]. The unusual type I toxin SymE is larger than most of the peptide toxins
and is a nucleoid-associated protein [8]. The antisense RNA, which acts as an antitoxin,
interrupts the translation of the toxin mRNA [10-12]. Type II TA systems are relatively
well known. Most toxin molecules in the system are codon-dependent endoribonucleases,
and antitoxin proteins form stable complexes with toxin proteins, thereby playing a role
in plasmid maintenance [12,13]. Examples of Type II include RelB-RelE, DinJ-YafQ, and
YefM-YoeB pairs [1]. Helicobacter pylori contains four pairs of Type II TA systems: HP0315-
HPO0316 [14], HP0892-HP0893 [15], HP0894-HP0895 [16], and HP0967-HP0968 [17]. In Type
III TA systems, the interaction of RNA molecules, such as the YafN-YafO pair, inhibits
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toxin activity [10]. This type contains RNA antitoxins that bind to and neutralize toxin
proteins [12,18]. The remaining types are explained elsewhere [9,19]. The Escherichia
coli K-12 chromosome codes for at least 12 different type II TA systems, including relBE,
yefM-yoeB, mazEF, dinJ-yafQ, hipBA, chpBK, and mgsAR [7,9,20]. Most type II toxins
exhibit mRNase activity with different specificities, whereas some affect replication by
interacting with DNA gyrase (CcdB families) and inhibiting peptidoglycan biosynthesis
(C-toxins) [9,21,22].

It has been estimated that one-fourth to one-third of all proteins rely on metal ions,
although in varying quantities [23,24]. Many RNases exhibit a dependence on divalent
metal ions for their activity. These ions play crucial roles in the catalytic mechanism by
producing reactive water molecules, stabilizing the transition state, and aiding in the correct
positioning of the RNA molecule at the enzyme active site [25]. Given that toxin molecules
in TA systems often function as RNases, our investigation focused on whether these toxin
molecules interact with specific divalent metal ions. These interactions between RNases and
metal ions are complicated and do not follow a typical mechanism. Some RNases exhibit
activity in the presence of divalent metal ions, whereas others function in the presence of
metal cheaters such as EDTA [26]. For instance, E. coli RNase H has a binding site for Mg?*,
and Mg?* or Mn?* serve as a cofactor during catalysis in Bacillus halodurans [27]. In contrast,
Ca®* ions inhibit RNase H catalysis in B. halodurans [28], and RNase T in E. coli is activated
by Ca?* ions [29]. Additionally, Mg?* binds to the active site of RNase II in Rrp44 [30].

In previous studies we elucidated the structure and function of two Type II TA systems
from H. pylori, namely HP0892-HP0893 and HP0894-HP0895. In both systems, HP0892
and HP0894 act as toxins that form complexes with the antitoxins HP0893 and HP0895,
respectively [15,16,20,31]. HP0892 is a homologue of HP0894 with 54% amino acid identity.
HP0894 is a short protein composed of 88 amino acids. Its structure contains four «-helices
and four 3-strands, providing a platform for substrate binding and catalysis. The (3-sheet
consisting of four (3-strands is responsible for ribonuclease activity, allowing it to cleave
RNA molecules [21]. The conserved amino acid residues such as His47, His60, and His84
are important for catalytic activity. HP0894-like toxins are conserved among several species
of Helicobacter with similar lengths (Supplementary Figure S1). This system is found in 218
out of thousands complete genomes of H. pylori strains (Supplementary Figure S2).

However, the characteristics of the interactions between HP8094 and divalent metals
remain unknown, with the exception of the Cu?* bound structure [20]. Therefore, we
investigated the interactions between HP0894 and various divalent metal ions. This study
revealed that, among the various divalent metal ions examined, Zn?* significantly sup-
pressed the RNase activity of HP0894, resulting in a diminished cleavage of the target
mRNA. The secondary structure of HP0894 remained largely unaffected by Zn?* binding,
whereas its structural rigidity markedly increased due to Zn?*. Furthermore, through NMR
analysis, we identified the residue-specific Zn?* binding site.

2. Materials and Methods
2.1. Preparation of Protein Samples

HP0894 was amplified using H. pylori (strain ATCC 700392/26695) genomic DNA
(Uniprot ID: 025554_HELPY /Genbank ID: AAD07942) as a template. The PCR products
were digested with Ncol and Ndel restriction enzymes (NEB, Ipswich, MA, USA) and ligated
into a pre-digested pET-15b vector (Novagen Inc. Madison, WI, USA). The construct har-
bored an N-terminal hexahistidine tag and thrombin cleavage site to facilitate purification.
Overexpression of the recombinant plasmid was achieved through transformation into E.
coli BL21(DE3) competent cells (Novagen, Inc.). Protein overexpression and purification
were performed as described previously [20]. The protein was purified using an open
NiZ*-NTA column (Qiagen, Germantown, MD, USA), and the non-native hexahistidine
tag was cleaved off with thrombin digestion at 20 °C for 12 h. Thrombin cleavage resulted
in three non-native residues (GSH) attached to the N-terminus of HP0894. The protein
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was then subjected to gel filtration (Superdex 75 10/300 GL; GE Healthcare Sciences, Seoul,
Republic of Korea) to achieve further purity [32].

To prepare labeled 15N-HP0894 for NMR experiments, E. coli BL21(DE3) cells con-
taining the recombinant plasmid were grown in M9 medium with uniformly labeled 15N
ammonium chloride [U-15N] (Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA)
as the sole nitrogen source. The remainder of the process for protein isolation and purifica-
tion was the same as described above. Approximately 150 uM of 15N labeled HP0894 was
prepared in 20 mM MES buffer (pH 6.0) containing 100 mM NaCl and 10% (v/v) D,0.

2.2. The Ribonuclease Activity (RNase) Activity of HP0894 and Interaction of Divalent Metal Ions

The RNase activity of HP0894 was assessed using a fluorometric method, in which
10-base-long mRNA (5'-ACACUAAGAA-3) was chosen as a substrate [33]. A fluorophore
(6-FAM) was covalently labeled to one end of the mRNA substrate and quenched by a
quencher group (BHQ) attached to the other end of the mRNA substrate. If the RNase
processes synthetic mRNA that harbors a fluorophore-quencher pair, the separation of the
fluorophore and quencher pair results in an increase in fluorescence at 520 nm (excitation
at 490 nm). The fluorescence intensities were measured, and the curves were obtained by
subtracting the buffer signals. The mRNA substrates (Bioneer, Daejeon, Republic of Korea)
were synthesized commercially.

Mixtures of HP0894 and various divalent metal ions were prepared at appropriate
ratios and incubated at 37 °C for 1 h. To clarify the absence of metals, we pre-treated
the protein sample with 2 mM EDTA and then dialyzed the protein solution to remove
remaining EDTA. A final concentration of 8 pM of HP0894 was added to each fluorescent
substrate tube using 20 mM MES buffer (pH 6.0) containing 100 mM NaCl, and we em-
ployed a total reaction volume of 50 pL. The reactions were carried out in the absence
(apo-HP0894) or presence of 2 mM of each metal ion (Cu®*, Ca%*, Mn?", Mg2+, Co?*, Niz*
or Zn?"). The samples were loaded into a 384-well plate, and we measured fluorescence
(excitation 490 nm/emission 520 nm) using the Gemini XPS Microplate Reader instrument
(Molecular Devices, San Jose, CA, USA) with readings taken every 1 min for 3 h 30 min at
37°C.

2.3. Circular Dichroism Spectroscopy (CD)

Measurements for CD were carried out in 20 mM sodium phosphate buffer (pH 5.0)
containing 100 mM NaCl using a 2 mm path length quartz cuvette (Starna Cells Inc.,
Atascadero, CA, USA) in a J-715 spectropolarimeter (JASCO Corporation, Tokyo, Japan)
equipped with a Peltier temperature-control system (Model PTC-348WI). All samples were
scanned with a bandwidth of 1 nm and a response time of 0.5 s at a scanning speed of
50 nm/min. All spectra were recorded as the mean of three scans. To monitor the metal
effects, the metal mixtures in which 20 uM of HP0894 was mixed with 30 uM of different
metal ions was prepared or the zinc mixtures in which 20 uM of HP0894 was mixed with
various concentration of zinc ions (Zn?*). The signals were monitored in Far-UV region
(190250 nm). We also conducted near-UV CD measurements (250-350 nm) using 200 uM
HP0894 in the apo form with the gradual addition of Zn?*. Data were processed with
blank subtraction and smoothed before analysis. The change in molar ellipticity [0] was
calculated using the following equation [34], where 6 is in millidegrees, pathlength (1) is in
millimeters, and C is the molar concentration of the protein:

[6]=06/( x C x number of residues)

The thermal unfolding of HP0894 was examined upon the addition of metal ions, and
the temperature scanning was conducted with a constant 1 °C increase from 20 °C to 90 °C
at 229 nm. A bandwidth of 2 nm and a response time of 4 s were employed. The data
were normalized and smoothed before analysis, and the melting temperature data were
normalized using Origin 5 Software (OriginLab, Northampton, MA, USA).
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2.4. Isothermal Titration Calorimetry (ITC) Assay

Proteins were dialyzed extensively in 20 mM MES buffer (pH 6.0) containing 100 mM
NaCl. The ZnCl, was dissolved in the same buffer solution. Both the protein and ZnCl,
were degassed and filtered before use, and isothermal titration calorimetry measurements
were carried out using a VP-ITC instrument (MicroCal, GE Healthcare Sciences, Seoul,
Republic of Korea). The protein was concentrated to 100 uM and added to the experimental
chamber, whereas the injection syringe was filled with 1.5 mM zinc chloride. The exper-
iment consisted of 25 injections with an initial delay of 60 s with a 10 pL initial injection
volume, followed by a 20 s delay, and an injection volume of 12 pL followed by a 300 s
delay for the remainder of the injections. A stirring speed of 1000 rpm at 25 °C (0.1 °C)
was employed. Origin software was used to integrate the heat signals obtained from the
raw ITC data, and the background heat from the reference buffer was subtracted to obtain
the corrected heat. A single-site binding isotherm model was used for data fitting and
the binding affinity (K), change in enthalpy (AH), change in entropy (AS), and binding
stoichiometry (N) were calculated.

2.5. Nuclear Magnetic Resonance (NMR) Spectroscopy

A series of 2D-[1H-15N] HSQC spectrum for 150 uM of 15N-labeled apo-HP0894
was obtained through the addition of the increasing concentration of zinc in 1:1, 1:1.5, 1:2,
1:2.5, and 1:3 ratios on Bruker Avance III 600 MHz spectrophotometer (Bruker Korea Co.,
Seongnam, Republic of Korea) at 30 °C [35]. The chemical shifts were externally referenced
to DSS. The 6 ppm values for the backbone N and HN resonances of HP0894 were assigned
from data obtained in an earlier study (PDB code 1Z8M) [16]. Chemical shift perturbation
experiments were performed by titrating HP0894 with Zn?* and the disappearance and /or
shifting of peaks were monitored. All NMR spectra were processed using NMRPipe and
nmrDraw [36] and analyzed using NMRView [37]. The average chemical shift change was
calculated using the following equation [38]:

ASave = [(ASHN)? + (A8N/6.57)%1%°

3. Results
3.1. HP0894 Ribonuclease (RNase) Activity of HP0894 and Interference of Divalent Metal Ions

The RNase activity of HP0894 and the effects of different metal ions were observed.
Intrinsically, HP0894 exhibited mild RNase activity compared to other RNases, as observed
in Figure 1. Interestingly, all metal ions caused a slight or significant reduction in the
RNase activity of HP0894. Half of the substrate RNA was degraded within 25 min in
the presence of Ca?*, Cu%*, Mn%*, or Mg2+, whereas Ni2*-bound HP0894 exhibited an
extended half-degradation time. Most importantly, the addition of Zn?*(blue) resulted in
a three-fold decrease in the fluorescence emission compared to that of the apo form, and
reaction saturation was not achieved within the experimental time. Thus, these results
indicated that the RNase activity of HP0894 was highly inhibited by Zn?*.
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Figure 1. HP0894 RNase inhibition test. The amount of ribonuclease (RNase) activity exerted by
HP0894 for 3 h 30 min at 37 °C, and the inhibitory effect of different metal ions on the activity
was monitored.

3.2. Effect of Metal Ions on the Secondary Structure of HP0894

We measured CD spectra in the far-UV region (190-250 nm) to observe the effects
of different metal ions on the structure of HP0894. The 20 uM apo-HP0894 exhibited the
characteristic minima at 209 nm and 222 nm, indicating o-helical structure of the protein,
and the effect of addition of different metal ions was observed (Figure 2A). Except for zinc,
the pattern of the CD spectra upon the addition of metal ions did not exhibit a change
compared with the spectrum of apo-HP0894. The helical propensity of apo-HP0894 was
around 54%, which was calculated using the CDNN program (Applied Photophysics Ltd.,
Leatherhead, UK), while the zinc-bound HP0894 exhibited 46% of a-helicity in the structure.
To determine the effect of these metal ions on the stability of the HP0894 protein, thermal
denaturation experiments were carried out, and the differences in melting temperature (Tm)
were compared. A plot of the intensity change at 222 nm with increasing temperature is
represented in Figure 2B. The apo-HP0894 (black) displayed Tm at 72 °C, and Tm alteration
in the presence of Ca*, Mn?*, and Mg?* was varied within 2 °C from 72 °C. The maximum
change of Tm was observed in zinc-bound HP0894 (blue) at 77.5 °C, which may suggest
the structural rigidity of HP0894 was highly increased with zinc binding. Interestingly, the
heat stability of HP0894 was reduced in the presence of Cu?* (Figure 2B), while the overall
secondary structure was not significantly changed with Cu?* as observed in Figure 2A. Cu
binding appears to destabilize HP0894.
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Figure 2. Secondary structural analysis and thermal unfolding studies with circular dichroism.
(A) Effect of different metal ions on the secondary structure of HP0894. In total, 20 uM HP0894 was
mixed with 30 uM metal ions, and the observed spectra are shown. No significant change in the
secondary structure was observed. (B) Thermal denaturation of HP0894 was carried out and the
unfolded fractions were plotted against the increase in temperature to observe the effect of metal
ions on the stability of HP0894. Tm of apo-HP0894 was observed at 72 °C (black) and at 77 °C upon
addition of zinc (blue). The inset illustrates the Tm of apo- and zinc-bound HP0894 for clarity.

To further investigate the effect of Zn?>* on HP0894, change in molar ellipticity [0]
upon increasing concentration of Zn?* was monitored. Though the Zn?* did not exhibit
significant change in the far-UV region (Figure 3A), the intensification of molar ellipticity
[6] at 208 nm was observed. This suggests that the helical structure of HP0894 is stabilized
with Zn?* binding. Notable change of CD signals was observed in the near-UV region
according to the addition of zinc (Figure 3B): concentration-dependent increase in molar
ellipticity [0] was observed at 284 nm and 291 nm, indicating that zinc binding affects the
conformation state of aromatic residues (especially for His and Phe that are major aromatic
residues in HP0894). Overall, Zn%* and other metal ions, except Cu, stabilized the secondary
structures and rigidity of the tertiary fold of HP0894. In addition, the conformation of
aromatic residues may be affected by Zn?*, indicating that the coordination of Zn?* with
these residues may be important for structural stabilization (Figure 3B).

3.3. Thermal Analysis and Binding Stoichiometry Using Isothermal Titration Calorimetry

To further characterize the Zn%* effect, ITC was used to determine the thermodynamic
nature of the interaction and the exact binding stoichiometry between HP0894 and Zn**
(Figure 4). The binding of zinc to HP0894 resulted in an endothermic reaction. Based on the
ITC results, HP0894 contains a single binding site for Zn?*, and their dissociation constant
was approximately 8 M. Previously, we evidenced that HP0894 can be coordinated by Cu?*
through His47, Glu58, His60, and His84 of HP0894 with 0.5:1 (Cu?*:HP0894) stoichiom-
etry [20], whereas the zinc ion may bind to HP0894 with 1:1 stoichiometry. The binding
enthalpy and entropy derived from ITC data were 8246 & 54 cal/mol and 51 cal/mol/deg,
respectively, which indicates that Zn?* binding is an entropy-driven interaction.



Life 2024, 14, 225 7of 14

A B

2,000 T T T T T T T T T

300

——Apo HP0B94  —— 400 uM zinc
——100uMzinc  —— 500 uM zinc
——200 uM zinc 600 uM zinc
—— 300 uM zinc

200 +

-2,000

-4,000

6,000

[6], deg cm2 dmol-*
o
1

-100

-8,000

[6], deg cm2 dmol-!

Apo HPOB94  —— 400 M zinc
——100uMzinc  —— 500 uM zinc
——200pMzinc  —— 600 M zinc

-200 — 300 uM zinc

-10,000

-12,000 T T . T + T . T . T . -300 T T T T T T T
190 200 210 220 230 240 250 250 260 280 300 320 340 350

Wavelength (nm) Wavelength (nm)

Figure 3. Effect of zinc on HP0894. (A) Effect of zinc ions on the secondary structure of HP0894.
We titrated 20 uM HP0894 against increasing concentration of zinc ions, and the change in molar
ellipticity [0] was observed. (B) Near-UV CD spectrum. Near UV-CD spectra of HP0894 upon
addition of increasing concentration of zinc ions. The change in molar ellipticity [0] was observed at
284 nm and 291 nm.

3.4. Zinc Titration and NMR Perturbation Experiments

A series of 2D-[1H-15N] HSQC spectra of HP0894 was acquired upon the addition of
ZnCI2 at ratios of 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, and 1:3 (HP0894:Zn?*, Supplementary Figure S3).
A few residues in slow exchange mode and some residues in fast exchange mode were
monitored. Most of the residues were saturated at 1:2 molar ratio (Figure 5), whereas the
chemical shifts of a few residues in fast exchange mode continued to change, even after a
1:2 molar ratio, in a zinc ion concentration-dependent manner. These residues may have a
low affinity for Zn?* or may be located in a region remote from the Zn?*-binding core.

The chemical shift perturbation (Abdavg, ppm) upon addition of ZnCl2 in 1:2 ratio
was plotted along the amino acid sequence (Figure 6A). Rapid disappearances of Lys36,
His47, and Cys59 were observed (yellow bars in Figure 6A), indicating that zinc binding
affected the chemical environment of these residues. The most-shifted residues (blue bars
in Figure 6A) were Lys8, Asp46, Glu58, His60, Asp64, Gly82, Ser83, and His84. These
perturbed residues were mapped onto the HP0894 structure (PDB code: 4LTT) [14], as
shown in Figure 6B. As observed in Figure 6B, most of these residues were placed on the
central B-sheet of HP0894, and this region should be the binding pocket of Zn?*. The
changes in Lys8 and Lys 38 were unexpected because these residues are located far from the
binding pocket. Considering their positivity in the side chains, it is unlikely that they are
directly involved in the interaction. Presumably, the significant changes in the two residues
observed in the NMR spectrum may be indirectly derived from conformational changes in
HP0894 upon binding to Zn?*.

Our previous report [20] evidenced that copper binds to HP0894 (PDB code 4LSY)
through His47, Glu58, His60, and His84 residues, which is consistent with the current
results. In addition, Asp64 which is conserved in HP0894, HP0892, and E. coli YafQ [20]
(Asp64 in HP0894, Asp64 in HP0892, and Asp67 in E. coli YafQ)), evidenced notable changes,
whereas no change was identified in Asp64 of HP0892 [33,39].
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Figure 4. ITC analysis of zinc bound HP0894. Top panel: total heat change upon addition of zinc
chloride into the chamber cell containing HP0894. Bottom panel: area underneath each peak is
integrated (black square). A single-site binding isotherm model was used to fit data (red line), and
the resulting calculations for binding stoichiometry (N) and the binding affinity (K) are illustrated.
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Figure 5. NMR titration of HP0894 with zinc. A series of two-dimensional [1H-15N] HSQC spectra of
150 uM U-15N HP0894 alone (black) and upon addition of 300 uM ZnCl2 (red) are illustrated. The
overlapping regions in the HSQC spectra are illustrated in the inset for clarity, as well as the side
chain of aromatic amino acids. The arrows represent the peaks shifting.
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A | Disappeared peak after Zn2* addition
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Figure 6. NMR perturbation of HP0894 upon addition of zinc ions. (A) A plot of the chemical shift
changes upon addition of 300 uM zinc. The peaks that exhibited the most movement are illustrated
in blue, and those that disappeared in yellow. The residues that showed mild shift are depicted by
red bars. (B) The perturbed residues upon addition of zinc ions are mapped onto the structure to
visualize their position in the three-dimensional structure of metal-bound HP0894. The image on the
right is a 90° rotation about the y-axis of the image on the left. (C) Zinc-bound HP0892 (left. 4nrn)
and copper-bound HP0894 (right, 4LSY) are compared with the apo-HP0894. The residues in pink
and sky blue represent the residues of HP0892, while the residues in red and blue are the residues in
the zinc binding site of HP0894. Two zinc ions form a complex with HP0892. The residues in grey
correspond to the copper-coordinated residues of HP0894 (right panel). The salt, citrate, was also
involved in copper coordination in the crystal structure.
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4. Discussion

In this study, we evidenced that only Zn?* had substantial effects compared to other
metal ions and apo-HP0894. The RNase activity of HP0894 was reduced compared to that
of apo-HP0894, indicating that Zn?* had a significant inhibitory effect. Interestingly, none
of the metal ions, including zinc, altered the secondary structure of HP0894 (Figure 2A).
However, a significant increase in the Tm value was observed only when HP0894 was
treated with Zn?* (Figure 2B), suggesting that the folding state of HP0894 may become
rigid upon Zn?* binding. A change in the CD intensity in the near-UV region was observed
with the addition of zinc, indicating that the solvent accessibility of the aromatic residues
increased (Supplementary Figure S4). Based on NMR analysis, these aromatic residues
appeared to be His47, His60, and His84. For instance, the binding of zinc to these residues
may cause rearrangement of the side chains of aromatic residues, thereby exhibiting a
change in the near-UV region. We previously reported another toxin in H. pylori, HP0892,
which shares 53% sequence homology with HP0894 and binds to Zn?* through three
important His residues [39]. Glu58 of HP0892 was also suggested to be an important zinc
coordinate residue, which is consistent with the current results. Similarly, HP0892 exhibited
an increase in the Tm value due to Zn?*, while other divalent metal ions had a negligible
effect on Tm. However, it was evidenced that two Zn2* bound near 2 and B3 strands of
HP0892; one zinc is coordinated with the residues His47, Glu58, and His60 of HP0892, and
the other is coordinated with the residues Glu58 and His86 of HP0892 (Figure 6C). Thus,
large differences between HP0892 and HP0894 exist in the zinc-binding stoichiometry and
the coordinated pattern [33]. Our current study suggests that HP0894 may interact with a
single zinc ion and that the four conserved residues, His47, Glu58, His60, and His84, form
a catalytic core with zinc (Supplementary Figure S5). The chemical shift change of Asp64
was not observed in Asp64 of HP0892, which is another characteristic of HP0894.

The inhibitory role of zinc in RNA degradation with HP0894 was unexpected. It is
well known that Zinc ions in bacteria are mainly used by metalloproteins with a total
concentration in the 100 uM-1 mM range [40]. Zinc ions in cells are important for cell
growth and development, where zinc is known to control gene transcription, growth, and
differentiation. Furthermore, Zn%* are involved in protein, nucleic acid, carbohydrate, and
lipid metabolism [41]. Particularly, zinc in proteins is known for its catalytic, structural,
and regulatory roles [42]. In metalloproteins, the binding of Zn?* is known to occur at
structural or catalytic sites, where these ions become an integral part of the protein [43],
suggesting that zinc exhibits strong binding when a structural or catalytic role is associated.
However, in the case of its regulatory or inhibitory roles, zinc regulation or inhibition
causes phosphorylation, mitochondrial respiration, and neurotransmission [44]. Zinc often
interacts with Asp, Glu, Cys, and His side chains, resulting in the inhibition of various
enzymes [42]. Such species of inhibitory zinc sites hardly exhibit nanomolar to micromolar
affinities but are predicted to be physiologically significant [45]. A similar inhibitory role of
Zn** was observed in the human protein kallikrein 5 (hK5), where Zn?* interacted with
the side chain of His 57, resulting in the loss of enzymatic activity [46]. Protein tyrosine
phosphatase (PTP) loses its phosphatase activity through zinc interactions, resulting in cell
proliferation [41]. These results suggest that enzyme inhibition with Zn?* such as HP0894
is more prevalent. In addition, it is imperative to explore in greater detail the effect of Zn**
on the toxin—antitoxin mechanism to understand the biology of the toxin-antitoxin system.

Our previous research revealed that the HP0894 toxin has RNase activity, and the
HP0894 toxin makes a stable complex with the HP0895 antitoxin, where the HP0894 toxin
binds with the HP0895 antitoxin with nanomolar affinity [33]. HP0895 highly suppressed
the RNase activity of HP0894, and its inhibitory ability was not affected by the presence of
Zn?* (Supplementary Figure S6). Under stressful conditions where the HP0895 antitoxin
undergoes degradation by proteases, HP0894 may begin to degrade the produced RNAs to
regulate protein production. In contrast, under unstressful conditions, HP0894 generally
forms a very stable and tight complex with the antitoxin HP0895, resulting in HP0894
inhibition. During this process, there is presumably a time gap, as the new production of
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HP0895 may take some time. Finally, Zn?* suppression of the RNase activity of HP0894
may have important implications in the quick response of bacteria; the time gap of toxin
inhibition by antitoxins might be overcome by the abundance of Zn?* in the bacteria.
In conclusion, Zn?* allows cells to quickly return to their growing state after a stressful
situation has passed, acting as an antitoxin.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife14020225 /51, The Supplementary Material contains six figures.
Figure S1 shows HP0894 homologues from 13 species of Helicobacter are compared using the multiple
sequence alignment program, CLUSTAL. The stars represent the conserved His residues that play
a critical role in metal binding. The blue color represents the highly conserved residues between
proteins. The sequence identities of 12 proteins compared to HP0894 were above 40%. Figure S2
shows sequence conservation of HP0894 among Helicobacter plyori strains. (A) BLASTP results
showing 218 homologues of HP0894. (B) The multiple sequence alignment. The first ‘query_8782175’
is HP0894. The identical amino acids are represented by the symbol, dot. The color scheme depends
on the amino acid types. Figure S3 shows the overlay of two-dimensional [1H-15N] HSQC spectra of
150 uM U-15N HP0894 alone (black) and upon the addition of a 1:0.5 molar ratio of ZnCl, (lime green),
1:1 (orange), 1:1.5 (blue), and 1:2 (green). 1:2.5 ratio (purple), and 1:3 (red). The overlapping regions in
the HSQC spectra are shown in the insets for clarity. The Figure S4 shows the positions of the aromatic
residues upon the binding of zinc to HP0894. Figure S5 shows the binding regions of HP0894. The
antitoxin protein, HP0895 binds mainly through the N-terminal helices (Leu2, Leu4-Asn20, Phe22-
Glu38, and Leu40, green) while the Zn2* jon binds the surface of p-sheet (red) that localizes opposite
of the N-terminal helices. Figure S6 shows comparison of RNase activity of the HP0894 samples.
Apo-HP0894 (black), 2 mM EDTA-added HP0894 (red), Zn**-added HP0894 (blue), 20 uM (more than
two equivalent of HP0894) HP0895-added HP0894 (green), and 2 mM Zn%*-HP0894-20 uM HP0895
(pink) are shown. The concentration of HP0894 was 8 uM. The inhibitory effect of the antitoxin for
the RNase activity of HP0894 was very strong and did not show any significant difference depending
on the presence of Zn?*.

Author Contributions: Conceptualization, ].-5.H. and S.J.P.; methodology, ].-S.H.; software, S.J.P.;
validation, B.-J.L., R.P. and S].P; formal analysis, J.-S.H.; investigation, S.J.P.; resources, B.-].L.;
data curation, S.J.P,; writing—original draft preparation, J.-S.H.; writing—review and editing, S.J.P,;
visualization, S.J.P; supervision, B.-J.L.; project administration, B.-].L.; funding acquisition, S.J.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF), grants num-
bers NRF-2021R1F1A1061607, 2020R1A6A1A0304370812, 2018R1A5A2024425, and 2021R1F1A1050961,
funded by the Korean Government.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to thank the staff of Beamline 11C at the Pohang Accelerator
Laboratory (PAL), Korea. We would also like to thank the staff of Beamline and BL44XU of Spring-8,
Japan. This work was also supported by Collaborative Research Program of Institute for Protein
Research, Osaka University (ICR-21-05).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Kamada, K;; Hanaoka, F. Conformational change in the catalytic site of the ribonuclease YoeB toxin by YefM antitoxin. Mol. Cell
2005, 19, 497-509. [CrossRef] [PubMed]

2. Neubauer, C.; Gao, Y.G.; Andersen, K.R.; Dunham, C.M.; Kelley, A.C.; Hentschel, J.; Gerdes, K.; Ramakrishnan, V.; Brodersen,
D.E. The structural basis for mRNA recognition and cleavage by the ribosome-dependent endonuclease RelE. Cell 2009, 139,
1084-1095. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/life14020225/s1
https://www.mdpi.com/article/10.3390/life14020225/s1
https://doi.org/10.1016/j.molcel.2005.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16109374
https://doi.org/10.1016/j.cell.2009.11.015
https://www.ncbi.nlm.nih.gov/pubmed/20005802

Life 2024, 14, 225 13 of 14

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Miallau, L.; Faller, M.; Chiang, J.; Arbing, M.; Guo, F.; Cascio, D.; Eisenberg, D. Structure and proposed activity of a member of the
VapBC family of toxin-antitoxin systems. VapBC-5 from Mycobacterium tuberculosis. ]. Biol. Chem. 2009, 284, 276-283. [CrossRef]
[PubMed]

Buts, L.; Lah, J.; Dao-Thi, M.H.; Wyns, L.; Loris, R. Toxin-antitoxin modules as bacterial metabolic stress managers. Trends Biochem.
Sci. 2005, 30, 672-679. [CrossRef] [PubMed]

Condon, C. Shutdown decay of mRNA. Mol. Microbiol. 2006, 61, 573-583. [CrossRef] [PubMed]

Gerdes, K. Toxin-antitoxin modules may regulate synthesis of macromolecules during nutritional stress. J. Bacteriol. 2000, 182,
561-572. [CrossRef]

Maggi, S.; Yabre, K,; Ferrari, A.; Lazzi, C.; Kawano, M.; Rivetti, C.; Folli, C. Functional characterization of the type I toxin Lpt
from Lactobacillus rhamnosus by fluorescence and atomic force microscopy. Sci. Rep. 2019, 9, 15208. [CrossRef]

Thompson, M.K.; Nocedal, I.; Culviner, PH.; Zhang, T.; Gozzi, K.R.; Laub, M.T. Escherichia coli SymE is a DNA-binding protein
that can condense the nucleoid. Mol. Microbiol. 2022, 117, 851-870. [CrossRef]

Jurénas, D.; Fraikin, N.; Goormaghtigh, F.; Van Melderen, L. Biology and evolution of bacterial toxin-antitoxin systems. Nat. Rev.
Microbiol. 2022, 20, 335-350. [CrossRef] [PubMed]

Bukowski, M.; Rojowska, A.; Wladyka, B. Prokaryotic toxin-antitoxin systems-the role in bacterial physiology and application in
molecular biology. Acta Biochim. Pol. 2011, 58, 1-9. [CrossRef] [PubMed]

Gerdes, K.; Wagner, E.G. RNA antitoxins. Curr. Opin. Microbiol. 2007, 10, 117-124. [CrossRef]

Yamaguchi, Y.; Inouye, M. Regulation of growth and death in Escherichia coli by toxin-antitoxin systems. Nat. Rev. Microbiol. 2011,
9, 779-790. [CrossRef]

Leplae, R.; Geeraerts, D.; Hallez, R.; Guglielmini, J.; Dreze, P.; Van Melderen, L. Diversity of bacterial type II toxin-antitoxin
systems: A comprehensive search and functional analysis of novel families. Nucleic Acids Res. 2011, 39, 5513-5525. [CrossRef]
[PubMed]

Morales-Espinosa, R.; Delgado, G.; Serrano, L.R.; Castillo, E.; Santiago, C.A.; Hernandez-Castro, R.; Gonzalez-Pedraza, A.;
Mendez, J.L.; Mundo-Gallardo, L.F.; Manzo-Merino, |.; et al. High expression of Helicobacter pylori VapD in both the intracellular
environment and biopsies from gastric patients with severity. PLoS ONE 2020, 15, €0230220. [CrossRef] [PubMed]

Han, K.D.; Park, S.J.; Jang, S.B.; Lee, B.]. Solution structure of conserved hypothetical protein HP0892 from Helicobacter pylori.
Proteins Struct. Funct. Bioinform. 2008, 70, 599-602. [CrossRef] [PubMed]

Han, K.D,; Park, S.J.; Jang, S.B.; Son, W.S.; Lee, B.]. Solution structure of conserved hypothetical protein HP0894 from Helicobacter
pylori. Proteins 2005, 61, 1114-1116. [CrossRef]

Cérdenas-Mondragoén, M.G.; Ares, M.A_; Panunzi, L.G.; Pacheco, S.; Camorlinga-Ponce, M.; Girén, J.A.; Torres, J.; De la Cruz,
M.A. Transcriptional Profiling of Type II Toxin-Antitoxin Genes of Helicobacter pylori under Different Environmental Conditions:
Identification of HP0967-HP0968 System. Front. Microbiol. 2016, 7, 1872. [CrossRef]

Fineran, P.C.; Blower, T.R.; Foulds, L.].; Humphreys, D.P,; Lilley, K.S.; Salmond, G.P. The phage abortive infection system, ToxIN,
functions as a protein-RNA toxin-antitoxin pair. Proc. Natl. Acad. Sci. USA 2009, 106, 894-899. [CrossRef]

Alonso, J.C. Toxin-Antitoxin Systems in Pathogenic Bacteria. Toxins 2021, 13, 74. [CrossRef]

Pathak, C.; Im, H,; Yang, Y.-J.; Yoon, H.-].; Kim, H.-M.; Kwon, A.-R.; Lee, B.-J. Crystal structure of apo and copper bound HP0894
toxin from Helicobacter pylori 26695 and insight into mRNase activity. Biochim. Biophys. Acta BBA-Proteins Proteom. 2013, 1834,
2579-2590. [CrossRef]

Gerdes, K.; Christensen, S.K.; Lobner-Olesen, A. Prokaryotic toxin—antitoxin stress response loci. Nat. Rev. Microbiol. 2005, 3,
371-382. [CrossRef]

Mutschler, H.; Gebhardt, M.; Shoeman, R.L.; Meinhart, A. A novel mechanism of programmed cell death in bacteria by
toxin-antitoxin systems corrupts peptidoglycan synthesis. PLoS Biol. 2011, 9, €1001033. [CrossRef]

Dupont, C.L.; Yang, S.; Palenik, B.; Bourne, P.E. Modern proteomes contain putative imprints of ancient shifts in trace metal
geochemistry. Proc. Natl. Acad. Sci. USA 2006, 103, 17822-17827. [CrossRef]

Waldron, K.J.; Robinson, N.J. How do bacterial cells ensure that metalloproteins get the correct metal? Nat. Rev. Microbiol. 2009, 7,
25-35. [CrossRef]

Pang, ].; Guo, Q.; Lu, Z. The catalytic mechanism, metal dependence, substrate specificity, and biodiversity of ribonuclease H.
Front. Microbiol. 2022, 13, 1034811. [CrossRef]

Nicholson, A. Escherichia coli Ribonucleases: Paradigms for Understanding Cellular RNA Metabolism and Regulation, Ribonucleases:
Structures and Functions; Academic, Press Inc.: New York, NY, USA, 1997; pp. 38—49.

Katayanagi, K.; Miyagawa, M.; Matsushima, M.; Ishikawa, M.; Kanaya, S.; Ikehara, M.; Matsuzaki, T.; Morikawa, K. Three-
dimensional structure of ribonuclease H from E. coli. Nature 1990, 347, 306-309. [CrossRef]

Nowotny, M.; Yang, W. Stepwise analyses of metal ions in RNase H catalysis from substrate destabilization to product release.
EMBO ]. 2006, 25, 1924-1933. [CrossRef]

Niemann, M.; Brecht, M.; Schliiter, E.; Weitzel, K.; Zacharias, M.; Goringer, H.U. TbMP42 is a structure-sensitive ribonuclease that
likely follows a metal ion catalysis mechanism. Nucleic Acids Res. 2008, 36, 4465-4473. [CrossRef] [PubMed]

Deutscher, M.; Marlor, C.W. Purification and characterization of Escherichia coli RNase T. J. Biol. Chem. 1985, 260, 7067-7071.
[CrossRef] [PubMed]


https://doi.org/10.1074/jbc.M805061200
https://www.ncbi.nlm.nih.gov/pubmed/18952600
https://doi.org/10.1016/j.tibs.2005.10.004
https://www.ncbi.nlm.nih.gov/pubmed/16257530
https://doi.org/10.1111/j.1365-2958.2006.05270.x
https://www.ncbi.nlm.nih.gov/pubmed/16803593
https://doi.org/10.1128/JB.182.3.561-572.2000
https://doi.org/10.1038/s41598-019-51523-z
https://doi.org/10.1111/mmi.14877
https://doi.org/10.1038/s41579-021-00661-1
https://www.ncbi.nlm.nih.gov/pubmed/34975154
https://doi.org/10.18388/abp.2011_2278
https://www.ncbi.nlm.nih.gov/pubmed/21394325
https://doi.org/10.1016/j.mib.2007.03.003
https://doi.org/10.1038/nrmicro2651
https://doi.org/10.1093/nar/gkr131
https://www.ncbi.nlm.nih.gov/pubmed/21422074
https://doi.org/10.1371/journal.pone.0230220
https://www.ncbi.nlm.nih.gov/pubmed/32163505
https://doi.org/10.1002/prot.21701
https://www.ncbi.nlm.nih.gov/pubmed/17957768
https://doi.org/10.1002/prot.20691
https://doi.org/10.3389/fmicb.2016.01872
https://doi.org/10.1073/pnas.0808832106
https://doi.org/10.3390/toxins13020074
https://doi.org/10.1016/j.bbapap.2013.09.006
https://doi.org/10.1038/nrmicro1147
https://doi.org/10.1371/journal.pbio.1001033
https://doi.org/10.1073/pnas.0605798103
https://doi.org/10.1038/nrmicro2057
https://doi.org/10.3389/fmicb.2022.1034811
https://doi.org/10.1038/347306a0
https://doi.org/10.1038/sj.emboj.7601076
https://doi.org/10.1093/nar/gkn410
https://www.ncbi.nlm.nih.gov/pubmed/18603593
https://doi.org/10.1016/S0021-9258(18)88888-3
https://www.ncbi.nlm.nih.gov/pubmed/3888994

Life 2024, 14, 225 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.
46.

Boampong, K.; Smith, S.L.; Delahay, R.M. Rapid growth inhibitory activity of a YafQ-family endonuclease toxin of the Helicobacter
pylori tfs4 integrative and conjugative element. Sci. Rep. 2020, 10, 18171. [CrossRef] [PubMed]

Subedi, G.; Park, S.J. Mass Production and Characterization of Recombinant Human Grim-19 in Escherichia coli. Drug Targets Ther.
2023, 2, 71-79. [CrossRef]

Han, K.-D.; Matsuura, A.; Ahn, H.-C.; Kwon, A.-R.; Min, Y.-H.; Park, H.-J.; Won, H.-S.; Park, S.J.; Kim, D.-Y.; Lee, B.-J. Functional
identification of toxin-antitoxin molecules from Helicobacter pylori 26695 and structural elucidation of the molecular interactions.
J. Biol. Chem. 2011, 286, 4842—-4853. [CrossRef] [PubMed]

Greenfield, N.J. Using circular dichroism spectra to estimate protein secondary structure. Nat. Protoc. 2006, 1, 2876-2890.
[CrossRef]

Donghi, D.; Sigel, R.K. Metal ion-RNA interactions studied via multinuclear NMR. Methods Mol. Biol. 2012, 848, 253-273.
[PubMed]

Delaglio, F.; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: A multidimensional spectral processing system
based on UNIX pipes. J. Biomol. NMR 1995, 6, 277-293. [CrossRef] [PubMed]

Johnsona, B.A.; Blevinsb, R.A. NMRView: A computer program for the visualization and analysis of NMR data. J. Biomol. NMR
1994, 4, 603-614. [CrossRef] [PubMed]

Schumann, FH.; Riepl, H.; Maurer, T.; Gronwald, W.; Neidig, K.P; Kalbitzer, H.R. Combined chemical shift changes and amino
acid specific chemical shift mapping of protein-protein interactions. J. Biomol. NMR 2007, 39, 275-289. [CrossRef]

Im, H.; Jang, S.B.; Pathak, C.; Yang, Y.J.; Yoon, H.J.; Yu, TK,; Suh, ].Y.; Lee, B.J. Crystal structure of toxin HP0892 from Helicobacter
pylori with two Zn(II) at 1.8 A resolution. Protein Sci. 2014, 23, 819-832. [CrossRef]

Capdevila, D.A.; Wang, J.; Giedroc, D.P. Bacterial Strategies to Maintain Zinc Metallostasis at the Host-Pathogen Interface. J. Biol.
Chem. 2016, 291, 20858-20868. [CrossRef]

Hogstrand, C.; Kille, P.; Nicholson, R.; Taylor, K. Zinc transporters and cancer: A potential role for ZIP7 as a hub for tyrosine
kinase activation. Trends Mol. Med. 2009, 15, 101-111. [CrossRef]

Maret, W. Inhibitory zinc sites in enzymes. BioMetals 2013, 26, 197-204. [CrossRef]

Wei, Y.; Fu, D. Binding and transport of metal ions at the dimer interface of the Escherichia coli metal transporter YiiP. ]. Biol. Chem.
2006, 281, 23492-23502. [CrossRef]

Maret, W.; Li, Y. Coordination dynamics of zinc in proteins. Chem. Rev. 2009, 109, 4682-4707. [CrossRef]

Maret, W. Zinc and the Zinc Proteome in Metallomics and the Cell; Springer: Berlin/Heidelberg, Germany, 2013; pp. 479-501.
Debela, M.; Goettig, P.; Magdolen, V.; Huber, R.; Schechter, N.M.; Bode, W. Structural basis of the zinc inhibition of human tissue
kallikrein 5. J. Mol. Biol. 2007, 373, 1017-1031. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-020-72063-x
https://www.ncbi.nlm.nih.gov/pubmed/33097748
https://doi.org/10.58502/DTT.23.0013
https://doi.org/10.1074/jbc.M109.097840
https://www.ncbi.nlm.nih.gov/pubmed/21123184
https://doi.org/10.1038/nprot.2006.202
https://www.ncbi.nlm.nih.gov/pubmed/22315074
https://doi.org/10.1007/BF00197809
https://www.ncbi.nlm.nih.gov/pubmed/8520220
https://doi.org/10.1007/BF00404272
https://www.ncbi.nlm.nih.gov/pubmed/22911360
https://doi.org/10.1007/s10858-007-9197-z
https://doi.org/10.1002/pro.2465
https://doi.org/10.1074/jbc.R116.742023
https://doi.org/10.1016/j.molmed.2009.01.004
https://doi.org/10.1007/s10534-013-9613-7
https://doi.org/10.1074/jbc.M602254200
https://doi.org/10.1021/cr800556u
https://doi.org/10.1016/j.jmb.2007.08.042

	Introduction 
	Materials and Methods 
	Preparation of Protein Samples 
	The Ribonuclease Activity (RNase) Activity of HP0894 and Interaction of Divalent Metal Ions 
	Circular Dichroism Spectroscopy (CD) 
	Isothermal Titration Calorimetry (ITC) Assay 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 

	Results 
	HP0894 Ribonuclease (RNase) Activity of HP0894 and Interference of Divalent Metal Ions 
	Effect of Metal Ions on the Secondary Structure of HP0894 
	Thermal Analysis and Binding Stoichiometry Using Isothermal Titration Calorimetry 
	Zinc Titration and NMR Perturbation Experiments 

	Discussion 
	References

