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Abstract: Helicobacter pylori (H. pylori) has been proposed as the foremost risk factor for the de-
velopment of gastric cancer. We found that H. pylori express the enzyme glucose-6-phosphate
dehydrogenase (HpG6PD), which participates in glucose metabolism via the pentose phosphate
pathway. Thus, we hypothesized that if the biochemical and physicochemical characteristics of
HpG6PD contrast with the host G6PD (human G6PD, HsG6PD), HpG6PD becomes a potential target
for novel drugs against H. pylori. In this work, we characterized the biochemical properties of the
HpG6PD from the H. pylori strain 29CaP and expressed the active recombinant protein, to analyze its
steady-state kinetics, thermostability, and biophysical aspects. In addition, we analyzed the HpG6PD
in silico structural properties to compare them with those of the HsG6PD. The optimal pH for enzyme
activity was 7.5, with a T1/2 of 46.6 ◦C, at an optimum stability temperature of 37 ◦C. The apparent
Km values calculated for G6P and NADP+ were 75.0 and 12.8 µM, respectively. G6P does not protect
HpG6PD from trypsin digestion, but NADP+ does protect the enzyme from trypsin and guanidine
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hydrochloride (Gdn-HCl). The biochemical characterization of HpG6PD contributes to knowledge
regarding H. pylori metabolism and opens up the possibility of using this enzyme as a potential
target for specific and efficient treatment against this pathogen; structural alignment indicates that
the three-dimensional (3D) homodimer model of the G6PD protein from H. pylori is different from
the 3D G6PD of Homo sapiens.

Keywords: Helicobacter pylori; glucose-6-phosphate dehydrogenase; kinetic; biochemical characterization

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bacterium that colonizes the human
upper gastrointestinal tract. In general, people that acquire the infection could experience
the development of gastritis, the most severe clinical manifestations of which are the gen-
eration of peptic ulcers, distal gastric adenocarcinoma, and mucosa-associated lymphoid
tissue lymphoma [1–8]. It is estimated that H. pylori has infected over 50% of the world’s
population; moreover, the infection rate has reached 10–80% in the pediatric population [9].
However, a precise estimation of the age of infection by H. pylori is difficult to establish
in young children [10]. The International Agency for Research on Cancer declared that
H. pylori is the principal etiological worldwide agent of gastric cancer and is a type-I
carcinogen [11].

There are no exclusive drugs to eradicate H. pylori, but the multidrug gold-standard
treatment achieves eradication rates of over 90%. In children and adults, triple therapy
is recommended, combining two or three antibiotics (clarithromycin, amoxicillin, and
metronidazole) and a proton pump inhibitor, such as omeprazole or bismuth salts [12,13].
However, there are increasing and alarming reports of antibiotic-resistant strains, leading
to ineffective therapy; for example, resistance to clarithromycin or metronidazole results
in H. pylori strains that are challenging to eradicate [14]. These findings imply that new
therapeutic strategies are urgently needed to treat this infection.

A current model in drug development is rational drug design, focusing on the
pathogen’s metabolism. In this context, a rational drug design will identify one or a
set of therapeutic targets that are essential to a pathogen’s metabolism, making them targets
for evaluating the success of specific drugs [15,16]. Therefore, the structural and functional
characterization of target proteins is an essential step in drug development, allowing the
subsequent characterization of the potential effect for generating more selective, effective,
and efficient new drugs [17]. In this respect, an enzyme of particular interest is the glucose-
6-phosphate dehydrogenase (G6PD) in the metabolism of H. pylori. H. pylori is capable of
metabolizing various different carbon sources, especially amino acids and glucose [18,19],
efficiently using them via the Entner-Doudoroff pathway (EDP) or the pentose phosphate
pathway (PPP) [18–22] to synthesize triose phosphates and ribose phosphates with the gen-
eration of reducing power [23,24]. Although H. pylori can achieve the glycolytic breakdown
of glucose, it has been reported that it lacks the glycolytic enzymes phosphofructokinase
(PKF) and pyruvate kinase, affecting its ability to extract energy from hexoses. EDP com-
pensates for the absence of PFK, allowing glucose carbons to be shunted from PPP to
EDP, producing glyceraldehyde 3-phosphate and pyruvate [19]. In addition, the enzymes
of PPP are present in H. pylori, except for 6-phosphogluconate dehydrogenase (6PGDH),
which makes the oxidative branch of the pathway incomplete [21]. After that, glucose is
metabolized by PPP, which involves the participation of the enzyme glucose-6-phosphate
dehydrogenase (G6PD), catalyzing the first rate-limiting activity in the oxidative branch,
showing its potential as a target for rational drug design.

Therefore, in this work, we report the cloning and heterologous expression of an active
recombinant G6PD from the Helicobacter pylori strain 29CaP, isolated from a Mexican patient
with gastric cancer [25]. This study allowed us to purify the predicted protein and analyze
the detailed steady-state kinetics, thermostability, and biophysical characteristics of the
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HpG6PD enzyme. Finally, we use computer modeling techniques to describe the structural
features that clearly distinguish HpG6PD from the human G6PD enzyme (HsG6PD),
proposing this H. pylori enzyme as a potential therapeutic target.

2. Materials and Methods
2.1. Strain and Plasmids

E. coli BL21(DE3)∆zwf:kanr was used for all cloning and expression procedures.
The Puc57 vector containing the zwf gene was purchased from GeneScript (GenBank:
ALM79592.1). The pET3aHisTEVP vector was previously obtained for an earlier study [26],
and the pET3aHisTEVP-zwf constructed in this project was sequenced in the Instituto de
Biotecnología, UNAM, Cuernavaca City, Morelos, Mexico.

2.2. Reagents

The restriction enzymes NdeI, BamHI, and T4 DNA ligase were purchased from Thermo
Scientific (Mannheim, Germany), and the Promega Corporation (Madison, WI, USA). The
GeneJET Gel Extraction Kit was obtained from Thermo Scientific (Hudson, NH, USA).
Profinity IMAC Resins and Gel Filtration Standard, used as a lyophilized mixture of
molecular-weight markers, ranging from 1350 to 670,000 Da, were purchased from Bio-
Rad (Hercules, CA, USA). Isopropyl β-d-1-thiogalactopyranoside (IPTG), Tris-HCl, PMSF,
β-mercaptoethanol, glycerol, NaCl, MgCl2, imidazole, dithiothreitol (DTT), Coomassie bril-
liant blue R, G6P, NADP+ substrates, ampicillin, and kanamycin antibiotics were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The Midori Green Advance dye was purchased
from NIPPON Genetics Europe, Dueren, Germany.

2.3. Alignment of Sequences

The glucose-6-phosphate dehydrogenase sequence from H. pylori and other bacterial
and eukaryotic G6PD sequences were obtained from the NCBI database. Multiple sequence
alignment was performed using Unipro UGENE v. 42.0 software [27], and the GeneDoc
program was used to visualize the alignment. Here, we indicate the position of each residue
in the sequence of each G6PD enzyme. We also indicate the positions of the same residue
(in parentheses) according to the HpG6PD sequence.

2.4. Construction of pET3aHisTEVP-zwf Vector

The Puc57 vector carrying the H. pylori zwf gene was digested using the NdeI and
BamHI enzymes. The resulting digestion was analyzed in 1.0% agarose gel via electrophore-
sis and was subsequently stained with Midori Green Advance, then, finally, analyzed
using the MultiDoc-It (UVP) equipment. The fragment (zwf gene) comprising 1278 base
pairs (bp) was purified using a GeneJET Gel Extraction Kit, following the manufacturer’s
protocol. Afterward, the gel fragment was purified and ligated into the expression vector
pET3aHisTEVP, to generate pET3aHisTEVP-zwf (Figure S1). The resulting vector was
sequenced in the Unidad de Síntesis y Secuenciación from the Instituto de Biotecnología,
UNAM, Cuernavaca City Morelos. The results were compared with the BLAST sequencing
database (NCBI), resulting in 99 hits with 100% identity and an E-value of 0.0 for H. pylori.
The pET3aHisTEVP-zwf plasmid containing the zwf gene insert was used to transform
E. coli BL21(DE3)∆zwf:kanr.

2.5. Expression and Purification of the G6PD Protein from Helicobacter pylori

The BL21(DE3)∆zwf:kanr transformed with pET3aHisTEVP-zwf plasmid was cultured
in 50 mL of Luria Bertani (LB) medium with selection antibiotics and incubated on a rotary
shaker at 37 ◦C for 24 h. Cell cultivation was then scaled up to 2 L on LB medium with
selection antibiotics, incubated on a rotary shaker at 37 ◦C, and continued until the culture
reached an optical density of O.D600 nm 1.0. At that point, an induction was performed,
with 0.3 mM IPTG incubated on a rotary shaker at 25 ◦C for 18 h. Then, the cells were
centrifuged at 6000× g at 4 ◦C for 30 min. Next, the cells were disrupted by sonication
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(ten cycles of 45 s in an ice bath) with lysis buffer (500 mM Tris-HCl, at pH 7.6, 3 mM MgCl2,
0.5 mM PMSF, 0,1% β- mercaptoethanol, and 5% glycerol) using the Branson Sonifier 450
from VWR Scientific (Radnor, PA, USA). Finally, the product was centrifugated at 10,000× g
at 4 ◦C for 30 min and the soluble fraction, known as the crude extract, was used to purify
the HpG6PD protein.

The HpG6PD protein was purified via immobilized metal affinity chromatography
(IMAC). The H. pylori crude extract was loaded into a Ni Sepharose High-Performance
column (GE Healthcare, Chicago, IL, USA), previously equilibrated with 5 column volumes
(CV) of equilibrium buffer (50 mM Tris-HCl, at pH 8.0) after it was washed with 10 CV of
washing buffer (50 mM Tris-HCl, at pH 8.0, 150 mM NaCl, 50 mM imidazole, and 2 mM
DTT). Then, the protein was eluted with an equilibrium buffer plus 250 mM of imida-
zole [28]. The imidazole was removed from the sample by five consecutive dilutions with
equilibrium buffer and it was then concentrated using Amicon YM-15 filtration tubes (Milli-
pore, Burlington, MA, USA). The (His)6-tag sequence was removed from the HpG6PD pro-
tein using recombinant tobacco virus protease (TEVP), according to a previously reported
protocol [29]. Protein purity was verified by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) [30] and Colloidal Brilliant Coomassie Blue R-250 was used
to stain the gel. The protein concentration was determined by the Lowry method with
Folin-phenol reagent [31], using bovine serum albumin as a standard.

2.6. Enzymatic Activity Assay

The activity of HpG6PD was determined spectrophotometrically at 340 nm following
NADPH formation using a Cary50 UV-Vis spectrophotometer (Varian, Crawley, UK).
Standard activity assays were performed with 1 mL of the standard reaction mixture (Tris-
HCl, pH 7.6, 3 mM MgCl2, 1 mM glucose 6-phosphate, and 150 µM NADP+), then 1 µg of
purified HpG6PD was added to start the reaction.

2.7. Oligomeric Composition Analysis by Molecular Exclusion

The oligomeric state of the native HpG6PD protein was determined by gel filtration
chromatography. The HpG6PD protein was adjusted at 0.4 mg/mL in 400 µL of phosphates
buffer, pH 7.35, and applied to the SephacrylTM S-200 HR HiPrepTM 16/60 column cou-
pled to the ÄKTA pure FPLC system (GE Healthcare, Chicago, IL, USA) and eluted with
equilibrium buffer (50 mM phosphate buffer pH 7.35) at a flow rate of 0.5 mL/min. The
column was calibrated with gel filtration standard with molecular masses ranging from
1350 to 670,000 daltons.

2.8. Determination of the Functional Parameters of the G6PD Protein of Helicobacter pylori
2.8.1. Enzyme Stability, pH, and Optimal Temperature

The effect of pH on the activity of purified HpG6PD was assessed within a pH range of
3.0 to 10.0 in either 50 mM McIlvaine buffer (pH 3.0–6.0), MES buffer (pH 6.0–6.75), HEPES
buffer (pH 6.75–8.0), Tris buffer (pH 8.0–9.0), or glycine buffer (pH 9.0–10) under enzymatic
activity assay conditions, using 1 mM G6P and 150 mM NADP+. First, the activity was
measured with 1 mg of HpG6PD protein. Then, the optimal pH was determined by
obtaining the residual activity, with the highest value taken as 100. In addition, the pH
stability of the purified HpG6PD was assessed by incubating the enzyme in the four
different buffer systems mentioned above at 25 ◦C for 24 h. Then, the residual G6PD
activities were determined as previously described [28].

The effect of temperature on HpG6PD activity was determined by measuring the
G6PD activity at different temperatures, ranging from 4 ◦C to 70 ◦C, and an optimum pH
using G6P and NADP+ substrates. Initial velocities were expressed as a percentage, and the
highest activity was set at 100%. Finally, the stability at the temperature of HpG6PD was
assessed at different temperatures. The residual activity of the enzyme was measured after
incubating it for 20 min at different temperatures, ranging from 37 to 65 ◦C. The protein was
adjusted at a final concentration of 0.2 mg/mL in Tris-HCl buffer (100 mM Tris-HCl, 2 mM



Microorganisms 2022, 10, 1359 5 of 18

EDTA, pH 7.4), then the samples were cooled on ice for 4 min and the residual activity
enzyme was measured under standard enzyme assay conditions, along with the addition
of 1 µg of the incubated protein.

2.8.2. Determination of Kinetic Parameters

The experimental steady-state kinetic parameters of the HpG6PD were determined
for the G6P and NADP+ substrates. The initial velocity data for the NADP+ substrate were
obtained by varying the NADP+ concentration (2.5 to 200 µM) and maintaining G6P at
a saturating concentration (500 µM). In comparison, the initial velocity data for the G6P
substrate were obtained by maintaining NADP+ at a saturating concentration (200 µM)
and a G6P concentration in the range of 2.5 to 300 µM. The reaction was initiated by adding
1 µg of the purified protein. The Michaelis–Menten kinetic constants were determined via
nonlinear regression calculations, as reported in a previous study [32]. An international
unit (IU) of G6PD activity was defined as the amount of enzyme required to produce
1 µmol of NADPH per minute, per mg of protein.

2.9. Spectroscopic Characterization
2.9.1. Far-UV Circular Dichroism

The secondary structure of HpG6PD was analyzed by circular dichroism (CD) using a
Jasco J-810® spectropolarimeter (163–900 nm) equipped with a Peltier thermostated cell
holder for temperature control and a constant flow of nitrogen. The far-UV CD spectra were
recorded at far-UV from 200 to 260 nm and at 1 nm intervals, using the 0.1 cm path length
of a rectangular quartz cuvette. The assays were performed with a protein concentration of
0.5 mg/mL in 50 mM phosphate buffer and were performed in duplicate at 25 ◦C.

2.9.2. Thermal Stability, Monitored by Circular Dichroism

The effect of temperature on the global stability of the HpG6PD protein was evaluated
via a thermal stability assay by circular dichroism. The protein was adjusted to 0.4 mg/mL
with P buffer (0.05 M potassium phosphate buffer pH 7.4) and evaluated by increasing the
sample temperature from 35 to 85 ◦C at constant heating rates of 1 ◦C/2.5 min. The changes
in the molar ellipticity (Φ) at 222 nm were monitored with a Jasco J-810® spectropolarimeter.
The data that were obtained fitted Bolzman’s sigmoid equation with the Origin® program.
In addition, the thermal denaturation transition of the protein was evaluated to obtain the
Tm value (the temperature at which the HpG6PD is 50% in the denatured state and 50% in
the native state). The assay was performed in triplicate.

2.10. Evaluation of the Stability of the Recombinant HpG6PD Protein
2.10.1. Stability Analysis of HpG6PD Enzyme Activity

To determine if the physiological substrates (G6P and NADP+) affect the stability of the
HpG6PD enzyme, we performed thermal inactivation and susceptibility to protease assays
and ascertained the effect of guanidine hydrochloride. For thermal stability, the HpG6PD
protein was adjusted at 0.2 mg/mL in Tris-HCl buffer (100 mM Tris-HCl, 2 mM EDTA,
pH 7.4), then incubated with three different concentrations of G6P and NADP+ (10, 100,
and 500 µM) for 2 h at 37 ◦C. The susceptibility of HpG6PD to protease was performed by
adjusting the HpG6PD protein concentration to 0.2 mg/mL and incubating it with different
trypsin concentrations, ranging from 0 to 1 mg/mL in three different concentrations of
physiological substrates (10, 100, and 500 µM), then incubating for 2 h at 37 ◦C. Before the
residual activity was measured, the reaction was stopped with 5 mM of PMSF, as previously
reported by Cortes-Morales et al. [33]. Finally, the stability of HpG6PD was evaluated, with
a concentration of 0.2 mg/mL of protein and by varying the concentration of Gdn-HCl,
ranging from 0 to 1 M; the protein was then incubated at 37 ◦C for 2 h. The value of C1/2
(the concentration of Gdn-HCl necessary for the protein to lose half of its activity) was
determined, as previously reported by Ramirez-Nava et al. [34]. In addition, to evaluate
whether the physiological substrates G6P and NADP+ exert a protective effect on HpG6PD
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in the presence of Gdn-HCl, the HpG6PD was incubated with three different concentrations
of G6P or NADP+ (10, 100, and 500 µM). In all assays, the residual activity was measured,
and the assays were performed in triplicate.

2.10.2. Fluorescence Spectroscopy

Fluorescence spectroscopy of HpG6PD was conducted using a Perkin-Elmer LS-55
Spectrofluorometer (Perkin–Elmer, Wellesley, MA, USA) and a quartz cell with a path length
of 1.0 cm at 25 ◦C. The excitation wavelength was 295 nm, with excitation and emission
slits of 4.5 and 3.7 nm, respectively. The protein was adjusted to a 0.1 mg/mL concentration
in phosphate buffer. As a result, the fluorescence spectrum of the protein was obtained
in a wavelength range of 310–500 nm. In addition, intrinsic tryptophan fluorescence was
monitored at different Gdh-HCl concentrations (from 0 to 2 M) and incubated at 37 ◦C for
2 h. In both trials, the data of the final spectra were corrected by subtracting the blank,
which was obtained by measuring the intrinsic fluorescence intensity of the phosphate
buffer. The assay was performed in triplicate.

3. Results and Discussion
3.1. Alignment of G6PDs Proteins

The HpG6PD amino acid sequence was compared with other G6PD proteins. We
included ten sequences from the NCBI database to perform the alignment in this work.
HpG6PD shares 43%, 38%, 36%, 34%, and 27% of identity with Campylobacter jejuni, Neisseria
gonorrhoeae, Pseudomonas aeruginosa, Trypanosoma cruzy, and Homo sapiens G6PD, respectively.
The HpG6PD amino acid sequence was compared with the G6PD Homo sapiens sequence;
we found 27% of identity via a BLAST protein analysis against the Protein Data Bank (PDB)
records. In addition, to analyze the structural similarity between the enzymes HpG6PD
and HsG6PD, and to establish the structural equivalences according to their shape and
three-dimensional conformation, the representative tridimensional model of HpG6PD was
aligned with the HsG6PD structure (PDB entry 2BH9), using Chimera 1.14.2. A root mean
square deviation (RMSD) value of 1.423 Å was obtained for 406 Cα atoms and the Q-score
value was 0.648. The RMSD value is a commonly used measure of similarity between two
protein structures; the smaller the RMSD, the more similar the two structures. In the case of
the Q score, a zero value represents completely dissimilar or un-superimposed structures
and 1 represents identical structures. Therefore, the results obtained from the structural
alignment indicate that the three-dimensional (3D) homodimer model of the G6PD protein
from H. pylori [35] is different from the 3D G6PD of Homo sapiens, making the HpG6PD
protein a potential pharmacological target (Figure S2).

Multiple-sequence alignment of the G6PDs proteins revealed three conserved frag-
ments: a nine-residue peptide (RIDHYLGKE, residues 162–170 of the HpG6PD enzyme), a
nucleotide-binding fingerprint (GxGGDLA, residues 10–16 of the HpG6PD enzyme), and
the sequence EKPxG (residues 134–138 of the HpG6PD enzyme).

As seen in Figure S3, the HpG6PD amino acid sequence contains the NADP+ finger-
print, 10-GxGGDLA-16 (the amino acid number corresponding to the G6PD sequence from
HpG6PD, shown in the green background); this amino acid sequence is a highly conserved
motif in G6PD proteins [36,37]. In addition, the HpG6PD protein has the pentapeptide-
conserved fragment that is described as motif 134-EKPxG-138 (the amino acid number
corresponding to the HpG6PD sequence), which is well conserved among all G6PDs
(Figure 1), wherein the center is the Pro136; this residue is directly involved in the correct
positioning of the substrate and coenzyme pockets [38]. Finally, the third fragment in the
nine-residue peptide 162-RIDHYLGKE-170, Asp164, His165, and Lys169 are important in
G6P binding and catalysis [39], while Lys205 has been implicated in binding and catalysis in
the human enzyme [40]. Therefore, the presence of the three conserved fragments suggests
that the HpG6PD is potentially functional.
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been reported to interact with the substrates (A) NADP+ and (B,C) G6P are shown. The sequence
alignment was carried out using the Uniprot UGENE software [27]. The comparison of conserved
regions observed in the amino acid sequence alignment of G6PDs was conducted using the WebLogo3
online program.

3.2. Overexpression and Purification of Recombinant HpG6PD

The recombinant HpG6PD protein was overexpressed when using the E. coli strain
BL21(DE3)∆zwf:kanr; under the conditions used, the recombinant protein was obtained
in the soluble fraction and was purified by immobilized metal affinity chromatography
(IMAC), with yields of 40% and a total protein of 9.8 mg. To determine the biochemical
and functional parameters of the HpG6PD protein, the His-tag was removed by specific
TEVP protease activity, as previously described [41]. The purity of the enzyme was an-
alyzed by electrophoresis, using 12% polyacrylamide gel under denaturing conditions
(SDS-PAGE). As seen in Figure 2A, a single band with a relative molecular weight (MW) of
50 kDa and high purity was obtained. According to the GenBank accession, this relative
MW agrees with the theoretical MW of 49 kDa obtained by the Expasy ProtParam tool
(https://web.expasy.org/protparam/ (accessed on 24 February 2022), according to the
GenBank accession number ALM79592.1. Furthermore, this result is in agreement with
previous reports of G6PD proteins from other prokaryotic organisms such as Gluconace-
tobacter diazotrophicus, Leuconostoc mesenteroides, Thermotoga maritima, and Pseudomonas
aeruginosa [34,42–44], where the purified G6PDs proteins presented MWs of around 50 kDa,
unlike G6PD proteins from eukaryotic organisms, which show relative MWs in the range
of 60 to 75 kDa. Subsequently, with the purified HpG6PD enzyme, we performed the
biochemical assays described below.

3.3. Determination of the Oligomeric State of the Recombinant HpG6PD

The gel chromatography technique was used to determine the oligomeric state of
HpG6PD in solution. The recombinant enzyme was eluted in a single main peak with
a retention volume of 52 mL (Figure 2B), with catalytic activity for G6PD. In addition,
the formation of oligomeric aggregates of the recombinant protein in solution was not
observed. The Bio-Rad’s Gel Filtration Standard was loaded under the same conditions as
the HpG6PD; the chromatogram revealed that the HpG6PD eluted in the homodimer form,
as demonstrated in Figure 3B, with a single peak that corresponded to a size of 105 kDa,
which is close to the MW expected from the amino acid sequence (49,000 × 2 = 98 kDa).
This result is consistent with those reported for other G6PDs from prokaryotic organisms,
such as Leoconostoc mesenteroides and Haloferax volcanii, which were reported as homodimers

https://web.expasy.org/protparam/
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in solution [45,46]. Despite other G6PDs that have been reported as homotetramers in
solution, such as Gluconoactobcter diazotrophicus and Pseudomonas aeruginosa [34,44], the
G6PD of Homo Sapiens has been reported as a dimer and a tetramer, and the dimer has
greater catalytic activity than the tetramer [32].
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Figure 2. Purification and molecular exclusion chromatogram of the recombinant HpG6PD enzyme.
(A) SDS-PAGE analysis of the recombinantly produced HpG6PD. The protein was analyzed on
12% polyacrylamide gel electrophoresis (SDS-PAGE). M: Bio-Rad kaleidoscope MW marker. Lane
1: 20 micrograms of purified HpG6PD protein. The gels are representative of three independent
experiments. (B) FPLC chromatogram of native HpG6PD and standard proteins (black dashed line,
Bio-Rad), as follows: bovine thyroglobulin, 670 kDa; bovine γ-globulin, 158 kDa; ovalbumin, 44 kDa;
horse myoglobin, 17 kDa; and vitamin B12, 1.3 kDa.
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Figure 3. The effect of pH and temperature on the catalytic activity of the HpG6PD protein. (A) The
effect of pH on the activity of the HpG6PD protein. The enzyme was incubated in four system buffers
with a pH ranging from 6.0 to 10.0. The non-enzymatic reduction of NADP+ was also measured at
each pH value, to subtract the value obtained at each experimental point. (B) The effect of temperature
on the activity of HpG6PD protein. In both experiments, the protein was adjusted to 0.2 mg/mL,
and 1 µg of total protein was used to measure the residual activity. Data are presented as mean
values ± Standard Error Media (SEM) of 3 independent experiments.

3.4. Determination of the Functional Parameters of the HpG6PD Protein
3.4.1. Effect of pH and Temperature Stability

To determine the effect of pH on the purified recombinant HpG6PD protein activity,
we carried out an activity analysis at various pH values, ranging from 3.0 to 10.0. The
curve obtained in this assay (Figure 3A) showed a classical bell-shaped curve, as previously
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reported for different G6PDs enzymes, in which we observed the highest point of activity
(100%) at a pH of 7.5 [34,44,47–49]. Interestingly, the enzyme’s activity decreases until
it loses activity (0%) at a pH of 10.0. Based on these results, we found that the optimal
pH value for activity of the recombinant HpG6PD enzyme was 7.5. This optimum pH
value is like that previously reported for other G6PDs from prokaryotic organisms such as
Gluconoacetobacter diazotrophicus, Pseudomonas aeruginosa, and Escherichia coli; these showed
optimal pH values of 7.5 to 8.0 [34,44,50]. In light of these results, the following functional
studies were performed at pH 7.5.

In addition, the residual catalytic activity of the enzyme after incubation at different
temperatures was evaluated, to determine the temperature stability of the HpG6PD enzyme.
As Figure 3B shows, the enzyme shows a percentage of residual activity between 100% and
95% in a temperature range from 37 ◦C to 41 ◦C. However, when the enzyme is exposed to
a temperature of 45 ◦C, it shows only a residual activity of 75%; when the temperature is
increased to 47.5 ◦C, the enzyme has a residual activity of 30%. Finally, the enzyme loses
its catalytic activity when exposed to a temperature of 60 ◦C (Figure 3B). The temperature
stability plot showed that the temperature at which the enzyme loses 50% of its original
activity (T1/2) was 46.6 ◦C. Furthermore, we found that temperature stability in terms of
HpG6PD activity is similar to that previously reported for G6PD that was purified from the
Gram-negative bacterium Sphingomonas sp., in which the enzyme retains 100% of its activity
in a temperature range from 30 ◦C to 40 ◦C [51]. However, the HpG6PD enzyme showed
lower temperature stability than the G6PD of the bacteria G. diazotrophicus, in which its
G6PD enzyme retains 100% of its catalytic activity in a broader temperature range from
37 ◦C to 50 ◦C [34]. These results allowed us to report an optimal stability temperature for
HpG6PD of 37 ◦C; therefore, the functional assays were carried out at this temperature.

3.4.2. Determination of Kinetic Parameters

The enzymatic activity of the recombinant HpG6PD enzyme was assessed following
the standard protocol, by detecting the conversion of the substrate NADP+ into NADPH.
Thus, the steady-state kinetic parameters of the recombinant HpG6PD protein were ob-
tained for both substrates (G6P or NADP+). As seen in Figure 4, the HpG6PD enzymatic
activity showed a hyperbolic function for the two physiological substrates. The apparent
Km values calculated for G6P and NADP+ were 75.0 and 12.8 µM, respectively (Table 1).
Furthermore, the kinetic parameters were compared with other G6PDs from prokaryotic
and eukaryotic organisms. We found that the HpG6PD Km for the G6P substrate is similar
to that obtained in the G6PD of G. diazotrophicus [34], Trypanosoma cruzy [52], and camel
liver [47]. In the case of the substrate NADP+, a Km value of 12 µM was calculated for
HpG6PD; this value is similar to that reported for the G6PD of G. lamblia [53], T. cruzy [52],
and B. malayi [49], where the Km values for NADP+ ranged from 14 to 16 µM (Table 1).
Finally, the catalytic constant (kcat) was determined, with a value of 70 s−1. As can be seen
in Table 1, the recombinant HpG6PD protein has a lower kcat (70 s−1) value than the G6PD
enzymes from G. diazotrophicus (293181 s−1), P. aeruginosa (540 s−1), A. orizae (1000 s−1),
T. maritima (35000 s−1), and Homo sapiens (233 s−1) [34,43,44]. With all these enzymatic
kinetic parameters, in the future, we could determine the mechanism of action (inhibition
type) of the synthetic compounds in terms of HpG6PD activity, identifying it as a potential
therapeutic target.
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Figure 4. Saturation curves for the recombinant HpG6PD enzyme for the substrates (A) G6P and
(B) NADP+. The initial velocity data for each point were obtained by varying the concentration of
the substrates with a fixed and saturating concentration of NADP+ or G6P, depending on the assay.
These data were fitted to the Michaelis–Menten equation, using nonlinear regression calculations.

Table 1. Previously steady-state kinetic parameters, as reported for G6PDs enzymes.

Organism kcat (s−1) Km G6P (µM) Km NADP+ (µM) Reference

Helicobacter pylori 70 75 12 In this study
Gluconacetobacter diazotrophichus 293,181 63 7 [34]

Escherichia coli DH5α 32 224 127 [50]
Pseudomonas aeruginosa 540 498 56 [44]

Termotoga maritima 35,000 200 40 [43]
Haloferax volcanii 11 370 520 [44]

Giardia lamblia 31 18 14 [53]
Plasmodium falciparum 8 19 6 [54]

Trypanosoma cruzy 62 77 16 [52]
Aspergillus niger NR 153 26 [55]
Aspergillus oryzae 1000 109 6 [56]

Brugia malayi 40 245 14 [49]
Dog liver NR 122 10 [57]

Buffalo liver NR NR 59 [48]
Camel liver NR 81 81 [47]

Homo sapiens 230 38 7 [32]

3.5. Spectroscopic Characterization
3.5.1. Circular Dichroism (CD) Assay

The secondary structure of the recombinant HpG6PD was analyzed by far-UV circular
dichroism (CD) spectroscopy. This allowed us to determine the composition of the α-
helices and β-sheets present in the native state of the protein. As seen in Figure 5A, the CD
spectrum of HpG6PD showed minimal absorption peaks at 208 and 222 nm, indicating that
the protein has α-helices and β-sheets in its structure. In addition, an important finding
was that the CD spectrum showed a higher absorption at 222 nm than the absorption at
208 nm, indicating that the HpG6PD protein in the native state contains a higher content
of α helices to β sheets. Additionally, this spectrum resembles the spectra reported for
other G6PD enzymes in prokaryotic and eukaryotic organisms. This observation implies
that the secondary structure content is comparable to that of other G6PDs [29,32,58]; these
other studies have reported that the N-terminus (amino acids 1–164) contained the β-
α-β Rossmann-type folding domain, which contains the binding sites of NADP+ and
β-D-glucose-6-phosphate (G6P).
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Figure 5. Circular dichroism assay (CD) and thermal stability assessment of the HpG6PD enzyme.
(A) The far-UV circular dichroism spectrum of HpG6PD in its native state. (B) Analysis of thermal
stability via CD. CD monitored the changes in the signal at 222 nm, as the temperature increased from
35 ◦C to 85 ◦C. In both experiments, the HpG6PD protein was incubated at 0.5 mg/mL in 25 mM
phosphate buffer (pH 7.4). Both experiments are representative of three independent experiments.

3.5.2. Thermal Stability Assay, Followed by CD

A thermal stability assay was performed to analyze the structural stability of the
HpG6PD protein by circular dichroism (CD), following changes to the α–helices at 222 nm.
In Figure 5B, we show the denaturation profiles of HpG6PD in phosphate buffer at pH 7.4.
The profile obtained under these experimental conditions showed the two states of thermal
denaturation and was calculated at a Tm value of 55.5 ◦C. Therefore, considering these Tm
values, we found that HpG6PD is a more stable protein than the G6PD of the Gram-negative
bacteria, G. diazotrophicus (Tm = 50.6 ◦C) [34]. However, HpG6PD is more sensitive than the
recombinant human WT HsG6PD, in which a Tm of 59.5◦ was reported [32]. Finally, the
Tm value of HpG6PD was similar to that observed in the G6PD::6PGL fusion enzymes of
parasites such as G. lamblia and T. vaginalis (Tm = 57 ◦C and 54 ◦C), respectively [40,52].

3.6. Evaluation of the Stability of the Recombinant HpG6PD Protein
3.6.1. Thermal Inactivation Assay

To evaluate the stability of the active site of the HpG6PD, we performed a thermal
inactivation assay. Thus, we evaluated the enzymatic active-site stability of HpG6PD,
along with the effect of three concentrations of the substrates G6P and NADP+ on the
thermal stability of the enzyme. Figure 6A,B shows the HpG6PD temperature stability
versus residual activity graphs, showing the temperature at which the enzyme loses 50%
of its activity (T50) after incubation for 20 min. The average HpG6PD T50 value in the
absence of G6P was 46.3 ◦C. This value did not change when 10 µM of G6P was added,
and when the concentration of G6P was increased to 100 and 500 µM, conditions in which
T50 only increased by 1 ◦C (T50 at 500 µM = 47.3 ◦C) (Figure 6A). In contrast, the T50 value
shown by the enzyme in the absence of NADP+ was 47.7 ◦C; we found that the thermal
stability of the enzyme did not improve with any of the NADP+ concentrations tested
(Figure 6B). These results indicate that the active site is not stabilized by either G6P or
NADP+, as previously observed for human HsG6PD and in parasitic organisms, such as
Giardia lamblia and Trichomonas vaginalis, where an increase from 6 ◦C to 10 ◦C was observed
in the presence of 500 µM NADP+ [32,41].
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Figure 6. Evaluation of the stability of the HpG6PD protein, via a thermal inactivation assay in the
absence and presence of different concentrations of G6P (A) and NADP+ (B). (C) Digestion of the
recombinant HpG6PD protein with different concentrations of trypsin (0 to 1 mg/mL), in the presence
of three concentrations of G6P (10, 100, and 500 µM) and (D) NADP+ (10, 100, and 500 µM). In all
the assays, the protein was adjusted to a concentration of 0.2 mg/mL in phosphate buffer, pH 7.35,
and was incubated for 2 h at 37 ◦C, after which the residual activity was measured. The assay was
initiated with the addition of 1 µg of total protein. Data are presented as mean values ± SEM of
3 independent experiments.

3.6.2. Susceptibility of the HpG6PD Enzyme to Trypsin Proteolysis

Another approach to evaluate protein stability is by assessing its susceptibility to
trypsin digestion, a method frequently used to test resistance to proteolysis [33]. Figure 6C
shows the effect of trypsin on HpG6PD in the presence and absence of the G6P substrate; it
is clear that the enzyme loses 100% of its activity from the lowest concentration of trypsin
tested (0.1 mg/mL); this susceptibility does not change, despite the addition of increasing
concentrations of G6P. This result indicates that the G6P substrate does not have a protective
effect on HpG6PD, as reported for the G6PD enzyme from Pseudomonas aeruginosa [44].

Regarding the effect of the coenzyme NADP+ on HpG6PD protein proteolysis, we
found that this substrate exerts a protective effect against proteolysis. As shown in
Figure 6D, in the absence of the NADP+, HpG6PD loses 100% of its activity when ex-
posed to 0.1 mg/mL trypsin. However, when HpG6PD was incubated in the presence
of 10 µM of the substrate NADP+, we observed that at 0.1 mg/mL trypsin, the enzyme
retained 30% of its activity (Figure 7D). When the concentration of NADP+ was increased
to 100 µM, the HpG6PD retained 50% of its activity when exposed to 0.1 mg/mL trypsin.
Finally, when 500 µM NADP+ was added, 0.4 mg/mL trypsin was needed for the enzyme
HpG6PD to lose 50% of its activity. These results indicate that the HpG6PD protein resists
digestion with trypsin in the presence of the coenzyme NADP+, suggesting a protective
effect by the NADP+ molecule. Notably, the trypsin digestion assay has been widely used
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to assess the stability of mutants compared to the wild-type enzyme for the recombinant
human G6PD enzyme. In this assay, it has been observed that in the presence of the NADP+

molecule, human G6PD variants exhibit increased resistance to trypsin digestion; however,
in prokaryotic organisms, this effect has not been observed [29,33,58].

1 
 

 

Figure 7. Docking study between HpG6PD and the NADP+ molecule. (A) Model of the HpG6PD
enzyme, showing the Lys and Arg residues in black at the points where trypsin can hydrolyze.
(B) Results of the docking study, showing four zones of possible interaction of the NADP+ molecule
with HpG6PD; the NADP+ molecule is shown in a magenta color. (C–F) Zoomed-in view of the
predicted interaction zones between the HpG6PD enzyme and the NADP+ molecule; hydrogen
bridges are shown in green, while the amino acids involved are shown in bold italics.

To confirm the protective effect of the coenzyme NADP+ over the HpG6PD against
proteolysis digestion by trypsin, we determined the presence of trypsin cleavage sites in
the native protein and performed a blind docking, to establish whether the coenzyme
NADP+ is binding at the trypsin cleavage sites on HpG6PD. Based on the above tests,
we found that the HpG6PD primary sequence contains 40 trypsin cleavage sites, which
explains its susceptibility to trypsin hydrolysis (in Figure 7A, the cleavage sites for trypsin
are shown in black). Subsequently, a docking study was performed between the HpG6PD
model and the NADP+ molecule. The results predicted that NADP+ has a high affinity
for the enzyme’s catalytic site (Figure 7B); we found that the most stable conformer forms
up to 7 hydrogen bonds and has a theoretical ∆G of −12.12 Kcal, and that 25% of the
conformers are positioned at this binding site. However, four more zones of possible
interaction of the NADP+ molecule with HpG6PD were found near other trypsin cleavage
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sites (Figure 7C–F, hydrogen bonds are shown in green); it can be seen that NADP+ is
positioned near several trypsin cleavage sites. These results indicate that the protective
effect of trypsin digestion could probably be due to steric hindrance by the binding of the
NADP+ molecule to cleavage sites for trypsin in the native HpG6PD protein.

3.6.3. Stability of the HpG6PD Protein in the Presence of Guanidine
Hydrochloride (Gdn-HCl)

Finally, an inactivation assay was performed in the presence and absence of guanidine
hydrochloride (Gdn-HCl) to evaluate the stability of the recombinant HpG6PD enzyme.
Gdn-HCl is a chaotropic and denaturing agent used to determine the conformational
stability of proteins, as it alters the tertiary structure of the protein; consequently, the
catalytic activity of the protein is perturbed [58]. As shown in Figure 8A, in the absence
of NADP+, the specific activity of the recombinant HpG6PD enzyme decreased as the
concentration of Gdn-HCl increased, determining a C1/2-Gdn-HCl of 0.1 M. Subsequently,
when the protein was incubated in the presence of 10 µM NADP+, the same behavior was
observed. However, a slight protective effect was found with 100 µM NADP+, when a
value of C1/2-Gdn-HCl of 0.2 M was determined. We found that the HpG6PD enzyme
is more sensitive to Gdn-HCl, due to the fact that a concentration of 0.1 M of Gdn-HCl
decreases its activity to 50%, while in the case of the G6PD enzyme from the Gram-negative
bacterium G. diazotrophicus and the human G6PD enzyme, a concentration of 0.6 M and
0.45 M, respectively, is needed [33,34].
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in the presence or absence of Gdn-HCl. (B) Intrinsic fluorescence intensity of HpG6PD at different
Gdn-HCl concentrations. Assays were performed in triplicate, with standard errors of less than 5%.

Although, in the thermal stability assays, the NADP+ molecule was not found to exert
a protective effect on HpG6PD, in terms of the stability of the G6PD protein in the presence
of trypsin and Gdn-HCl, a slight protective effect of the NADP+ molecule was observed.
As the docking results showed, this protective effect can probably be attributed to the fact
that the NADP+ molecule binds to the protein in some cavities of the native structure and
thereby blocks the interaction of trypsin or Gdn-HCl, preventing these molecules from
exerting their proteolytic or denaturation effects on the native structure of the recombinant
HpG6PD protein.

3.6.4. Structural Analysis via Intrinsic Fluorescence

An intrinsic fluorescence assay evaluated the effect of Gdn-HCl on the structural
stability of the HpG6PD enzyme. As seen in Figure 8B, a decrease in the fluorescence
intensity of the protein was detected, caused by the different concentrations of Gdn-HCl
tested. HpG6PD shows a fluorescence intensity of 500 arbitrary units (a.u.) in the absence
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of Gdn-HCl. This decrease in fluorescence is due to the exposure to an aqueous medium of
the two tryptophan residues present in the three-dimensional (3D) structure of the protein
at positions Trp189 and Trp389, respectively. This result indicates that the loss of catalytic
activity in the presence of Gdn-HCl is due to alterations in the overall structure of HpG6PD.
When the enzyme is exposed to Gdn-HCl, the fluorescence intensity decreases, compared
to the concentration of Gdn-HCl; we observed a fluorescence reduction by 400 a.u. at the
highest concentration of Gdn-HCl (2.0 M). It is interesting to note that at 0.4 M of Gdn-HCl,
when the HpG6PD enzyme ceased all activity, the intrinsic fluorescence intensity remained
the same as when in the absence of Gdn-HCl, indicating that the loss of catalytic activity in
the presence of Gdn-HCl is not due to alterations in the overall structure of HpG6PD.

Using these different biophysical experiments allows us to approach a study of the
protein from different perspectives. The assays of temperature, proteases, and chaotropic
agents (Gdn-HCl) are used to establish the enzyme’s structure and functionality. At
the same time, circular dichroism (CD) measures the secondary structure. By using the
fluorescence of tryptophan and activity assays, the solvent exposure of one type of amino
acid and the requirements for activity (intact active site) were determined. Finally, thermal
stability (Tm) measured the global stability of the protein at various temperatures.

Finally, it is important to mention that since HpG6PD is a key enzyme in the metabolism
of H. pylori, it was of interest to characterize it for its biochemical and catalytic properties;
this represents an important initial step in the search for new drugs for H. pylori. Thus, the
structural and functional characterization of target proteins is an essential step in drug de-
velopment. It allows the subsequent characterization of the potential effect of compounds
to generate new and more selective, effective, and efficient drugs. Furthermore, in the
future, we will be able to determine the inhibition type (via the determination of kinetic
parameters) of the chemical compounds previously reported for the HpG6PD throughout
the in silico assays. In addition, knowledge of the secondary and 3D structure and the
oligomeric composition of the native status of HpG6PD ensures that the enzyme HpG6PD
will be evaluated in the presence of chemical compounds, to determine the alterations to
the protein at secondary, tertiary, and quaternary structure levels.

In addition, through bioinformatic methods, we have been able to predict the 3D struc-
ture of HpG6PD and, thus, make a comparison with the homologous enzyme in humans
(HsG6PD); the results seem to be very promising, since they present a low percentage of
similarity (27%), in addition to a value above 1 for the RMSD parameter (1.423 Å) and a
low Q-score value (0.648). This indicates that they show structural differences; this is an
advantage when considering the enzyme HpG6PD as a potential pharmacological target.

4. Conclusions

We reported the expression and purification of HpG6PD, which allowed us to charac-
terize it as a functional enzyme that participates in the metabolism of glucose in Helicobacter
pylori. HpG6PD seems to have similar conserved domains that are related to ligand bind-
ing. The recombinant HpG6PD protein has a molecular mass of 54 kDa and the native
state of the protein in solution is a catalytic dimer. In addition, we determined the kinetic
parameters of the HpG6PD protein for both G6P and NADP+ substrates, observing a
low catalytic constant compared to G6PDs from other organisms. Furthermore, we found
that the thermal stability of HpG6PD was not improved at different concentrations of
NADP+. However, NADP+ protects the HpG6PD from trypsin digestion and Gdn-HCl,
contrary to G6P. Our current results suggest that we could determine the mechanisms of
action of synthetic compounds using the activity of HpG6PD and propose it as a potential
therapeutic target.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10071359/s1, Figure S1. Schematic presentation
of the pET3aHisTEVP-zwf vector used for the production of G6PD protein. Figure S2. Structural
alignment of the HpG6PD model with HsG6PD. Figure S3: Multiple-sequence alignment of the
G6PDs amino acid sequences.

https://www.mdpi.com/article/10.3390/microorganisms10071359/s1
https://www.mdpi.com/article/10.3390/microorganisms10071359/s1


Microorganisms 2022, 10, 1359 16 of 18

Author Contributions: Methodology, P.O.-R., B.H.-O., A.G.-V., V.M.-R., L.M.-L., R.A.-E., F.G.-C. and
S.G.-M.; investigation, data curation, formal analysis, validation, supervision, writing—original draft;
writing—review and editing, P.O.-R., B.H.-O., D.O.-C., A.G.-V., V.M.-R., L.M.-L., R.A.-E., R.A.C.-R.,
L.M.C.-Á., N.C.-R., V.P.d.l.C., A.M.M.-G., F.G.-C. and S.G.-M.; software and supervision, B.H.-O. and
S.G.-M.; funding acquisition. S.G.-M.; project administration, S.G.-M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the E022 Program, National Institute of Pediatrics, Mexico
City, Mexico (Recursos Fiscales para la Investigación). S.G.M. was supported by INP 017/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: L.M.-L. and V.M.-R., acknowledge the financial support from the CONACYT
fellowship. In addition, we are grateful for the technical assistance of Maria Jose Gomez-Gonzalez,
Ximena Gomez-Gonzalez, and Manuel de Jesús Ramírez Gordillo. Finally, our thanks go to Javier
Gallegos Infante (Instituto de Fisiología Celular, UNAM) for assistance with the bibliographic materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cover, T.L.; Blaser, M.J. Helicobacter pylori infection, a paradigm for chronic mucosal inflammation: Pathogenesis and implications

for eradication and prevention. Adv. Intern. Med. 1996, 41, 85–117. [PubMed]
2. Goodwin, C.S.; Armstrong, J.A.; Marshall, B.J. Campylobacter pyloridis, gastritis, and peptic ulceration. J. Clin. Pathol. 1986, 39,

353–365. [CrossRef] [PubMed]
3. Blaser, M.J. Not all Helicobacter pylori strains are created equal: Should all be eliminated? Lancet 1997, 349, 1020–1022. [CrossRef]
4. Goodwin, C.S. Helicobacter pylori gastritis, peptic ulcer, and gastric cancer: Clinical and molecular aspects. Clin. Infect. Dis. 1997,

25, 1017–1019. [CrossRef]
5. Blaser, M.J.; Berg, D.E. Helicobacter pylori genetic diversity and risk of human disease. J. Clin. Investig. 2001, 107, 767–773.

[CrossRef]
6. Kavermann, H.; Burns, B.P.; Angermuller, K.; Odenbreit, S.; Fischer, W.; Melchers, K.; Haas, R. Identification and characterization

of Helicobacter pylori genes essential for gastric colonization. J. Exp. Med. 2003, 197, 813–822. [CrossRef]
7. Kusters, J.G.; Van Vliet, A.H.; Kuipers, E.J. Pathogenesis of Helicobacter pylori infection. Clin. Microbiol. Rev. 2006, 19, 449–490.

[CrossRef]
8. Denic, M.; Touati, E.; De Reuse, H. Review: Pathogenesis of Helicobacter pylori infection. Helicobacter 2020, 25 (Suppl. S1), e12736.

[CrossRef]
9. Leja, M.; Grinberga-Derica, I.; Bilgilier, C.; Steininger, C. Review: Epidemiology of Helicobacter pylori infection. Helicobacter 2019,

24 (Suppl. S1), e12635. [CrossRef]
10. Gold, B.D. Helicobacter pylori infection in children. Curr. Probl. Pediatr. Adolesc. Health Care 2001, 31, 247–266. [CrossRef]
11. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Schistosomes, Liver Flukes and Helicobacter Pylori; IARC

Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon, France,
1994; Volume 61.

12. Yang, J.C.; Lu, C.W.; Lin, C.J. Treatment of Helicobacter pylori infection: Current status and future concepts. World J. Gastroenterol.
2014, 20, 5283–5293. [CrossRef] [PubMed]

13. Hu, Y.; Zhu, Y.; Lu, N.H. Novel and Effective Therapeutic Regimens for Helicobacter pylori in an Era of Increasing Antibiotic
Resistance. Front. Cell Infect. Microbiol. 2017, 7, 168. [CrossRef] [PubMed]

14. Suzuki, S.; Esaki, M.; Kusano, C.; Ikehara, H.; Gotoda, T. Development of Helicobacter pylori treatment: How do we manage
antimicrobial resistance? World J. Gastroenterol. 2019, 25, 1907–1912. [CrossRef] [PubMed]

15. Chen, Y.P.; Chen, F. Identifying targets for drug discovery using bioinformatics. Expert Opin. Ther. Targets 2008, 12, 383–389.
[CrossRef]

16. Nwaka, S.; Ridley, R.G. Virtual drug discovery and development for neglected diseases through public-private partnerships. Nat.
Rev. Drug Discov. 2003, 2, 919–928. [CrossRef]

17. Mandal, S.; Moudgil, M.; Mandal, S.K. Rational drug design. Eur. J. Pharmacol. 2009, 625, 90–100. [CrossRef]
18. Hazell, S.L.; Mendz, G.L. How Helicobacter pylori works: An overview of the metabolism of Helicobacter pylori. Helicobacter

1997, 2, 1–12. [CrossRef]
19. Marais, A.; Mendz, G.L.; Hazell, S.L.; Megraud, F. Metabolism and genetics of Helicobacter pylori: The genome era. Microbiol.

Mol. Biol. Rev. 1999, 63, 642–674. [CrossRef]
20. Mendz, G.L.; Hazell, S.L.; Burns, B.P. Glucose utilization and lactate production by Helicobacter pylori. J. Gen. Microbiol. 1993,

139, 3023–3028. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8903587
http://doi.org/10.1136/jcp.39.4.353
http://www.ncbi.nlm.nih.gov/pubmed/3517070
http://doi.org/10.1016/S0140-6736(96)09133-7
http://doi.org/10.1086/516077
http://doi.org/10.1172/JCI12672
http://doi.org/10.1084/jem.20021531
http://doi.org/10.1128/CMR.00054-05
http://doi.org/10.1111/hel.12736
http://doi.org/10.1111/hel.12635
http://doi.org/10.1067/mps.2001.118485
http://doi.org/10.3748/wjg.v20.i18.5283
http://www.ncbi.nlm.nih.gov/pubmed/24833858
http://doi.org/10.3389/fcimb.2017.00168
http://www.ncbi.nlm.nih.gov/pubmed/28529929
http://doi.org/10.3748/wjg.v25.i16.1907
http://www.ncbi.nlm.nih.gov/pubmed/31086459
http://doi.org/10.1517/14728222.12.4.383
http://doi.org/10.1038/nrd1230
http://doi.org/10.1016/j.ejphar.2009.06.065
http://doi.org/10.1111/j.1523-5378.1997.tb00050.x
http://doi.org/10.1128/MMBR.63.3.642-674.1999
http://doi.org/10.1099/00221287-139-12-3023


Microorganisms 2022, 10, 1359 17 of 18

21. Mendz, G.L.; Hazell, S.L.; Burns, B.P. The Entner-Doudoroff pathway in Helicobacter pylori. Arch. Biochem. Biophys. 1994, 312,
349–356. [CrossRef]

22. Chalk, P.A.; Roberts, A.D.; Blows, W.M. Metabolism of pyruvate and glucose by intact cells of Helicobacter pylori studied by 13C
NMR spectroscopy. Microbiology 1994, 140, 2085–2092. [CrossRef] [PubMed]

23. Mendz, G.L.; Burns, B.P.; Hazell, S.L. Characterisation of glucose transport in Helicobacter pylori. Biochim. Biophys. Acta 1995,
1244, 269–276. [CrossRef]

24. Psakis, G.; Saidijam, M.; Shibayama, K.; Polaczek, J.; Bettaney, K.E.; Baldwin, J.M.; Baldwin, S.A.; Hope, R.; Essen, L.O.; Essenberg,
R.C.; et al. The sodium-dependent D-glucose transport protein of Helicobacter pylori. Mol. Microbiol. 2009, 71, 391–403. [CrossRef]

25. Mucito-Varela, E.; Castillo-Rojas, G.; Cevallos, M.A.; Lozano, L.; Merino, E.; Lopez-Leal, G.; Lopez-Vidal, Y. Complete Genome
Sequence of Helicobacter pylori Strain 29CaP Isolated from a Mexican Patient with Gastric Cancer. Genome Announc. 2016, 4,
e01512-15. [CrossRef]

26. Enriquez-Flores, S.; Rodriguez-Romero, A.; Hernandez-Alcantara, G.; Oria-Hernandez, J.; Gutierrez-Castrellon, P.; Perez-
Hernandez, G.; De la Mora-de la Mora, I.; Castillo-Villanueva, A.; Garcia-Torres, I.; Mendez, S.T.; et al. Determining the molecular
mechanism of inactivation by chemical modification of triosephosphate isomerase from the human parasite Giardia lamblia: A
study for antiparasitic drug design. Proteins 2011, 79, 2711–2724. [CrossRef] [PubMed]

27. Okonechnikov, K.; Golosova, O.; Fursov, M.; UGENE Team. Unipro UGENE: A unified bioinformatics toolkit. Bioinformatics 2012,
28, 1166–1167. [CrossRef]

28. Gomez-Manzo, S.; Terron-Hernandez, J.; De la Mora-de la Mora, I.; Garcia-Torres, I.; Lopez-Velazquez, G.; Reyes-Vivas, H.; Oria-
Hernandez, J. Cloning, expression, purification and characterization of his-tagged human glucose-6-phosphate dehydrogenase:
A simplified method for protein yield. Protein J. 2013, 32, 585–592. [CrossRef]

29. Ramirez-Nava, E.J.; Ortega-Cuellar, D.; Serrano-Posada, H.; Gonzalez-Valdez, A.; Vanoye-Carlo, A.; Hernandez-Ochoa, B.;
Sierra-Palacios, E.; Hernandez-Pineda, J.; Rodriguez-Bustamante, E.; Arreguin-Espinosa, R.; et al. Biochemical Analysis of Two
Single Mutants that Give Rise to a Polymorphic G6PD A-Double Mutant. Int. J. Mol. Sci. 2017, 18, 2244. [CrossRef]

30. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

31. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

32. Gomez-Manzo, S.; Terron-Hernandez, J.; De la Mora-De la Mora, I.; Gonzalez-Valdez, A.; Marcial-Quino, J.; Garcia-Torres, I.;
Vanoye-Carlo, A.; Lopez-Velazquez, G.; Hernandez-Alcantara, G.; Oria-Hernandez, J.; et al. The stability of G6PD is affected by
mutations with different clinical phenotypes. Int. J. Mol. Sci. 2014, 15, 21179–21201. [CrossRef] [PubMed]

33. Cortes-Morales, Y.Y.; Vanoye-Carlo, A.; Castillo-Rodriguez, R.A.; Serrano-Posada, H.; Gonzalez-Valdez, A.; Ortega-Cuellar, D.;
Hernandez-Ochoa, B.; Moreno-Vargas, L.M.; Prada-Gracia, D.; Sierra-Palacios, E.; et al. Cloning and biochemical characterization
of three glucose6phosphate dehydrogenase mutants presents in the Mexican population. Int. J. Biol. Macromol. 2018, 119, 926–936.
[CrossRef]

34. Ramirez-Nava, E.J.; Ortega-Cuellar, D.; Gonzalez-Valdez, A.; Castillo-Rodriguez, R.A.; Ponce-Soto, G.Y.; Hernandez-Ochoa, B.;
Cardenas-Rodriguez, N.; Martinez-Rosas, V.; Morales-Luna, L.; Serrano-Posada, H.; et al. Molecular Cloning and Exploration
of the Biochemical and Functional Analysis of Recombinant Glucose-6-Phosphate Dehydrogenase from Gluconoacetobacter
diazotrophicus PAL5. Int. J. Mol. Sci. 2019, 20, 5279. [CrossRef] [PubMed]

35. Hernandez-Ochoa, B.; Navarrete-Vazquez, G.; Aguayo-Ortiz, R.; Ortiz-Ramirez, P.; Morales-Luna, L.; Martinez-Rosas, V.;
Gonzalez-Valdez, A.; Gomez-Chavez, F.; Enriquez-Flores, S.; Wong-Baeza, C.; et al. Identification and In Silico Characterization of
Novel Helicobacter pylori Glucose-6-Phosphate Dehydrogenase Inhibitors. Molecules 2021, 26, 4955. [CrossRef] [PubMed]

36. Scrutton, N.S.; Berry, A.; Perham, R.N. Redesign of the coenzyme specificity of a dehydrogenase by protein engineering. Nature
1990, 343, 38–43. [CrossRef]

37. Vought, V.; Ciccone, T.; Davino, M.H.; Fairbairn, L.; Lin, Y.; Cosgrove, M.S.; Adams, M.J.; Levy, H.R. Delineation of the roles of
amino acids involved in the catalytic functions of Leuconostoc mesenteroides glucose 6-phosphate dehydrogenase. Biochemistry
2000, 39, 15012–15021. [CrossRef] [PubMed]

38. Cosgrove, M.S.; Gover, S.; Naylor, C.E.; Vandeputte-Rutten, L.; Adams, M.J.; Levy, H.R. An examination of the role of asp-177 in
the His-Asp catalytic dyad of Leuconostoc mesenteroides glucose 6-phosphate dehydrogenase: X-ray structure and pH dependence
of kinetic parameters of the D177N mutant enzyme. Biochemistry 2000, 39, 15002–15011. [CrossRef]

39. Bautista, J.M.; Mason, P.J.; Luzzatto, L. Human glucose-6-phosphate dehydrogenase. Lysine 205 is dispensable for substrate
binding but essential for catalysis. FEBS Lett. 1995, 366, 61–64. [CrossRef]

40. Morales-Luna, L.; Hernandez-Ochoa, B.; Ramirez-Nava, E.J.; Martinez-Rosas, V.; Ortiz-Ramirez, P.; Fernandez-Rosario, F.;
Gonzalez-Valdez, A.; Cardenas-Rodriguez, N.; Serrano-Posada, H.; Centeno-Leija, S.; et al. Characterizing the Fused
TvG6PD::6PGL Protein from the Protozoan Trichomonas vaginalis, and Effects of the NADP(+) Molecule on Enzyme Stability. Int. J.
Mol. Sci. 2020, 21, 4831. [CrossRef]

41. Rowland, P.; Basak, A.K.; Gover, S.; Levy, H.R.; Adams, M.J. The three-dimensional structure of glucose 6-phosphate dehydroge-
nase from Leuconostoc mesenteroides refined at 2.0 A resolution. Structure 1994, 2, 1073–1087. [CrossRef]

http://doi.org/10.1006/abbi.1994.1319
http://doi.org/10.1099/13500872-140-8-2085
http://www.ncbi.nlm.nih.gov/pubmed/7921258
http://doi.org/10.1016/0304-4165(95)00018-7
http://doi.org/10.1111/j.1365-2958.2008.06535.x
http://doi.org/10.1128/genomeA.01512-15
http://doi.org/10.1002/prot.23100
http://www.ncbi.nlm.nih.gov/pubmed/21786322
http://doi.org/10.1093/bioinformatics/bts091
http://doi.org/10.1007/s10930-013-9518-x
http://doi.org/10.3390/ijms18112244
http://doi.org/10.1038/227680a0
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.3390/ijms151121179
http://www.ncbi.nlm.nih.gov/pubmed/25407525
http://doi.org/10.1016/j.ijbiomac.2018.08.025
http://doi.org/10.3390/ijms20215279
http://www.ncbi.nlm.nih.gov/pubmed/31652968
http://doi.org/10.3390/molecules26164955
http://www.ncbi.nlm.nih.gov/pubmed/34443540
http://doi.org/10.1038/343038a0
http://doi.org/10.1021/bi0014610
http://www.ncbi.nlm.nih.gov/pubmed/11106479
http://doi.org/10.1021/bi0014608
http://doi.org/10.1016/0014-5793(95)00474-N
http://doi.org/10.3390/ijms21144831
http://doi.org/10.1016/S0969-2126(94)00110-3


Microorganisms 2022, 10, 1359 18 of 18

42. Hansen, T.; Schlichting, B.; Schonheit, P. Glucose-6-phosphate dehydrogenase from the hyperthermophilic bacterium Thermotoga
maritima: Expression of the g6pd gene and characterization of an extremely thermophilic enzyme. FEMS Microbiol. Lett. 2002, 216,
249–253. [CrossRef] [PubMed]

43. Acero-Navarro, K.E.; Jimenez-Ramirez, M.; Villalobos, M.A.; Vargas-Martinez, R.; Perales-Vela, H.V.; Velasco-Garcia, R. Cloning,
overexpression, and purification of glucose-6-phosphate dehydrogenase of Pseudomonas aeruginosa. Protein Expr. Purif. 2018, 142,
53–61. [CrossRef] [PubMed]

44. Naylor, C.E.; Gover, S.; Basak, A.K.; Cosgrove, M.S.; Levy, H.R.; Adams, M.J. NADP+ and NAD+ binding to the dual coenzyme
specific enzyme Leuconostoc mesenteroides glucose 6-phosphate dehydrogenase: Different interdomain hinge angles are seen in
different binary and ternary complexes. Acta Crystallogr. D Biol. Crystallogr. 2001, 57, 635–648. [CrossRef] [PubMed]

45. Pickl, A.; Schonheit, P. The oxidative pentose phosphate pathway in the haloarchaeon Haloferax volcanii involves a novel type of
glucose-6-phosphate dehydrogenase—The archaeal Zwischenferment. FEBS Lett. 2015, 589, 1105–1111. [CrossRef] [PubMed]

46. Ibrahim, M.A.; Ghazy, A.H.; Salem, A.M.; Ghazy, M.A.; Abdel-Monsef, M.M. Purification and characterization of glucose-6-
phosphate dehydrogenase from camel liver. Enzyme Res. 2014, 2014, 714054. [CrossRef]

47. Ibrahim, M.A.; Ghazy, A.H.; Salem, A.M.; Ghazy, M.A.; Abdel-Monsef, M.M. Biochemical characterization of buffalo liver
glucose-6-phosphate dehydrogenase isoforms. Protein J. 2015, 34, 193–204. [CrossRef]

48. Verma, A.; Suthar, M.K.; Doharey, P.K.; Gupta, S.; Yadav, S.; Chauhan, P.M.; Saxena, J.K. Molecular cloning and characterization of
glucose-6-phosphate dehydrogenase from Brugia malayi. Parasitology 2013, 140, 897–906. [CrossRef]

49. Schuurmann, J.; Quehl, P.; Lindhorst, F.; Lang, K.; Jose, J. Autodisplay of glucose-6-phosphate dehydrogenase for redox cofactor
regeneration at the cell surface. Biotechnol. Bioeng. 2017, 114, 1658–1669. [CrossRef]

50. TranNgoc, K.; Pham, N.; Lee, C.; Jang, S.H. Cloning, Expression, and Characterization of a Psychrophilic Glucose 6-Phosphate
Dehydrogenase from Sphingomonas sp. PAMC 26621. Int. J. Mol. Sci. 2019, 20, 1362. [CrossRef]

51. Ortiz, C.; Moraca, F.; Medeiros, A.; Botta, M.; Hamilton, N.; Comini, M.A. Binding Mode and Selectivity of Steroids towards
Glucose-6-phosphate Dehydrogenase from the Pathogen Trypanosoma cruzi. Molecules 2016, 21, 368. [CrossRef]

52. Morales-Luna, L.; Serrano-Posada, H.; Gonzalez-Valdez, A.; Ortega-Cuellar, D.; Vanoye-Carlo, A.; Hernandez-Ochoa, B.; Sierra-
Palacios, E.; Rufino-Gonzalez, Y.; Castillo-Rodriguez, R.A.; Perez de la Cruz, V.; et al. Biochemical Characterization and Structural
Modeling of Fused Glucose-6-Phosphate Dehydrogenase-Phosphogluconolactonase from Giardia lamblia. Int. J. Mol. Sci. 2018,
19, 2518. [CrossRef] [PubMed]

53. Jortzik, E.; Mailu, B.M.; Preuss, J.; Fischer, M.; Bode, L.; Rahlfs, S.; Becker, K. Glucose-6-phosphate dehydrogenase-6-
phosphogluconolactonase: A unique bifunctional enzyme from Plasmodium falciparum. Biochem. J. 2011, 436, 641–650. [CrossRef]
[PubMed]

54. Wennekes, L.M.; Goosen, T.; Van den Broek, P.J.; Van den Broek, H.W. Purification and characterization of glucose-6-phosphate
dehydrogenase from Aspergillus niger and Aspergillus nidulans. J. Gen. Microbiol. 1993, 139, 2793–2800. [CrossRef] [PubMed]

55. Guo, H.; Han, J.; Wu, J.; Chen, H. Heteroexpression and functional characterization of glucose 6-phosphate dehydrogenase from
industrial Aspergillus oryzae. J. Microbiol. Biotechnol. 2019, 29, 577–586. [CrossRef] [PubMed]

56. Ozer, N.; Bilgi, C.; Hamdi Ogus, I. Dog liver glucose-6-phosphate dehydrogenase: Purification and kinetic properties. Int. J.
Biochem. Cell Biol. 2002, 34, 253–262. [CrossRef]

57. Wierenga, R.K.; Terpstra, P.; Hol, W.G. Prediction of the occurrence of the ADP-binding beta alpha beta-fold in proteins, using an
amino acid sequence fingerprint. J. Mol. Biol. 1986, 187, 101–107. [CrossRef]

58. Gomez-Manzo, S.; Marcial-Quino, J.; Vanoye-Carlo, A.; Serrano-Posada, H.; Gonzalez-Valdez, A.; Martinez-Rosas, V.; Hernandez-
Ochoa, B.; Sierra-Palacios, E.; Castillo-Rodriguez, R.A.; Cuevas-Cruz, M.; et al. Functional and Biochemical Characterization of
Three Recombinant Human Glucose-6-Phosphate Dehydrogenase Mutants: Zacatecas, Vanua-Lava and Viangchan. Int. J. Mol.
Sci. 2016, 17, 787. [CrossRef]

http://doi.org/10.1111/j.1574-6968.2002.tb11443.x
http://www.ncbi.nlm.nih.gov/pubmed/12435510
http://doi.org/10.1016/j.pep.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/28986240
http://doi.org/10.1107/S0907444901003420
http://www.ncbi.nlm.nih.gov/pubmed/11320304
http://doi.org/10.1016/j.febslet.2015.03.026
http://www.ncbi.nlm.nih.gov/pubmed/25836736
http://doi.org/10.1155/2014/714054
http://doi.org/10.1007/s10930-015-9615-0
http://doi.org/10.1017/S0031182013000115
http://doi.org/10.1002/bit.26308
http://doi.org/10.3390/ijms20061362
http://doi.org/10.3390/molecules21030368
http://doi.org/10.3390/ijms19092518
http://www.ncbi.nlm.nih.gov/pubmed/30149622
http://doi.org/10.1042/BJ20110170
http://www.ncbi.nlm.nih.gov/pubmed/21443518
http://doi.org/10.1099/00221287-139-11-2793
http://www.ncbi.nlm.nih.gov/pubmed/8277259
http://doi.org/10.4014/jmb.1812.12064
http://www.ncbi.nlm.nih.gov/pubmed/30786701
http://doi.org/10.1016/S1357-2725(01)00125-X
http://doi.org/10.1016/0022-2836(86)90409-2
http://doi.org/10.3390/ijms17050787

	Introduction 
	Materials and Methods 
	Strain and Plasmids 
	Reagents 
	Alignment of Sequences 
	Construction of pET3aHisTEVP-zwf Vector 
	Expression and Purification of the G6PD Protein from Helicobacter pylori 
	Enzymatic Activity Assay 
	Oligomeric Composition Analysis by Molecular Exclusion 
	Determination of the Functional Parameters of the G6PD Protein of Helicobacter pylori 
	Enzyme Stability, pH, and Optimal Temperature 
	Determination of Kinetic Parameters 

	Spectroscopic Characterization 
	Far-UV Circular Dichroism 
	Thermal Stability, Monitored by Circular Dichroism 

	Evaluation of the Stability of the Recombinant HpG6PD Protein 
	Stability Analysis of HpG6PD Enzyme Activity 
	Fluorescence Spectroscopy 


	Results and Discussion 
	Alignment of G6PDs Proteins 
	Overexpression and Purification of Recombinant HpG6PD 
	Determination of the Oligomeric State of the Recombinant HpG6PD 
	Determination of the Functional Parameters of the HpG6PD Protein 
	Effect of pH and Temperature Stability 
	Determination of Kinetic Parameters 

	Spectroscopic Characterization 
	Circular Dichroism (CD) Assay 
	Thermal Stability Assay, Followed by CD 

	Evaluation of the Stability of the Recombinant HpG6PD Protein 
	Thermal Inactivation Assay 
	Susceptibility of the HpG6PD Enzyme to Trypsin Proteolysis 
	Stability of the HpG6PD Protein in the Presence of Guanidine Hydrochloride (Gdn-HCl) 
	Structural Analysis via Intrinsic Fluorescence 


	Conclusions 
	References

