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ABSTRACT Helicobacter pylori infection is the leading cause of chronic gastritis,
which can develop into gastric cancer. Eliminating H. pylori infection with antibiotics
achieves the prevention of gastric cancer. Currently, the prevalence of H. pylori resist-
ance to clarithromycin and metronidazole, and the dual resistance to metronidazole
and clarithromycin (C_R, M_R, and C/M_R, respectively), remains at a high level
worldwide. As a means of exploring new candidate proteins for the management of
H. pylori infection, secreted proteins from antibiotic-susceptible and antibiotic-resist-
ant H. pylori-associated gastritis strains were obtained by in-solution tryptic digestion
coupled with nano-liquid chromatography tandem mass spectrometry (nano-LC-MS/
MS). A total of 583, 582, 590, and 578 differential expressed proteins were identified
from C_R, M_R, C/M_R, and antibiotic-sensitive strain (S_S) samples, respectively. Of
these, 23 overlapping proteins were found by Venn diagram analysis. Based on heat
map analyses, the most and least differing protein expressions were observed from
C/M_R strains and S_S strains, respectively. Of the proteins secreted by the S_S
strain, only nine were found. After predicting the protein interaction with metronida-
zole and clarithromycin via the STITCH database, the two most interesting proteins
were found to be rpoBC and FBPAII. After quantitative real-time reverse transcription
PCR (qRT-PCR) analysis, a downregulation of rpoB from M_R strains was observed,
suggesting a relationship of rpoB to metronidazole sensitivity. Inversely, an upregula-
tion of fba from C_R, M_R, and C/M_R strains was noticed, suggesting the paradoxi-
cal expression of FBPAII and the fba gene. This report is the first to demonstrate the
association of these two novel secreted proteins, namely, rpoBC and FBPAII, with
antibiotic-sensitive H. pylori-associated gastritis strains.

KEYWORDS Helicobacter pylori-associated gastritis, antibiotic-sensitive, antibiotic
resistance, clarithromycin, metronidazole, dual resistance to metronidazole and
clarithromycin, in-solution digestion proteomic study

H elicobacter pylori, a spiral-shaped Gram-negative bacterium, is an important clini-
cal pathogen that causes gastritis and peptic ulcers and, in the worst case, leads

to gastric mucosa-associated lymphoid tissue lymphoma (MALT) and gastric adenocar-
cinoma (1–3). The eradication of H. pylori with proton-pump inhibitors in combination
with clarithromycin (Cla) or metronidazole (Mtz)/amoxicillin is not only helpful in allevi-
ating peptic ulcers, but also helps prevent the occurrence of cancer (4). However, the
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efficacy of this therapeutic regimen is in decline because of increasing of antibiotic re-
sistance of H. pylori (5). The prevalence of H. pylori resistance to Cla and Mtz (C_R and
M_R, respectively) over the past 10 years in the Asia Pacific region has significantly
increased (from 7% to 21% and 36% to 45%, respectively) (6), while in the Association
of Southeast Asian Nations (ASEAN) countries, the prevalence of Cla resistance and Mtz
resistance is still common (7). In Thailand, the prevalence of C_R and M_R was moder-
ate (14% and 36%, respectively) (7). In addition, a 10% rate of concurrent resistance to
Cla and Mtz (dual resistance, C/M_R) has been reported (8). Therefore, a greater under-
standing of the resistance mechanism is likely to lead to the development of better
treatment in H. pylori-resistance patients.

Cla is a macrolide derived from erythromycin. Its antimicrobial mechanism consists
of the inhibition of protein synthesis by binding with 23S rRNA, which then blocks the
translocation process. The World Health Organization (WHO) published a report in
2017 stating that C_R H. pylori is on the global list of antibiotic resistance crises (9). The
most common resistance mechanism is associated with the A2142G or A2143G muta-
tion in domain V of the 23S mRNA (10). Another possible mechanism of C_R is the
reduction of intracellular antimicrobial concentrations through H. pylori resistance-nod-
ulation-division (RND) efflux of antimicrobial compounds (11–13), whereas Mtz is a ni-
troimidazole derivative drug. Its antimicrobial activity is based on toxic free-radical for-
mation of the nitro group on the Mtz-prodrug by the oxygen-insensitive NADPH
nitroreductase or NAD(P)H-flavin oxidoreductase, which is encoded by the rdxA gene
or the frxA gene, respectively (14–16). The Mtz-active drug then induces several strong
oxidizing agents which ultimately damage the DNA, thus inhibiting nucleic acid syn-
thesis. The most reported mutations in M_R H. pylori is from insertions and deletions of
transposons or missense and frameshift mutations in the rdxA and frxA genes (17–20).
In addition to the most common resistance mechanisms, other mechanisms detected
by genomic tools have been clarified recently. For example, mutation in the gene
HP1027 (Fur) or Fur downregulation causes an overexpression of superoxide dismutase,
suggesting the association of H. pylori M_R (21). In practice, most of the information
about this resistance mechanism is known to be derived from molecular techniques
(22, 23). However, the use of proteomics techniques to investigate protein expression
is another effective method which is currently popular in studies of antibiotic resist-
ance of H. pylori (24–28).

Proteomic analysis is the tool for identifying and quantifying proteins in protein
mixtures under defined conditions by using mass spectrometry (MS) (29, 30). Outlines
of typical procedures for protein identification by MS-based proteomics include cell
extraction, one-dimensional (1-D) or 2-D gel electrophoresis, and protein digestion.
The peptides are then analyzed using liquid chromatography tandem mass spectrome-
try (LC-MS/MS), followed by peptide identification and analysis, and are then compared
with a standardized database (31, 32). Nonetheless, the top-down proteomic approach
has the advantage of providing a complete protein sequence as well as a reliable and
comprehensive analysis of all types of posttranslation modification (33). Furthermore,
because of the easy adaptation to the high-throughput analysis of the bottom-up
approach, bottom-up proteomics is currently the most common approach in use (34).
Moreover, to date, in-gel digestion (after 1-D or 2-D gel electrophoresis) and in-solu-
tion digestion are the two most popular approaches for digestion of the protein sam-
ple in preparing it for mass spectrometry analysis (30, 35), while efficiency and repro-
ducibility from prefractionation of the sample are a major advantage for in-gel
digestion. In addition, simpler sample preparation, less labor, and less sample demand
are also advantages of in-solution digestion (36, 37). In this study, in order to identify
the secreted proteins of H. pylori-associated gastritis strains, experiments were there-
fore designed using the bottom-up proteomics with in-solution digestion protocols.

However, a proteome analysis study of H. pylori can explore the protein under a
variety of conditions, such as under oxidative stress, under a spiral and coccoid form,
or even from a clinical strain (38, 39). Also, as mentioned above, it has been found that
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antibiotic resistance in H. pylori infection is increasing from year to year worldwide.
Additionally, gastritis caused by H. pylori infection is an important first cause in pro-
moting tissue transformation, cellular alterations, and cell morphological changes until
it eventually becomes cancerous. However, only a few studies have been conducted of
the proteome analysis of H. pylori-associated gastritis (40–42). Even fewer studies were
found of the proteome analysis of antibiotic-sensitive and antibiotic-resistant H. pylori
(25, 26, 43), whereas no proteomic studies were found of antibiotic-sensitive and anti-
biotic-resistant H. pylori-associated gastritis strains. Therefore, a study describing
protein secreted from antibiotic-sensitive strains compared with the antibiotic-resistant
clinical strains (C_R, M_R, and C/M_R) that have been associated with H. pylori-
associated gastritis is still necessary. This information would provide evidence of the
secreted proteins associated with H. pylori-resistant and -sensitive strains and be a no-
table benefit for the understanding of the resistance mechanism.

In the present study, the secreted proteins from antibiotic-sensitive (S_S) and antibi-
otic-resistant (C_R, M_R and C/M_R) H. pylori-associated gastritis strains were examined
using proteomic tools via in-solution digestion and quantitative analysis through
nano-LC-MS/MS. A Venn diagram of the identified protein and prediction of protein to
protein, including chemical and drug interactions, was created through the STITCH
database. This report is the first to demonstrate the proteomic profiles of secreted pro-
teins from S_S, C_R, M_R, and C/M_R H. pylori-associated gastritis strains.

RESULTS
Protein identification from MS/MS. The aim of this study was to compare the differ-

ential expression of the protein secreted from H. pylori-associated gastritis strains among
four antibiotic response groups (C_R, M_R, C/M_R, and S_S strains). The decisive parameter
was achieved using the intensity of the maximum protein represented as log2 intensities,
which was indicated by DeCyder (DeCyder MS; GE Healthcare, Amersham, UK). The data
were filtered to show different expression changes with a statistically significant value of
only P, 0.05 (one-way analysis of variance [ANOVA] and standard t test) as mentioned
above. From this criterion, 592 differentially expressed proteins were detected from nano-
LC-MS/MS analysis, 583, 582, 590, and 578 of which were identified from C_R, M_R, C/M_R,
and S_S samples, respectively. All of the differentially expressed proteins were imported into
PANTHER (http://pantherdb.org/) for biological process annotation. These proteins are
involved in various cellular processes (Fig. 1b), such as in the cellular process (46%), the met-
abolic process (40%), process localization (5%), etc. Heat map analyses of 583, 582, 590, and
578 different proteins were also shown, which gave a significant overall picture of the up-
and downregulated proteins in each of the strains (Fig. 1a). In addition, biological process
annotation of the 23 overlapping proteins from the four strains and 9 identified proteins
from the S_S strains were also shown (Fig. 1c and d, respectively). The results showed that
the secreted proteins consisted predominantly of a group of proteins involved in cellular
processes and metabolic processes.

Group of the secreted proteins by the Venn diagram. From the distribution of
the proteins as shown by the Venn diagram, the 569 overlapping proteins from the
four groups were found (Fig. 2a). On the other hand, 23 proteins overlapping between
each group were observed at the intersection of each group. Alternatively, when con-
sidering the secreted proteins found in the S_S strain, nine proteins (numbers 1 to 9 in
Table 1) were identified (2,3-bisphosphoglycerate-independent phosphoglycerate mu-
tase, bifunctional DNA-directed RNA polymerase subunit beta-beta9, UDP-3-O-acyl-N-
acetylglucosamine deacetylase, iron chelation transport ATP-binding protein HP_0888,
chaperone protein HtpG, glycine-tRNA ligase beta subunit, ribosome maturation factor
RimP, portal protein, and fructose-1, 6 bisphosphate aldolase II [FBPAII]). Among these
proteins, the first four and next three proteins (numbers 1 to 4 and numbers 5 to 7 in
Table 1) were found explicitly in the S_S and C/M_R strains, but not in M_R or in C_R
strains, respectively. The next protein (number 8 in Table 1), meanwhile, is specifically
identified in the S_S and C/M_R strains, but not in the M_R or C_R strains. In particular,
the last protein, fructose-bisphosphate aldolase (FBPAII), was found only in the S_S
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strain. Additionally, two unique proteins (GTP-binding protein TypA/BipA homolog
and type III pantothenate kinase) and one unique protein (FBPAII) were found in C/
M_R and S_S strains, respectively (numbers 22 to 23 and number 9, respectively, in
Table 1). In contrast, no unique proteins were detected in the M_R and C_R strains
(Table 1). Moreover, after heat map analysis of the 23 overlapping secreted proteins
(Fig. 2b), C/M_R strains showed the most differentially expressed proteins, whereas less
differential expression was found in S_S strains.

Protein-protein interactions. Since we are interested in identifying proteins secreted
by antibiotic-susceptible strains (numbers 1 to 9 in Table 1), a network of nine proteins and

FIG 1 Heat map analysis (a) and biological function of 592 differentially expressed proteins (b), 23 overlapping proteins from the four strains (c), and 9
identified proteins from the S_S strains (d). (a) A total of 583, 582, 590, and 578 different proteins are displayed as a fold change in heat map analyses.
Biological function is based on the PANTER database classifications of (b) 592 secreted proteins, (c) 23 overlapping proteins and (d) 9 identified proteins
from the S_S strains. These classifications demonstrate the first two functions—the cellular process (46%, 51%, and 61%, respectively) and the metabolic
process (40%, 46%, and 38%, respectively).

Kittisenachai et al. Infection and Immunity

June 2021 Volume 89 Issue 6 e00053-21 iai.asm.org 4

https://iai.asm.org


other known proteins, as well as two antibiotics, Cla and Mtz, was generated using the
STITCH database (Fig. 3). The STITCH prediction of 4 proteins secreted from the S_S strains,
but not in the M_R strains (number 1 to 4 in Table 1), is shown in Fig. 3a. The interaction of
2,3-BPGM (2,3-bisphosphoglycerate-independent phosphoglycerate mutase) (gpmI) and
UDP-3-O-acyl-N-acetylglucosamine deacetylase (lpxC) with bifunctional DNA-directed RNA
polymerase subunit beta-beta9 (rpoB) with both of the antibiotics via oxygen-insensitive
NADPH nitroreductase (rdxA) was predicted. Meanwhile, the three proteins were secreted by
the S_S strain but not by the C_R strain (numbers 5 to 7 in Table 1), and the chaperone

FIG 2 Venn diagram of 592 differentially expressed proteins from (a) nano-LC-MS/MS analysis and (b) heat map of 23 overlapping proteins among C_R,
M_R, C/M_R, and S_S strains. (a) A total of 583, 582, 590, and 578 unique proteins were identified from the C_R, M_R, C/M_R, and S_S samples,
respectively. (b) A higher than average abundance of a protein (indicated by log2) is displayed in shades of red, whereas reduced abundance is
displayed in shades of green. The heat map analysis revealed that FBPAII is the only secreted protein found exclusively in the S_S strain.
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proteins HtpG (htpG), glycine-tRNA ligase beta subunit (glyS), and ribosome maturation fac-
tor RimP (rimP) were also associated with both of the antibiotics via rdxA (Fig. 3b). In addi-
tion, the STITCH analysis predicts that the links are interconnected through other proteins
found in the 569 secreted proteins identified in the study (e.g., 60-kDa chaperonin [groL], gly-
cine-tRNA ligase alpha subunit [glyQ], ribosome-binding factor A [rbfA], and translation initia-
tion factor IF-2 [infB]). Ultimately, fructose-1,6 bisphosphate aldolase II (fba), a unique protein
from the S_S strain (number 9 in Table 1), was found to be linked with trios phosphate, which
was directly related to the two antibiotics (Fig. 3d). This interaction also occurs through rdxA.
Moreover, our study found two proteins that were not associated with either antibiotic,
HP_0888, an iron chelation transport ATP-binding protein (HP_0889) (Fig. 3a), and portal pro-
tein (AC1LGJY) (numbers 4 and 8, respectively, in Table 1) (Fig. 3c). Based on the predictive
results from the STITCH database of nine proteins secreted by the S_S strain, the antibiotic
association was predicted directly through the bifunctional DNA-directed RNA polymerase
subunit beta-beta9 (rpoB) and fructose-1,6 bisphosphate aldolase II (fba). To verify the

FIG 3 The interaction of the chemical and proteins network of 9 proteins secreted by antibiotic-susceptible strains (numbers 1 to 9 in Table 1) and other
known proteins, including clarithromycin and metronidazole, by STITCH 4.0. Protein-protein interactions are shown in gray, chemical-protein interactions
are shown in in green, and interactions between chemicals are shown in in red. (a) Interaction between four secreted proteins from the S_S strains but
not the M_R strains (numbers 1 to 4 in Table 1). (b) Interaction between three secreted proteins from the S_S strains but not the C_R strains (numbers 5
to 7 in Table 1). (c) Interaction between 1 secreted protein from S_S strains but not from the M_R and C_R strains (number 8 in Table 1). (d) Interaction
between one unique protein found only in the S_S strain (number 9 in Table 1).
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differential expressions of rpoB and fba, their mRNA levels were quantified using quantitative
real-time reverse transcription-PCR (RT-PCR) analysis. The results are shown in the next session.

Quantitative real-time RT-PCR of rpoB and fba. The mRNA expression level of
rpoB and fba was analyzed using RT-PCR (their primers are shown in Table 2). Using
the S_S strain expression level as a reference, the rpoB mRNA expression was signifi-
cantly downregulated across all antibiotic-resistant strains (Fig. 4b). Meanwhile, a 2-
fold increase in the fba mRNA expression levels in all three antibiotic-resistant strains
(C_R, M_R, and C/M_R) was observed (Fig. 4a).

DISCUSSION

It is well known that an untreated H. pylori infection is the major cause of chronic
gastritis, a condition that can develop into gastric cancer. An earlier H. pylori eradication by
triple therapy including two antibiotics (Cla and Mtz) and a proton-pump inhibitor is the
treatment of choice for preventing incidences of gastric cancer. The current prevalence of
H. pylori infection that is C_R, M_R, and C/M_R has continued at a higher rate in recent
years (5, 44, 45). To date, there is growing interest in studies of proteins secreted by clinical
strains of H. pylori because of their direct contact with tissues and because they may medi-
ate important interactions between the pathogen and the host (46–48). However, there
are limited reports of studies comparing proteins secreted by antibiotic-susceptible and
antibiotic-resistant H. pylori clinical strains (25, 26, 43). From our point of view, if we identify
proteins secreted only from S_S compared to those from antibiotic-resistant strains, the
results will be useful in developing new drug targets or new serological tools for better di-
agnosis of H. pylori infection. Therefore, this study aims to investigate the new candidate
proteins secreted from S_S and to compare them to those secreted from C_R, M_R, and C/
M_R H. pylori-associated gastritis strains by the proteomic approach (in-solution tryptic
digestion coupled with nano-LC-MS/MS).

A triple replication of samples was decided upon in order not only to minimize bio-
logical and technical errors, but also to limit the possibility of missing values that might
have occurred during the experiments. Our results from the Venn diagram show that
569 different proteins were identified in all of the strains. Of these, UreI and HopB,

TABLE 2 Oligonucleotide primers for fba and rpoB genes

Name Product size (bpb) Directiona 59!39 Length
Fructose-bisphosphate aldolase (fba) 161 F GGTGGGGGCGTTTAATTTCG 20

R AGCGTTCGCACATGGTTTTC 20
Bifunctional DNA-directed RNA polymerase subunit beta-beta9 (rpoB) 190 F ATATGCGCTACAGGAGTGGC 20

R AACGAGACGGCTTGTTTTGC 20
aF, forward; R, reverse.
bbp, base pair.

FIG 4 mRNA expression pattern of fba and rpoB. (a and b) The fold change values in mRNA expression of (a) fba and (b) rpoB were analyzed by qRT-PCR
from the four strains used in this study; the C_R, M_R, C/M_R, and S_S samples (*, P, 0.05, versus S_S as the control). Error bars indicate the standard
deviation values from three independent experiments. The fold changes represented in this figure were calculated by using the expression level at the
S_S strains as a reference.
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which are inner membrane and outer membrane protein markers, were not detected
(49). The absence of these markers indicated that the procedure used in this study
minimized the contamination from both inner membrane proteins and outer mem-
brane proteins. Moreover, several proteins have been previously reported as H. pylori-
secreted proteins. Included among these were the flagella component proteins (flagel-
lin A, flagellin B, flagella P-ring protein, flagellar hook protein FlgE, etc.), antioxidant
enzymes (superoxide dismutase, catalase, thioredoxin reductase, etc.), cag-PAI proteins
(CAG pathogenicity island proteins 12, 13, and 23), plasminogen-binding protein PgbA,
carbonic anhydrase flavodoxin FldA, and VacA (50, 51). In addition, the results of this
study revealed more than 500 secreted proteins, compared to 26 secreted proteins as
published by Bumann et al. (51), which is the original publication we refer to in the ex-
perimental methods. The difference may be the result of differences in protein prepa-
rations. We prepared our sample with in-solution digestion, which not only has a
higher throughput than in-gel digests, but can also identify all peptides in solution
(52), although not all of the secreted proteins were found by the original researchers.
In addition to differences in the experimental methods mentioned above, this variation
may be the result of the genetic diversity of the H. pylori clinical strain (53). Although a
small sample size (n=3 per strain) may be a limitation in this study, these findings ulti-
mately show that our experimental procedures are being performed to determine the
protein secreted by H. pylori bacteria.

The biological activity of both the 592 secreted proteins and the 23 overlapping
proteins, including 9 secreted proteins of the S_S strain, was identified through a pro-
tein database search. The results showed that its primary function was related to cellu-
lar processes (46%, 51%, and 61%, respectively) and metabolic processes (40%, 46%,
and 38%, respectively) (Fig. 1b to d), where these functional proteins are most often
found in the cytoplasm. The question of how the nonclassical secretion protein is
secreted from the cytoplasm of the cell has been extensively studied. From the evi-
dence, it includes the activation of a cellular lysis mechanism through the adhesion
protein group, the attack of a membrane autolysin pathway, and the change in os-
motic stress from the environment, as well as the activation of channels from antibiotic
treatment, which then increases permeabilization of the membranes and the formation
of outer membrane vesicles (OMVs) (54, 55). Recently, OMVs have been described as a
releasing mechanism that plays a role in the process of delivering virulence factors of
Gram-negative bacteria, including H. pylori. Well-known H. pylori proteins that are
exported via OMVs include vacuolating cytotoxin (VacA) (56). In addition, the cell secre-
tion system responsible for CagA transport from the cytoplasm to enable an interac-
tion with host cells is identified as type IV secretion system (T4SS)-dependent (57, 58).
It may be possible to hypothesize that the H. pylori-associated gastritis strains in this
study secrete proteins by mediation through the generation of OMVs and/or a T4SS-
dependent secretion system. However, the exact mechanisms and detailed information
need to be examined further.

The interaction network of the secreted proteins, as well as Cla and Mtz via the
STITCH database, predicted an interaction of 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase (gpmI) and UDP-3-O-acyl-N-acetylglucosamine deacetylase
(lpxC) with the bifunctional DNA-directed RNA polymerase subunit beta-beta9 (rpoB) in
S_S strains, although no such interaction was predicted within the M_R strains
(Fig. 3a). The detection of RNA polymerase in the secreted protein was consistent with
the previous report (59). Moreover, it is well known that the rpoB mutations play an
important role in the resistance to rifampicin, a third-line antibiotic used in the eradica-
tion of H. pylori (60). However, Nishizawa et al. reported on the rpoBmutations in rifam-
picin-sensitive H. pylori clinical strains as well (61). Additionally, synonymous mutations
for rpoB were also reported as an association with antibiotic resistance against several
different antibiotic medications (62, 63). This information might support our results,
since we found rpoBC in the secreted proteins from S_S and C_R, as well as C/M_R H.
pylori strains. It is, however, not identified from M_R strains (Table 1). Additionally, by

Kittisenachai et al. Infection and Immunity

June 2021 Volume 89 Issue 6 e00053-21 iai.asm.org 10

https://iai.asm.org


qRT-PCR analysis, a downregulation of rpoB from all antibiotic-resistant strains, includ-
ing M_R strains, was observed (Fig. 4b). Moreover, it is normally a cytoplasmic protein,
but was previously reported as a fibronectin-binding protein in group B streptococci
and MUC7-binding adhesion in Streptococcus gordonii (64, 65). Nonetheless, there has
been no previous evidence reporting any detection of rpoBC in secreted proteins from
H. pylori S_S, although as based on our findings. It is possible that this secreted protein
may be associated with dual resistance or a second antibiotic resistance mechanism, as
well as Mtz susceptibility. However, to summarize this hypothesis, rpoB cloning to
detect its mutation and a Western blot analysis of this protein from all strains are going
to be required, together with evidence for a total amino acid sequence (to determine
whether it has any mutations between any strains) and a three-dimensional structure
prediction.

In addition, the other interesting secreted protein is FBPAII. FBPAII in H. pylori
played a role of primarily catalyzing the condensation reaction to convert substrates
such as pyruvate back into sugars, which are the essential substrates for nucleic acid
and peptidoglycan synthesis (66). Beyond its cytoplasmic enzyme that catalyzed gly-
colytic/gluconeogenesis, its plasminogen-binding proteins and host cell adhesion
have been recently reported in Paracoccidioides and Neisseria meningitides, respec-
tively (67, 68). Apart from its role in hosting plasminogen-binding proteins and host
cell adhesion, FBPA class II was also studied as (i) a protein vaccine candidate for
Streptococcus pneumoniae (69), (ii) an immunogenic surface target for Listeria genus
detection (70), and (iii) a promising target of new antibiotics (71). Moreover, its func-
tion as a transcriptional regulator has been recently reported in Francisella novicida,
as described by Ziveri et al. (72). Based on our evidence, this protein was secreted
only from S_S (Table 1). The results thus greatly promote FBPAII as a new antibiotic
target for the treatment of Helicobacter pylori, as reported by Fonvielle et al. (73). In
contrast, qRT-PCR analyses showed an upregulation of the fba gene in all of the anti-
biotic-resistant strains (Fig. 4a). It indicated that the absence of any release was not
the result of decreased expression. It may be possible, instead, to explain this para-
doxical event as a result of a delay in protein synthesis, as described by Liu et al. (74).
In addition, it may also be explained by the fact that the correlation of cellular pro-
tein levels with mRNA levels is not 100% interrelated but depends on the process of
transcription, postlocalization, and protein degradation, as previously reviewed by
Vogel and Marcotte (75). To account for these inconsistent results, a quantitative pro-
teomic analysis of the cell lysate using a protein expression-measurement improve-
ment technique, such as SILAC, should be performed (76). While the links of the exact
molecular mechanisms of FBPAII in H. pylori-susceptible strains still need to be inves-
tigated further, our results might be expanding our knowledge of this protein in H.
pylori-associated gastritis strains.

Lastly, among the nine proteins secreted from the S_S strains, two identified pro-
teins, iron chelation transport ATP-binding protein HP_0888 and portal protein (head-
to-tail connector gp8), showed no association with Cla and Mtz from the STITCH pre-
diction (Fig. 3a and c). HP0888, also known as the transmembrane ABC-transporter
component FecE, was previously reported for its ability to provoke an immune
response (77). If it is proven to be present in the blood during infection or is identified
for its antigenic pattern with patient serum as previously described by Kimmel et al.
(78), HP0888 might become a new serological marker for antibiotic susceptibility test-
ing. The portal protein, on the other hand, is the protein that plays a critical role for
the head-to-tail connector in H. pylori bacteriophage KHP30. Recently, various studies
have shown that the existence of the KHP30 phage bacteria is associated with H. pylori
genetic diversity (79–81). This association may support the explanation of the genetic
variants of the H. pylori clinical strains used in this study.

In summary, this study reports the use of a proteomic tool to explore the secreted
protein profile from antibiotic-sensitive and antibiotic-resistant Helicobacter pylori-asso-
ciated gastritis strains. The results obtained from this study supply fundamental
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information and provide an effective tool to expand knowledge about the protein
secreted by this gastrointestinal (GI)-infecting bacterium. To our knowledge, this report
is the first to have elucidated the fact that FBPAII and rpoBC are two newly secreted
proteins identified in S_S strains. They are both of interest in our further study, as we
seek a new target of Helicobacter pylori eradication. In addition, HP0888 may be useful
for serological markers; however, the validity of the antigen pattern should be checked
beforehand.

MATERIALS ANDMETHODS
H. pylori strain and culture conditions. The H. pylori strains used in this study were T2629, T3086,

and T3383 (C_R strains), T3307, T3406, and T3455 (M_R strains), T3456, T3489, and T3503 (C/M_R strains),
and T3456, T3489, and T3503 (S_S strains). They were all isolated from patients with gastritis (4 males and 8
females). The average age of each group was 50.7, 56, 45.7, and 51.3 years, respectively (Table 3). They were
kindly provided from the clinical stock culture of the Thammasat University Center of Excellence in Digestive
Diseases. Each of the strains was isolated from three antral gastric biopsy specimens from each patient as
previously reported (82, 83). In brief, after homogenization of the biopsy specimen in the saline solution, H.
pylori was inoculated onto selective medium as a brain heart infusion (BHI) agar (Becton, Dickinson, Sparks,
MD, USA). The plates were grown under microaerophilic conditions (5% O2, 10% CO2, and 85% N2) for 5 to
7days at 37°C. The whole H. pylori-like colonies were subcultured in a BHI agar supplemented with 7% horse
blood (Nippon Biotest, Tokyo, Japan) without antibiotics. H. pylori was confirmed by Gram staining, microscopic
identification, and assay of urease, catalase, and oxidase activity. To identify the MICs of antibiotic susceptibility,
viable H. pylori colonies were suspended in Mueller-Hinton II broth (Becton, Dickinson) with 7% horse blood. The
culture suspension equivalent to a 2 McFarland standard was applied to inoculate the plates. They were catego-
rized as susceptible or resistant to antibiotics based on the EUCAST recommendations, i.e., Cla (R. 0.5mg/ml)
and Mtz (R. 8mg/ml) (84). Isolated strains were then collected and stored at 280°C. After ethics approval from
the Research Ethics Subcommittee in People Thammasat University Series 1 (approval number 236/2019), a tripli-
cate set of H. pylori samples (numbers C_R 1-3, M_R 4-6, C/M_R 7-9, and S_S 10–12,) was independently restored
in BHI broth and incubated at 37°C for 3days. Before using the strains for a proteomic study, they were also
microscopically confirmed and analyzed using all specific enzymes (urease, catalase, and oxidase activity), as well
as being tested with antibiotics as susceptible or drug-resistant strains according to EUCAST recommendations,
as described previously (Fig. 5a). All procedures were performed in a class II biosafety cabinet (BSC), and the use
of safety equipment was in accordance with the guidelines and regulations for standard and special microbiolog-
ical practices for biosafety level II. This study was initiated after approval from Thammasat University’s Institution
Biosafety Committee (IBC 126/2019). A schematic overview of the sample preparation for LC/MS-MS analysis in
this study is shown in Fig. 5b.

Secreted protein preparation for the proteome study. The proteins secreted by each strain of H.
pylori were prepared as previously described (51). In summary, after growing the selected sample from
each of the strains in BHI broth overnight at 37°C at 150 rpm in a microaerobic atmosphere until reach-
ing an optical density at 600 nm (OD600) of 0.5 to 1, the bacteria were recovered by centrifugation and
then washed with BHI. The bacteria were then inoculated into a new BHI broth culture (triplicate for
each sample, 20ml each) until an OD600 of 0.01 was reached. The bacterium sample was then grown at
37°C and 150 rpm for 20 to 24 h until the cultures typically reached the mid-exponential growth phase
with an OD600 of 0.3 to 0.5. The cultures were then collected and separated into two parts, a supernatant
and an H. pylori cell pellet, by centrifugation at 5,000 � g for 10min (4°C). The supernatant was subse-
quently centrifuged at 10,000 � g for 10min (4°C) and filtered through a 0.2-mm-pore-size membrane fil-
ter to remove cell debris. The H. pylori cell pellets were then used for RNA isolation and reverse transcrip-
tion to quantify the genes of interest by a real-time PCR.

TABLE 3 Clinical and demographic data of the patient samples with endoscopic diagnosis of
gastritis

Antibiotic susceptibility Code Sex Age
C_R T2629 F 61

T3086 F 49
T3383 M 42

M_R T3307 F 68
T3406 F 50
T3455 M 50

C/M_R T3456 F 51
T3489 M 33
T3503 F 53

S_S T3469 F 58
T3506 F 56
T3526 M 40
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FIG 5 (a and b) Schematic diagram of bacterial strain cultures with C_R clinical strain as an example (a) and
overview of the experimental workflow in this study (b). The number of experimental repeats in this study was 9 for

(Continued on next page)
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Protein determination. The protein concentration was determined with a Lowry protein assay with
bovine serum albumin (BSA) as a standard (85). In summary, 5ml of diluted sample (1:25) or standard
(BSA, 2 to 10mg/ml) was mixed with 0.2ml of freshly prepared alkaline copper solution (0.4%
CuSO4.7H20 in tartaric acid, 5% SDS, 0.8 M NaOH, and 20% sodium carbonate) in a separate 96-well
microtiter plate. After incubation at room temperature for 30 min, 0.05ml 20% Folin-Ciocalteu phenol
reagent was added, mixed vigorously, and then allowed to stand at room temperature in the dark for 30
min. Absorbance at 690 nm was read with a microplate reader (Rayto Life and Analytical Sciences Co.,
Ltd., Shenzhen, China).

In-solution digestion. After determining the protein concentration, protein digestion was carried
out via the in-solution method with a minor modification as described previously (86, 87). In summary,
after resuspending 50mg of prepared protein sample in 10ml of 10mM AMBIC solution (NH4HCO3 in
double-distilled water [ddH2O]) (Sigma, USA); 5mM dithiothreitol (DTT) (GE Healthcare, UK) in AMBIC so-
lution was then added and incubated at 60°C for 1 h to cleave disulfide bonds. After allowing the sample
to settle to an ambient temperature, 15 mM freshly prepared iodoacetamide (GE Healthcare, UK) was
added to the AMBIC solution and incubated at room temperature in the dark for 45 min. Trypsinization
was achieved by adding 20ml of sequencing-grade trypsin (1:20 wt/wt) (Promega, Walldorf, Germany)
to the sample and incubated overnight at 37°C. The tryptic peptides were dried (SpeedVac system;
Thermo Fisher) and kept at 220°C until use.

Nano-liquid chromatography and tandemmass-spectrophotometry (nano-LC-MS/MS) analysis.
After suspending the tryptic peptides with 0.1% formic acid (FA) (Merck, Germany), 1ml of sample was
injected in triplicate into an ion-trap mass spectrometer (HCT Ultra ion trap; Bruker Daltonics, Germany)
coupled to a nano-LC system (Ultimate 3000 LC system; Thermo Fisher Scientific, Waltham, MA, USA).
The peptide mixture for each sample was fractionated by using a reverse-phase high-performance liq-
uid-chromatography column (Acclaim PepMap 100Å, 75mmby5 cm; Thermo Scientific, UK, and
PepSwift monolithic trap column 200mmby 5 cm; Thermo Scientific, UK) coupled to an ion-trap mass
spectrometer (HCT Ultra ion trap; Bruker Daltonics). Peptides were eluted with a mobile phase consisting
of a linear gradient of 4% to 70% buffer B (80% acetonitrile, 19.9% water, and 0.1% formic acid [vol/vol/
vol]) in buffer A (99.9% water and 0.1% formic acid [vol/vol/vol]) over a 20-min period. Mass spectra (MS)
and MS/MS spectra were obtained in the data-dependent acquisition (DDA) mode over a range (m/z) of
400 to 1,500 (MS) and 200 to 2,800Hz (MS/MS).

Bioinformatics and data analysis. The protein intensity was measured based on the peptide MS
signal of the individual LC-MS. Data were analyzed with the DeCyder MS 2.0 differential analysis instru-
ment (GE Healthcare, Amersham, UK) (88, 89). The highest-intensity control and log2 intensity were
selected and calculated with the DeCyder MS program as a default. An average abundance ratio of more
than 2-fold was determined as an overexpressed protein with a significant standard t test and one-way
ANOVA P value of ,0.05. All MS/MS spectra from the DeCyder MS analysis were searched against the
NCBI protein databases (https://www.ncbi.nlm.nih.gov/) with Helicobacter pylori proteins (2,306 sequen-
ces; downloaded on 19 December 2019) by using the Mascot software search engine tool (Matrix
Science, London, UK) with the following parameters: fixed modification of carbamidomethyl (C), a vari-
able modification of oxidation (M), the peptide charge state (11, 21, and 31), a peptide mass
tolerance61.2 Da, and a fragment mass toleranceof 60.6 Da. To identify matching peptides, these spec-
tra were then searched against the NCBI protein databases (https://www.ncbi.nlm.nih.gov/) with the
Helicobacter pylori genome (2,306 sequences; downloaded on 19 December 2019) by using the Mascot
software search engine tool (Matrix Science, London, UK). The identified proteins were normalized with
200 fmol bovine serum albumin (BSA) and filtered with a one-way ANOVA (P, 0.05). Protein function
classification, annotations, and subcellular location were identified using the PANTHER web tool (http://
pantherdb.org/), which classified based on the UniProt database (http://www.uniprot.org/).

Quantitative real-time reverse transcription-PCR of differential protein analysis. To examine the
different expressions of fba and rpoB from all of the H. pylori strains used in this study, a quantitative
real-time reverse transcription-PCR (RT-PCR) technique was performed. DNA-free total RNA was isolated
from the H. pylori cell pellet using a GenUP total RNA kit (Biotechrabbit, Germany) in accordance with
the manufacturer’s instructions. Genomic DNA was physically eliminated by binding to the DNA filter
without any DNase treatment during the isolation process. Reverse transcription was performed by add-
ing 2mg of total RNA, 1mg of oligo(dT), and 10ml of SuPrimeScript RT-PCR premix (2�) (GeNet Bio,
South Korea), and the mixture was incubated at 42°C for 60min. PCR amplification quantitation of both
genes was performed with an Exicycler 96 real-time PCR instrument (Bioneer, South Korea). The sequen-
ces of the primers (Table 2) were designed from Primer3 software (https://bioinfo.ut.ee/primer3-0.4.0/).
To ensure their specificity, the designed primers were then compared with an existing database at
GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Each PCR mixture consisted of 1ml of cDNA, 0.4ml of
forward and reverse primers, 5ml of 5� HOT FIREPol EvaGreen qPCR master mix (Solis BioDyne), and
3.2ml of nuclease-free water in a total volume of 10ml. The PCR cycling conditions were as follows: 95°C
for 5min, followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec, and elonga-
tion at 72°C for 30 s. Positive controls (DNA), a negative control (distilled water), and RT-negative controls

FIG 5 Legend (Continued)
each of the H. pylori samples (numbers C_R 1–3, M_R 4-6, C/M_R 7-9, and S_S 10-12). The oval enclosures represent
H. pylori clinical strains (C_R, M_R, C/M_R, and S_S); the diamond enclosures represent the patient number (e.g., C_R
1 = T2629, C_R 2 = T3086, C_R 2= T3383); the rounded rectangular and rectangular enclosures represent the triplicate
in each experimental workflow.
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(total RNA sample) were also included in each run. For each of the RNA extractions, measurements of gene
expression were obtained in triplicate. The result of the qPCR was determined as the cycle threshold (CT)
value. The relative expression for the qPCR results of both genes were normalized by the CT values of 16S
RNA for each sample. The relative transcript levels of fba and rpoBC were calculated by 22DDCT (90). The
data were analyzed using Student’s t test with a statistical significance of P, 0.05.
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