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Abstract

Helicobacter pylori is a Gram-negative, microaerophilic bacterium colonising the gastric mucosa. Normally, this bacterium has
a spiral shape, which is crucial for proper colonisation of the stomach and cork-screwing penetration of dense mucin covering
this organ. However, H. pylori may also form curved/straight rods, filamentous forms and coccoid forms. This morphological
variability affects nutrient transport and respiration processes, as well as motility, the ability to form aggregates/biofilms, and
resistance to adverse environmental factors. For this reason, a more accurate understanding of the molecular determinants that
control the morphology of H. pylori seems to be crucial in increasing the effectiveness of antibacterial therapies directed against
this microorganism. This article focuses on the molecular factors responsible for peptidoglycan and cytoskeleton rearrangements
affecting H. pylori morphology and survivability. In addition, the existence of proteins associated with modifications of H. pylori
morphology as potential targets in therapies reducing the virulence of this bacterium has been suggested.

Introduction

Helicobacter pylori is a Gram-negative, microaero-
philic bacterium that inhabits the stomach mucosa [1-
3]. Colonisation with this pathogen is often associated
with the development of numerous digestive system
disorders, i.e. gastritis, peptic ulcer disease (10-15%),
gastric cancer (1-3%), and mucosa associated lymphoid
tissue (MALT) lymphoma (< 0.1%) [4]. The type and
severity of diseases depend on many factors, among
them: the status of the host’s immune system, the
pathogenicity of H. pylori strains, and the presence of
environmental factors (diet, stress, hygiene level, or the
presence of co-infections) [1]. Within these, the most at-
tention is paid to the pathogenicity of H. pylori and the
variety of virulence factors produced by these bacteria.
The key determinants of virulence are cytotoxin-associ-
ated gene A (CagA) and vacuolating cytotoxin A (VacA),
as well as the presence of numerous adhesins that facil-
itate adhesion to the gastric mucosa. Many researchers
also point out that the spiral shape is crucial for prop-
er colonisation of the stomach, and it determines the
cork-screwing penetration of dense mucin [5, 6]. Never-
theless, the spiral shape is not the only morphological

Gastroenterology Review 2018; 13 (3)

form created by H. pylori. The large heterogeneity of
H. pylori morphological forms includes also the presence
of curved/straight rods, filamentous forms, and coccoid
forms [7-10]. Such a multitude of shapes suggests that
morphological variability may be an important factor
responsible for rapid response to changing external con-
ditions and thus is a feature that allows survival in vari-
ous environmental niches and facilitates modulation of
pathogenicity. For this reason, understanding the molec-
ular mechanisms that control these reactions, including
the peptidoglycan and cytoskeleton rearrangements of
H. pylori, seems to be justified.

Morphological forms of Helicobacter
pylori

The shape of microbial cells is the product of bil-
lions of years of evolution [11]. Small dimensions are
the resultant of a high surface-to-volume ratio, which
translates into optimal transport of nutrients, effective
respiration process, and structural integrity mainte-
nance. The shape also affects many other physiological
processes, including motility and dispersion, formation
of microbial aggregates/biofilms, resistance to environ-
mental stressors, and interactions with other organisms
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[12]. Over the last few years an increasing amount of
evidence has highlighted the key role of morphogenesis
in bacteria-bacteria and bacteria-host interactions.

Morphological plasticity as a mechanism enabling
the adaptation of microbes to changing environmental
conditions may explain the high heterogeneity of the
H. pylori population [13] (Figure 1). Classical classifica-
tion of H. pylori morphological forms includes the divi-
sion into: live, culturable spiral forms — related to the
process of host colonisation, and live, non-culturable
coccoid forms — associated with the viable but non-cul-
turable (VBNC) process and the survival of this bacte-
rium under unfavourable conditions [14]. In addition,
the existence of rod-shaped and filamentous forms of
H. pyloriis also noted [7, 8, 15, 16].

Bacteria exposed to adverse conditions often be-
come VBNC, and they are characterised by a lack of
growth on standard media, despite maintaining meta-
bolic activity (often lower than in physiologically active
cells) [17, 18]. To date, scientists have demonstrated
the ability to transit into VBNC forms in 85 species
of bacteria, including Gram-negative: Campylobacter,
Citrobacter, Escherichia, Helicobacter, Pseudomonas,

Salmonella, Shigella, Vibrio and Yersinia, as well as
Gram-positive: Bacillus, Clostridium, Enterococcus,
Listeria, Mycobacterium and Staphylococcus. Cells in
the VBNC state are not dead because intact cellular
envelopes maintaining non-degraded genetic material
are observed. These cells, despite being physiological-
ly active, have a reduced level of nutrient absorption,
slowed metabolism, and deceased amounts of proteins
and cytoplasm. In VBNC cells a dwarfing process of-
ten occurs, which results in the formation of spher-
ical forms with reduced dimensions. Such a strategy
lowers the energy requirements of microorganisms.
Moreover, compared to physiologically active cells, mi-
crobes in the VBNC state are characterised by higher
resistance to physical and chemical factors, as well as
tolerance against certain groups of antibiotics, which
is conditioned by a decrease in the metabolic activity
of microorganisms.

Coccoid forms

The transformation of H. pylori from culturable spi-
ral forms into non-culturable coccoids occurs during
exposition to adverse conditions, including: nutrient
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Figure 1. Factors stimulating morphological transformations of Helicobacter pylori. There are many factors
responsible for the transition of H. pylori from spiral into spherical [19-38, 42, 43], rod-shaped [44, 45], and
filamentous [15, 29, 45, 48-50] forms
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starvation [19, 20], prolonged in vitro incubation [21,
22], presence of low or high temperature [21, 23, 24],
incubation at alkaline pH [25], drastic change of cul-
ture environment from a nutrient-rich medium to pure
water [26, 27], incubation in the deficiency/absence of
CO, [28, 29], or exposure to antimicrobial compounds,
e.g. antibiotics [30, 31], proton pump inhibitors (PPIs)
[22, 32], and compounds secreted by bacteria of the
genus Lactobacillus [33, 34] and Streptococcus [35]
(Figure 1). Although coccoid forms are often observed
during laboratory work with H. pylori, the presence of
these forms has been reported in many in vivo cases
[36—38]. Despite the reduced pathogenicity of spherical
forms compared to spiral forms, these are still capable
of producing urease, adhesion to epithelial cells, and
inducing gastritis [26, 39]. In mice studies it was shown
that coccoids may reverse in vivo into spiral forms and
cause full-blown disease [40]. Most often, however, in
the stomach environment spherical forms coexist with
spirals [36, 37]. A report indicating the colonisation of
stomach mucosa only by spherical forms also exists
[38]. It was found that the number of coccoid H. pylori
forms is higher in people with a gastric adenocarcinoma
than in people with a peptic ulcer disease, suggesting
the potential involvement of these forms in the initia-
tion/progression of carcinogenesis [37]. This is in accor-
dance with the observations of Loke et al., who showed
in vitro a higher level of proteins associated with car-
cinogenesis promotion in spherical H. pylori forms [41].
In addition to the stomach, the oral cavity is a potential
reservoir of this bacterium, in which H. pyloriis predom-
inantly in spherical form [42]. Reports on the possible
coexistence of spherical forms with single spiral forms
also exist [43]. It is suggested that the morphology of
oral H. pylori corresponds to the conditions prevailing
in this environment and the presence of physiological
flora colonising this area [42].

Rod forms

An alternative phenotype for spiral and spherical
is rod-shaped morphology [44, 45] (Figure 1). Little is
known about the environmental conditions that stim-
ulate the transition to rod forms, whereas it is ob-
served that in freshly isolated strains of H. pylori about
10-15% of all cells become rod-like forms [44]. During
high passage in vitro cultivation, the number of rods
increases, with an inverse correlation observed in the
amount of spiral forms. A drastic change in the culture
environment from a nutrient-rich medium to pure wa-
ter/saline solution contributes to the transformation to
spherical H. pylori forms [26, 27]. A contrary observation
was made by Fernandes et al., who, by the process of
extended adaptation of H. pylori to incubation in pure
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water, increased the period of the isolation of culturable
H. pylori [45]. During microscopic examination it was
noted that the adapted forms were dominated by rod-
shaped cells and the presence of single cells with a very
elongated shape (filamentous cells). These results are in
line with the hypothesis of the potential role of water as
the source of H. pylori transmission [46, 47].

Filamentous forms

Another morphological form presented by H. py-
lori is the filamentous, elongated phenotype [15, 16,
48-50] (Figure 1). Normally, filamentation contributes
to the increase of adhesion to the mucosal surfaces,
promoting slow, ligand-dependent uptake of filamen-
tous microbes into the interior of eukaryotic cells (in-
vasion), and by multiplying the cell length this process
is also responsible for phagocytosis avoidance [13]. It
is suggested that filamentation may play a protective
role against the action of genotoxic antibiotics. Mul-
tinucleated filamentous forms increase the chance of
repairing damaged genetic material, and in the process
of mutation accumulation they promote the intensity of
recombination and selection of favourable traits. In the
case of H. pylori, the filamentation process is triggered,
among others, by exposure to azithromycin [15] or in-
cubation in a hyperosmotic environment [48, 49]. The
presence of individual filament-shaped cells was also
noticed when incubating in a CO,-free aerobic environ-
ment [29] and in adapted H. pylori strains incubated
in pure water [45]. There was also a case of isolation
of filamentous H. pylori from gastric biopsies [50]. The
function of elongated H. pylori cells has not been deter-
mined, whereas it seems that, unlike in other bacteria,
filamentation does not participate in host colonisation.
It was demonstrated that the ability to migrate and col-
onise C57/BL6J mice was reduced in filamentous H. py-
lori[16]. However, they are assigned a role in antibiotic
resistance because the presence of such forms leads to
a drastic increase in the MBC value of amoxicillin, i.e.
0.06 vs. 32 pg/ml. Thus, the filamentation may be con-
sidered as a protective mechanism against the antibac-
terial action of this antibiotic against H. pylori. Based
on these few reports (the induction of filamentation by
the aerobic environment [29] and hyperosmotic condi-
tions [48, 49)), it seems that the filamentous forms of
H. pylori may be more important in the survival/ trans-
mission of these microbes in the environment outside
the human body.

Cytoskeletal proteins

For a long time, it was thought that bacterial cells,
unlike eukaryotic cells, did not have adequate com-
partmentation because of their small size and lack of
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organelles [51]. Studies have shown, however, that mi-
croorganisms also have well-organised cellular interiors
[52]. The bacterial cytoskeleton participates in many
important physiological functions, i.e. cell division,
morphogenesis, and DNA segregation. It seems that
in bacteria the cytoskeleton is most probably used as
a system conditioning the proper spatial organisation
of peptidoglycan synthesis-associated proteins, rather
than as a mechanical scaffold maintaining the shape
of cells. In eukaryotic cells three main cytoskeletal sys-
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tems are distinguished: microfilaments, microtubules,
and intermediate filaments (IF) [53]. These systems
have their counterparts in bacterial cells, and these
are: filamenting temperature sensitive mutant Z (Ftsz,
responsible for septal peptidoglycan synthesis), me-
cillinam resistance-like proteins (Mre-like proteins,
responsible for sidewall peptidoglycan synthesis), and
intermediate filaments-like proteins (IF-like proteins,
associated with an auxiliary function), respectively [52,
54] (Figure 2).
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Figure 2. Cytoskeleton of Helicobacter pylori. This picture shows non-dividing (A) and dividing (B) H. pylori.
FtsZ has an ability to form Z-ring, which is associated with cell division and peptidoglycan remodelling.
Localisation of FtsZ ring is conditioned by Min proteins. MinCD are most abundant at cell poles. Because
these proteins have an inhibitory effect on FtsZ, such localisation prevents the formation of FtsZ ring at
polar cell regions and keeps FtsZ in the form of free-diffusing monomers. MinE subunits form a ring-like
structure and localize near the middle of the cell. The MinE ring, via an inhibitory effect on the MinC and
MinD proteins, facilitates the construction of FtsZ ring at the mid-cell site. During the later stages of cell
division, MinE gradually displaces MinCD from the cell membrane, leading to a transfer of MinC and MinD
subunits to the opposite cell pole. This action is accompanied by a new polar MinCD localisation, inhibition
of the FtsZ-dependent division, and separation of a daughter cell [57, 59]. The complex of Mre-like proteins
is called elongasome, and in H. pylori it consists of two components: MreB and MreC. They are involved in
the chromosome segregation and cellular length modulation [44, 55]. Coiled coil rich proteins (Ccrps) form
extended filament structures. In H. pylori Ccrp58, Ccrp59, Ccrpl142, and Cerp1143 are present, all of which
are involved in maintaining the spiral shape of this bacterium [44, 60]. Localisation of Mre-like proteins and

Ccrps is symmetrical in the cell

Gastroenterology Review 2018; 13 (3)



186

Pawet Krzyzek, Grazyna Gosciniak

Mre-like proteins

The rod shape of bacteria is determined by the pres-
ence of mreBCD genes, of which mreB plays the most
important role, including cellular polarity maintenance,
segregation of chromosomes, and participation in mo-
tility [53, 54]. The complex of Mre-like proteins is called
elongasome [12]. In most bacteria mreBCD mutations
contribute to the loss of rod shape, transformation into
spherical cells, and/or death [54]. Only two genes, mreB
and mreC, are present in H. pylori [44, 55] (Figure 2). In
H. pylori MreB does not affect the shape of cells, but
it is involved in the chromosomes segregation, cellular
length modulation, and pathogenicity of these bacteria
[44]. In AmreB mutants the presence of significantly lon-
ger cells (even three times longer than wild-type strains),
non-segregated chromosomes and decreased urease ac-
tivity was demonstrated, whereas the deletion of this
gene was not lethal. In another study using the two-hy-
brid bacterial system, interaction between MreB and
various H. pylori virulence factors was demonstrated, i.e.
VacA (vacuolating cytotoxin; eukaryotic cells degrada-
tion), UreB (urease subunit; alkalisation of the acidic en-
vironment), HydB (hydrogenase subunit; maintenance of
redox homeostasis), Hy|B (haemolysin secretion protein
precursor; eukaryotic cells degradation), and AddA (recB-
like nuclease-helicase; DNA repair and recombination)
[56]. What is more, the interaction of MreB with proteins
involved in the H. pylori morphogenesis process was not
observed. In the mreC deletion mutants the transforma-
tion of these bacteria from spiral into coccoid forms was
noticed, whereas in mreC-overexpression mutants the
appearance of filamentous phenotype was observed
[55]. Therefore, the participation of MreC in the course
of the proper elongation process is indicated.

FtsZ protein

FtsZ is a tubulin homologue [12, 51, 54, 57]. This
protein localising at the site of septation forms a Z-ring
and polymerises in linear protofilaments in a GTP-de-
pendent manner recruiting other proteins (e.g. FtsA,
ZipA, and ZapA) associated with cell division and pep-
tidoglycan remodelling, referred to as the divisome. In
H. pylori most of these proteins are absent, while Min
proteins are responsible for the coordination of FtsZ
functioning [57] (Figure 2). In most bacteria the Min
protein system consists of MinC, MinD, and MinE [58].
MinCD proteins protect against FtsZ polymerisation
and cell division. For this reason, in AminCD mutants,
hyperactivity of divisome proteins, intensification of
septation, and formation of very short cells (mini cells)
are observed. In mutants with overexpression of minCD,
however, disruption of Z-ring formation and induction
of filamentation are noticed. The opposite phenotype
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is presented by cells with altered minE expression,
a minCD inhibitor, i.e. the formation of filamentous
cells in AminE mutants and creation of mini cells in
minE over-expressing microbes. In H. pylori a different
mechanism is observed because the deletion of any
of the genes (minC, minD, and/ or minE) leads to fila-
mentous cell formation [57]. It is concluded that MinCD
in H. pylori are responsible for the process of proper
cell division, affecting FtsZ assembly and/ or Z-ring
conformation [57, 59]. MinE, in turn, may play a role
in morphological transformation into a coccoidal form,
because AminE mutants presented an extremely low
number of spherical forms [57].

Bacterial IF-like proteins

Bacterial IF-like proteins can also play a role in mod-
ulating the morphology of microbial cells, potentially by
affecting peptidoglycan biosynthesis [12]. This group in-
cludes bactofilins, cytoskeletal-like scaffolding proteins,
and coiled coil rich proteins (Ccrps). The most exten-
sively characterised group of IF-like proteins in H. pylori
is the last group [44, 60, 61] (Figure 2). Ccrps are pro-
teins that form extended filament structures [44, 60].
In H. pylori, four genes encoding Ccrps were detected:
ccrp58, ccrp59, ccrp1142, and ccrp1143, all of which are
involved in maintaining the spiral shape of this bacte-
rium. The deletion of these genes was associated with
the formation of straight rod-shaped cells, with the low-
est intensity in the case of Accrp1142 mutants (~40%)
and the highest in Accrp59 strains (85-100%). In addi-
tion, deletion mutants also had noticeable defects in
motility. It is speculated that Ccrps, due to their high
heterogeneity of sequences, have different degrees of
curvature, which then may result in the large diversity
of H. pylori morphological forms [60]. In the mutants
Accrp58/59 (but not Accrp1142/1143), the reduced
effectiveness of the cag-T4SS system, i.e. the system
related to the promotion of inflammatory reactions and
destruction of eukaryotic cells, has been demonstrated
[61]. This is another example, next to Mre-like proteins,
of a direct/indirect link between the functioning of cy-
toskeletal proteins and H. pylori virulence.

Because many cytoskeletal proteins are not encod-
ed by H. pylori or do not participate in morphogenesis
processes, it seems that there are other, more important
proteins involved in the morphological processes of this
bacterium.

Peptidoglycan-modifying enzymes
of Helicobacter pylori

Most bacteria have a cell wall that, due to its co-
valently closed, net-like structure, maintains a spe-
cific shape and thus also imposes it on cells [12, 53].
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Peptidoglycan (sometimes referred to as murein, from
Latin murus [wall]) consists of alternating subunits of
N-acetylglucosamine and N-acetylmuramic acid con-
nected by B1,4-glycosidic linkages [53, 62]. The pres-
ence of rigid sugar chains, cross-linked additionally with
short-chain peptide bridges, affects the strength and
stiffness of this polymer while maintaining flexibility
[53, 63]. Peptidoglycan was once considered a static
structure, but it is now known that this highly dynamic
macromolecule is involved in many important physio-
logical functions of bacteria [64].

The peptidoglycan biosynthesis process involves
several steps [12, 63, 65] (Figure 3). Within the cyto-
plasm, peptidoglycan precursors are synthesised, i.e.
UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-
N-acetylmuramylpentapeptide (UDP-N-MurNAc-penta-
peptide). In the action of MraY, membrane-anchored
lipid I (MurNAc-(pentapeptide)-pyrophosphoryl-unde-
caprenol) is synthesised by linking UDP-N-MurNAc-pen-
tapeptide to the lipid carrier, undecaprenyl phosphate.
Then, UDP-GIcNAc is attached, which together with
lipid | forms lipid Il (GlcNAc-B-[1,4]-MurNAc-[pentapep-
tide]-pyrophosphoryl-undecaprenol). This process is
carried out by MurG. The formation of a complex with
undecaprenyl phosphate, a molecule with a hydrophobic
character, allows the translocation of hydrophilic precur-
sors from the aqueous environment of the cytoplasm by
a hydrophobic inner membrane. The translocation of the
complex occurs through the action of shape, elongation,
division, and sporulation (SEDS) proteins, among which
RodA and FtsW are distinguished. Such a molecule in
the periplasmic environment is then biochemically pro-
cessed by glycosyltransferases (linear polymerisation)
and transpeptidases (peptide crosslinking). Undecapre-
nyl pyrophosphate undergoes dephosphorylation, which
affects its availability and the possibility of carrying out
subsequent translocations of peptidoglycan synthesis
precursors.

Many researchers focus their attention on under-
standing the mechanisms of cell wall modifications re-
sulting in the morphological variability of microorgan-
isms [13]. Variations in cellular shape can be obtained
by changes in the thickness of peptidoglycan as well
as by modifications in the chemical composition or
cross-linking of this polymer. In H. pylori there are sev-
eral proteins determining cell shape; these are Csd1-6
(cell shape determinant 1-6) [7-9, 66—70], CcmA (curved
cell morphology A) [7, 67], and AmiA (amidase A) [15,
16] (Table I, Figure 3). The Csd1, Csd2, and Csd3 pro-
teins have D,D-endopeptidase activity, cleaving a 4-3
peptide bond (or DD-cross link) linking a muropeptide
dimer. Furthermore, Csd3 also functions as a D,D-car-
boxypeptidase whose targets are pentapeptide mono-

mers. The resulting GM-tetrapeptides (GlcNAc-Mur-
NAc-tetrapeptide) are processed by Csd6, forming
GM-tripeptides, subsequently trimmed to GM-dipep-
tides by the Csd4 activity. The Csd5 and CcmA proteins
are potentially regulatory factors affecting the function
of other proteins involved in the peptidoglycan turn-
over. The AmiA, by an activity of N-acetylmuramoyl-L-al-
anyl amidase and the cleavage of the link between
a N-acetylmuramoyl residue and L-alanine, also plays an
important role in the maintenance of cell morphology
by supervising the correct separation of daughter cells
from mother cells.

The Csd1-3 endopeptidases

The Csd1-3 proteins, through D,D-endopeptidase
activity, contribute to the cleavage of tetra-pentapep-
tide crosslinks, local relaxation of the coherence of rigid
sugar strands, and the relaxing-dependent process of
cell helicity obtaining [7, 12, 63] (Table I). These proteins
by cleaving muropeptide dimers to monomers, provide
substrates for the Csd6 activity [68, 70].

It has been shown that Csd1 and Csd2 form het-
erodimers (1 : 1) [67]. This is consistent with the in vitro
observations showing that a defect in the production
of one of these proteins, or both simultaneously, con-
tributes to similar consequences [7]. The lack of these
proteins affects the loss of helicity and the formation of
curved cells with slightly increased width. The most no-
ticeable change is the increase in the amount of tetra-
pentapeptide dimers, while reducing the amount of
tetrapeptide monomers. In the case of csd3 deletion,
the loss of helicity was also observed, resulting in the
formation of C-shaped cells and numerous forms with
a straight or slightly curved morphology. These mutants
have been shown to have reduced amounts of tetra-tet-
rapeptides and tetra-tripeptide dimers.

In semi-solid agar tests, after four-day H. pylori in-
cubation, it was demonstrated that the deletion mu-
tants of these genes had reduced motility (the Acsd1
and Acsd3 mutants had a halo zone lower by 11%
and 25%, respectively) [8]. Defects in motility probably
have a negative impact on the host colonisation be-
cause these mutants have been found to possess sig-
nificantly reduced effectiveness of this process [7, 69].
In a comparative experiment between Acsd3 mutants
and H. pylori wild strains, a significant reduction in mice
colonisation capacity was found in mutants [69]. One
week post-infection the number of deletion mutants
was four log lower than in wild strains. Additionally, in
the csd3 mutants (but not csd1 and csd2), changes in
morphological transformation ability were observed, i.e.
in the Acsd3 strains the transition into coccoid forms
was slightly delayed, whereas in the csd3-overexpress-
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Figure 3. Peptidoglycan biosynthesis and modifications in Helicobacter pylori. Within the cytoplasm, peptidoglycan precursors are
synthesised, i.e. UDP-GIcNAc and UDP-N-MurNAc-pentapeptide. In the action of MraY, membrane-anchored lipid | is synthesised by
linking UDP-N-MurNAc-pentapeptide to the lipid carrier, undecaprenyl phosphate. Then, UDP-GIcNAc is attached, which together
with lipid | forms lipid Il. This process is carried out by MurG. The formation of a complex with undecapreny! phosphate allows
the translocation of hydrophilic precursors by a hydrophobic inner membrane. The translocation of the complex occurs through
the action of SEDS (shape, elongation, division, and sporulation) proteins. Such a molecule in the periplasmic environment is then
biochemically processed by glycosyltransferases (linear polymerisation) and transpeptidases (peptide crosslinking). Undecaprenyl
pyrophosphate undergoes dephosphorylation, which affects its availability and the possibility of carrying out subsequent translo-
cations of peptidoglycan synthesis precursors. The Csd1, Csd2, and Csd3 proteins have D,D-endopeptidase activity, cleaving a 4-3
peptide bond (or DD-cross link) linking a muropeptide dimer. Furthermore, Csd3 also functions as a D,D-carboxypeptidase whose
targets are pentapeptide monomers. The resulting GM-tetrapeptides are processed by Csdé, forming GM-tripeptides, subsequently
trimmed to GM-dipeptides by the Csd4 activity. The AmiA, by an activity of N-acetylmuramoyl-L-alanyl amidase, cleavages the link
between N-acetylmuramoyl residue and L-alanine. The PgdA and PatA lead to the N-deacetylation of N-acetylglucosamine and
O-acetylation of N-acetylmuramic acid, respectively. Based on [63, 83] with minor modifications

L-Ala - L-alanine, D-Ala — D-alanine, meso-DAP — meso-diaminopimelic acid, D-Glu — D-glutamic acid, GlcNAc — N-acetylglucosamine, MurNAc — N-acetylmuramic acid.
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Table 1. Proteins involved in modifications of Helicobacter pylori peptidoglycan

Protein  Enzymatic activity Action Function Phenotype of cells with Literature
a defective protein(s)
Csdl D,D-endopeptidase Cleaves muropeptide Cell helicity Loss of helicity and formation of [7,67]
dimers to monomers maintenance curved cells
Csd2
Csd3 D,D-endopeptidase Formation of phenotypically [7,9]
D.D- Trims GM-pentapeptides diverse ce!ls, i.e. C—ghaped fgrms
. . ) or forms with a straight or slightly
carboxypeptidase into GM-tetrapeptides
curved morphology
Csd6 L,D-carboxypeptidase  Trims GM-tetrapeptides Cell curvature Loss of curvature and formation of ~ [68, 70]
into GM-tripeptides maintenance cells with rod-shaped morphology
Csd4 D,L-carboxypeptidase Trims GM-tripeptides into [8, 66]
GM-dipeptides
Csd5 Unknown Regulation of the Influence on the Loss of cellular helicity (similar as (8]
activity of peptidoglycan asymmetric location in Acsdl, Acsd2, and Acsdicsd2
metabolism proteins and functioning of mutants)
CcmA prottt?:jns |Involv<ted in the Loss of cellular curvature (similar [7,67]
peptidoglycanturnover < ip, Acsd4, Acsd6, and Acsd4csdé
mutants)
AmiA N-acetylmuramoyl-  Trims the link between Release of daughter Formation of filamentous cells [15, 16]
L-alanyl amidase N-acetylmuramoy! cells after cell division
residue and L-alanine  (septum-cleaving enzyme)
PgdA Peptidoglycan N-deacetylation of Protection against Increased sensitivity of cells to [80, 81]
N-deacetylase N-acetylglucosamine lysozyme and oxidative  the host’s anti-bacterial proteins
PatA Peptidoglycan O-acetylation of stress, and mitigation of  (lysozyme and lactoferrin) activity

O-acetyltransferase N-acetylmuramic acid

ing strains the transformation into spherical forms was
intensified [7, 69]. This observation is consistent with
the results of Hung et al., who during coccoid-inducing
stressogenic culture of Vibrio parahaemolyticus showed
an increase of expression in 15 of 17 selected genes
associated with cell wall synthesis/modifications [71].
The highest increase (~18-fold) was observed for dacB,
a gene coding for the production of D,D-carboxypepti-
dase, a homolog of csd3 in H. pylori. In H. pyloriin the
logarithmic growth phase (with a spiral shape) high lev-
els of GM-pentapeptides and low levels of GM-tripep-
tides and GM-dipeptides were observed [16]. During
the H. pylori morphological transition from spiral to
spherical form, GM-dipeptide motifs accumulate with
a simultaneous reduction of the GM-tetrapeptides and
GM-tripeptides amount [16, 72]. Based on these results,
it can be concluded that D,D-carboxypeptidase activity
of Csd3 and Csd3-dependent generation of GM-tetra-
peptide monomers is an important factor in the H. py-
lori morphological transition into coccoid forms. The
substrates provided in this way can be further pro-
cessed to GM-tripeptides and GM-dipeptides via Csd6
and Csd4 proteins, respectively. The accumulation of
GM-dipeptides in the cell wall determines the peptido-

immune system activity

glycan relaxation and the formation of spherical forms
by H. pylori.

The Csd6 carboxypeptidase

The Csd6 protein possesses L,D-carboxypeptidase
activity and trims GM-tetrapeptides into GM-tripeptides
[68, 70] (Table I). It has been shown that both the lack
of expression and overexpression contribute to the dis-
turbance of H. pylori helical shape and the formation of
straight rod morphology [68]. The Acsd6 mutants had
practically undetectable amounts of GM-tripeptides
and GM-dipeptides, and elevated levels of tetrapeptide
monomers and tetra-tetrapeptide dimers. Therefore,
it is suggested that the latter are a substrate for this
enzyme. A Campylobacter spp. homolog of the Csd6 is
Pgp2, which, as in H. pylori, contributes to spiral cell
shape maintenance [73, 74].

The Csd4 carboxypeptidase

Another protein in the H. pylori peptidoglycan modi-
fication cascade is Csd4 [8, 66] (Table I). It is an enzyme
with the activity of D,L-carboxypeptidase, the target
and product of which are GM-tripeptides and GM-di-
peptides, respectively. Defects in the production of this
protein contribute, similarly as in Acsd6 mutants, to the
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disturbance of the helical shape of H. pylori and the
formation of cells with straight rod-like morphology. The
deletion mutants showed a significantly higher level of
GM-tripeptides and virtually no GM-dipeptides. Chang-
es in the amount of muropeptide dimers have also
been noticed, i.e. an increase in tetra-tripeptide dimers
and a reduction in tetra-tetrapeptides and tetra-pen-
tapeptides motifs. In semi-solid agar tests, after 4-day
H. pyloriincubation, the Acsd4 strains were shown to
have 17% reduced motility, suggesting the importance
of a spiral shape in the efficient movement in an en-
vironment of increased density. The straight rod mor-
phology also negatively influenced the efficacy of mice
colonisation, whereas it was not important in sensitivity
to polymyxin, acidic pH, or increased osmotic pressure.
A Campylobacter spp. homolog of the Csd4 is Pgpl. As
in H. pylori, this protein contributes to maintaining spi-
ral cell shape. The deletion of pgp1 affects numerous
virulence traits, including motility, biofilm formation,
and poultry colonisation [73, 75].

Regulatory proteins CcmA and Csd5

The CcmA and Csd5 proteins have the potential to
function as regulatory factors [67] (Table I). The obser-
vations show that defects in the production of these
proteins are associated with the formation of cells with
the phenotype corresponding to the deletion of csd1
and csd2, or csd6 and csd4, respectively [7, 8]. In the
AccmA strains loss of helicity and formation of curved
cells is noticed, whereas in Acsd5 mutants an opposite
morphology is recorded (loss of curvature and gener-
ation of straight cells). On this basis it was concluded
that CcmA and Csd5 may influence the asymmetric lo-
cation and functioning of other proteins involved in the
peptidoglycan turnover. Similarly in Proteus mirabilis,
CemA plays a key role in interactions with proteins as-
sociated with murein metabolism and the maintenance
of their stability/location [76].

The AmiA amidase

The AmiA is a protein with the activity of N-ace-
tylmuramoyl-L-alanyl amidase [15, 16] (Table I). In
AamiA mutants the presence of a filamentous pheno-
type was demonstrated, suggesting the involvement
of this protein in maintaining of the proper shape of
H. pylori. Such cells had completely formed division
sites, while the daughter cells remained unseparat-
ed. Mutant defective in the production of AmiA had
a reduced amount of muropeptides with 1,6-anhy-
dro-N-acetylmuramate linkages. In a wild-type strain,
an increase in the amount of anhydromuropeptides was
observed along with the time of cultivation (1.7% and
23.3% after 8 h and 48 h, respectively), while in the
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case of the AamiA strain an opposite trend was detect-
ed (12.2% and 6.7% after 8 h and 48 h, respectively)
[16]. In addition, wild-type strain accumulates 2-3-times
faster GM-dipeptides than the AamiA mutant [15]. The
slowed accumulation of GM-dipeptides correlates with
disturbances in morphological transformation into coc-
coid forms, i.e. after a week of incubation the amount
of these forms accounted for 55.8% and 6.3% in wild-
type and AamiA strains, respectively. What is more,
despite the presence of intact flagella, the majority
of AamiA mutants were defective in the ability to ef-
fectively migrate in and colonise the stomach of C57/
BL6J mice [16]. On the basis of the presented results, it
can be concluded that AmiA plays an important role in
maintaining cell morphology, virulence, and survival in
the host organism [15, 16].

The influence of H. pylori cell shape
on motility

Numerous studies on the Csd proteins of H. pylo-
ri have shown that defects in the production of these
factors affect the morphology of cells, and often the
motility and ability to colonise the host [7, 8, 68, 69]. It
was therefore concluded that the helical shape of H. py-
lori may be crucial for the physiological functioning of
this bacterium. In the single-cell analysis of the H. pylori
phenotype, the existence of a large heterogeneity of
shapes, sizes, and number of flagella was observed [10].
Such variability directly affected the bacterial swimming
speed in broth and viscous gastric mucin media. Both
factors (shape and number of flagella) influenced the
motility of H. pylori, because the cells with straight-rod
morphology and fewer flagella had a lower speed of
movement. These results are consistent with previous
observations suggesting the importance of the spiral
shape in the efficient movement of H. pylori 5, 6]. An al-
ternative hypothesis was proposed by Constantino et al.,
who showed that the movement speed of flagellated
bacteria is only slightly modified by the cell shape,
i.e. the participation in the total propulsive thrust and
swimming speed is estimated in this case for less
than 15% [77]. Also, Celli et al. demonstrated that the
spiral shape of H. pylori is not sufficient to penetrate
a thick layer of gastric mucosa and is not responsible
for the corkscrew movement [78]. In this case a more
important factor was the production of urease and the
alkalisation-dependent transition of mucus from gel to
viscous solution. Such reduction of the viscosity of this
polymer facilitates free movement of these bacteria, re-
gardless of cell morphology. Therefore, it is difficult to
determine the significance of the H. pylori spiral shape,
and the reason for the existence of the entire spectrum
of proteins involved in maintaining such morphology.
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There is still a lot of research needed to finally resolve
this issue.

Peptidoglycan deacetylase PgdA
and acetyltransferase PatA

The intense accumulation of GM-dipeptide motifs
correlates in H. pylori with a morphological transition
from spiral to coccoid forms [15]. Spherical forms induce
a significantly lower level of proinflammatory factors, i.e.
IL-8 cytokines and NF-kB transcription factors. This may
suggest that morphological transformation is one way
to avoid an attack from the host immune system.

There are also other mechanisms of immune es-
cape, independent of the peptide bridge shortening.
One of them is N-deacetylation of murein. The enzyme
responsible for this process is peptidoglycan deacetyl-
ase A (PgdA) (Table I). The pgdA expression is induced
during oxidative stress exposure, as demonstrated
during H. pylori culture at various oxygen concentra-
tions (three-fold higher at 12% oxygen than at 2%) and
co-incubation with macrophages (3.5-fold increase)
[79]. In ApgdA mutants, increased sensitivity to lyso-
zyme and decreased mice colonisation capacity (nine-
fold lower titre of deletion mutants than wild strains
at 9 weeks post-infection) were demonstrated. In mice
infected with the ApgdA strains an increased level of
MIP-2 (macrophage inflammatory protein-2; IL-8 ana-
log), IL-10, and TNF-a was also noticed, suggesting the
participation of PgdA in the reduction of the host’s im-
mune activity [80]. The post-translational regulator of
PgdA functioning is AcnB aconitase, which is expressed
in response to oxidative stress and changes in the iron
level. The second way to mitigate the immune response
to H. pylori, obtained by modifying murein, is the ability
to O-acetylate this polymer. The enzyme responsible for
this activity is peptidoglycan acetyltransferase A (PatA)
(Table I). The synergistic activity of PatA and PgdA, con-
tributing to increased resistance to lysozyme and the
effectiveness of host colonisation, was noted [81]. After
six-hour incubation of H. pylori (10° CFU/ml) in the pres-
ence of 30 mg/ml lysozyme, a much greater decrease
in the ApgdA or ApatA (10* CFU/ ml) and ApgdApatA
(< 10 CFU/ml) mutants was observed compared to
wild-type strains (10 CFU/ml). A similar susceptibility
gradation was observed when treating these strains
with a mixture of lysozyme (0.3 mg/ml) and lactoferrin
(3 mg/ml). In addition, the H. pylori double mutants
had strongly reduced mice colonisation capacity; the
number of deletion mutants was 10-fold lower than in
wild-type strains (60 +52 CFU/mg stomach vs. 691 +103
CFU/mg stomach). On this basis, it was concluded that
the action of both enzymes is needed for a full toler-
ance to lysozyme and effective host colonisation.

Peptidoglycan-modifying proteins
of Helicobacter pylori as potential
targets for antimicrobial therapies

The shape of bacterial cells is a factor that affects
the ability of microbes to colonise specific niches (includ-
ing the host organism), escape from immune clearance,
or cause disease development [12]. For this reason, the
shape seems to be an interesting target in creating new
pathogen-focused eradication therapies. Antibiotics with
antimicrobial activity, whose target is the cell wall, have
been widely used for over 70 years [82]. The compounds
that interfere with the process of peptidoglycan synthesis
include: B-lactams, antibiotics targeting D,D-transpepti-
dases activity, and glycopeptides, antibiotics targeting
D-Ala-D-Ala residues of lipid Il precursors [82, 83]. Helico-
bacter pylori exhibits natural resistance to glycopeptides,
while it is sensitive to B-lactams, of which amoxicillin is
used in routine antibiotic therapies [84]. Currently, resis-
tance to amoxicillin is satisfactorily low (< 2%) [85]. How-
ever, there are reports indicating the possibility of amox-
icillin resistance spreading, which is achieved by the
activity of B-lactamases [86] or pbp 1A mutation [86—88].
For this reason, the search for alternative methods inter-
fering with peptidoglycan biosynthesis is an interesting
direction of research aimed at increasing the degree of
H. pylori eradication.

One of the ways to reduce the pathogenicity of
H. pylori is the possibility of disrupting helical cell for-
mation. An example of a substance with such proper-
ties is a phosphonic acid-based pseudopeptide, which
has the ability to bind to the active site of Csd4 (or
Pgp1l in Campylobacter jejuni) and mediate protein ac-
tivity disturbances [89]. The millimolar concentrations
of this compound contributed to the straightening of
H. pylori and C. jejuni cells.

The other option is to inhibit the transformation of
H. pylori from antibiotic-susceptible spiral forms into
more resistant coccoid forms. Because the overpro-
duction of Csd3 contributed to the intensification of
spherical morphotype formation, and the dysfunction of
Csd3 leads to delay of the transformation process, this
protein is another interesting target for anti-H. pylori
therapy [9]. Another potential target is AmiA. Bacteria
defective in the production of this protein have reduced
ability to form spherical forms and impaired motility,
colonisation of the host’s stomach, and evasion of im-
mune responses [15, 16].

An alternative approach to reduce the protective
properties of these microbes could be to create sub-
stances that would interfere with the functioning of
PatA and/or PgdA. This would increase the sensitivity
of these bacteria to the effect of physiological con-
centrations of the host’s anti-bacterial proteins (e.g.
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lysozyme and lactoferrin) and promote the intensifi-
cation of the immune system’s activity to the ongoing
infection [80, 81]. Similarly, in Gram-positive Staphylo-
coccus, Streptococcus, and Enterococcus, a disruption
of peptidoglycan acetyltransferase activity as an anti-
virulent mechanism promoting increased immunity
protection is suggested [90].

Summary

Helicobacter pylori is one of the model bacteria in
research on the mechanisms responsible for the mor-
phological variability of microbes. In many available
scientific data, attention is focused on environmental
factors affecting the morphogenesis of this microorgan-
ism [19-23, 25, 28, 29, 48, 49]. Nonetheless, relatively
little is known about the molecular determinants that
govern these processes.

The bacterial cytoskeleton participates in many im-
portant physiological functions, i.e. cell division, mor-
phogenesis, and DNA segregation. Among the proteins
of H. pylori cytoskeleton, Mre-like proteins are associat-
ed with the chromosomes segregation, cellular length
modulation, and pathogenicity of this bacteria, Min
proteins are responsible for the process of proper cell
division, while Ccrps are involved in maintaining the spi-
ral shape of this bacterium. Because many cytoskeletal
proteins are not encoded by H. pylori or do not partic-
ipate in morphogenesis processes, it seems that there
are other, more important proteins involved in the mor-
phological processes of this bacterium.

There are at least two networks of peptidogly-
can-modifying enzymes that affect the shape of this
bacterium; these are: helicity-generating Csd1, Csd2,
and CcmA, and curvature-determining Csd4, Csd5, and
Csd6. The Csd3 protein is considered a link between
both cascades of murein modifications. Additionally,
AmiA amidase also plays an important role in the main-
tenance of cell morphology by supervising the correct
separation of daughter cells from mother cells.

To date, the function of the spiral shape in motility
and the ability to colonise the stomach by H. pylori has
not been unambiguously determined. There are studies
confirming the key role of this morphological form in
host colonisation, while others deny such dependence.
Perhaps increased swimming speed of this bacteria, al-
though insignificant in research models, is crucial for
efficient stomach mucosa colonisation and protection
against the lethal effect of acidic pH. Alternatively, mo-
tility in a high-density environment may occur equally
well in H. pylori spiral and rod-shaped forms, while the
energy expenditure of movement is more beneficial for
spiral-shaped forms. Nevertheless, the spiral shape is
not the only morphological form produced by H. pylori.

Gastroenterology Review 2018; 13 (3)

The large heterogeneity of H. pylori morphological forms
includes also the presence of curved/straight rods, fila-
mentous forms, and coccoid forms. Such a multitude of
shapes suggests that morphological variability may be
an important factor responsible for rapid response to
changing external conditions and thus is a feature that
allows survival in various environmental niches and fa-
cilitates modulation of pathogenicity.

Based on the presented literature data, the number
of studies focusing on molecular factors modifying the
composition of H. pylori peptidoglycan/cytoskeleton
should be increased. It seems that understanding the
function and structure of these proteins would be of
great importance in the development of new therapies
aimed at disrupting the motility, colonisation, and abili-
ty of persistent stomach colonisation by H. pylori.
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