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Helicobacter pylori Possesses Four Coiled-Coil-Rich Proteins
That Form Extended Filamentous Structures and
Control Cell Shape and Motility"
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We identified two additional genes of Helicobacter pylori encoding Ccrp proteins. All four Ccrps have different
multimerization and filamentation properties and different types of smallest subunits and do not copurify,
suggesting a system of individual Ccrp filaments. Despite the presence of morphologically unaltered flagella,
all ccrp mutants displayed significantly reduced motility.

Helicobacter pylori is a Gram-negative, highly motile, mi-
croaerophilic, spiral-shaped organism, which colonizes the
stomachs of at least half of the world’s human population (11).
The cell shape of H. pylori has always been held as an impor-
tant pathogenicity factor. The cell shape of H. pylori is appar-
ently controlled by two unrelated mechanisms that operate at
two levels: peptidases influence cell shape by causing pepti-
doglycan relaxation (5, 26), whereas so-called coiled-coil-rich
proteins (Ccrp) compose an intracellular scaffold (30). In Cau-
lobacter crescentus, the coiled-coil-rich protein crescentin is
essential for the generation of cell curvature (2), likely through
mechanical control of cell growth (6). In Streptomyces coeli-
color, the filament-forming Ccrp FilP determines cell rigidity
but not cell shape (4). Recently, Ccrp RsmP was shown to be
essential both for viability and for rod shape determination in
Corynebacterium glutamicum (8). H. pylori possesses two Ccrp
proteins (Ccrp59 and Ccrp1143), which are essential for the
maintenance of proper cell shape (30).

In this work, a close inspection of the genome of H. pylori
26695 revealed the presence of genes encoding proteins rich in
putative heptad repeat regions, located adjacent to the previ-
ously characterized ccrp59 and ccrpl143 genes: HP00SS8 lies
upstream of ccrp59, and HP1142 lies downstream of ccrp1143.
This gene arrangement is conserved in all strains analyzed
(26695, J99, HAPG1, 1061, G27, and B128). Concerning
HPO0058, we have identified a sequencing error (creating a
wrong annotation) in the presumed intergenic region upstream
of gene HP00SS8: the C stretch at bp position 62013 in the
genome of strain 26695 is composed of 17 C’s rather than the
reported 15 C’s. Because of this frameshift, HP0058 begins at
bp position 61943, encoding an approximately 48-kDa protein.
Indeed, we found that only the long version of HP0O058 is
expressed in H. pylori cells. Based on their putative coiled-coil-
rich structure, we designate the H. pylori HP0058 and HP1142
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gene products Cerp58 and Cerp1142, and the genes will be
referred to as ccrp58 or ccrpl142 here.

Both new ccrp genes are also highly heterogenic between
H. pylori strains (18, 22). It has been suggested that the
genes are submitted to specific selection pressure, making
them evolve rapidly. By using BLASTn (NCBI) and the
sequence of strain 26695 as a reference, the maximum iden-
tity of the ccrp58 and ccrpl142 genes of all sequenced H.
pylori strains decreased to 84% and 89%, respectively. How-
ever, genes were found in all sequenced strains available.
This hypervariability may contribute to the highly different
morphologies of H. pylori strains.

To study the functions of Ccrp58 and Ccrpl1142, we inacti-
vated both genes separately in the H. pylori strains 26695 and
KES88-3887 (KE) and analyzed their role in cell shape deter-
mination. The strains, plasmids, and primers used are listed in
Tables 1 and 2. Mutants were derived as described previously
(19, 28, 29). Growth analysis of both mutants revealed that the
inactivation of either gene affected the growth rate of H. pylori
(not shown). While less than 15% of 26695 wild-type cells were
found to be straight (Fig. 1A), the percentage of straight cells
in the population was 50% in the ccrp58 mutant (n = 400) and
40% in the ccrpl142 mutant (n = 130) (Fig. 1B and C). With
regard to cell morphology, the corresponding mutants in strain
KE behaved similarly (not shown). Because deletion of ccrp59
leads to the formation of 100% straight cells (30), a polar effect
of the ccrp58 disruption could be excluded.

The gene HP1141 downstream of ccrpl142 encodes methio-
nyl-tRNA formyltransferase, whose function is essential in
some bacteria (3, 10). The deletion of ccrpl142 produced via-
ble cells without any detectable growth defect, demonstrating
that this deletion did not affect the expression of gene HP1141.
To specify the effect of these deletions on cell morphology, we
used a cell filamentation assay with aztreonam as previously
described (26). This inhibitor of the septal peptidoglycan syn-
thesis forces cells into long chains and therefore facilitates the
determination of helicity. Accordingly, helical wild-type cells of
strain 26695 formed polymorphic spiral chains, without regular
pitch (Fig. 1D). Aztreonam-treated ccrp58 and ccrpl142 mu-
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TABLE 1. Plasmids and strains used in this study

Strain or plasmid

Relevant characteristics®

Reference or source

Plasmids
pTnMax5 lacI? tnpR tnpA res orig, catge, Cm" 17
pPZERO-2 Cloning vector, MCS in lacZ’ neo, Km" Invitrogen
pO0SSPCAT pZERO-2, AHP0058::Pcat, Cm" Km" This study
p0058StrepPCAT PZERO-2 carrying 500 bp of the C terminus of HP0058 fused with a Strep tag, This study
a chloramphenicol resistance cassette, and 500 bp of the N terminus of ccrp59
pl1142PCAT pZERO-2, AHP1142::Pcat, Cm" Km" This study
pASK-IBA7 Expression vector, tetR P,,, bla, Ap* IBA
pIBA7-1142 pASK-IBA7 carrying the HP1142 coding sequence under the control of the tet This study
promoter cloned in the Bsal site
pIBA7-0059 pASK-IBA7 carrying the HP0059 coding sequence under the control of the tet 30
promoter cloned in the Bsal site
pETDuet-1 bla Novagen
pETDuet-1143 pETDuet-1 carrying the HP1143 coding sequence under the control of the 30
T7promoter cloned between the Ncol and BamHI sites
pETDuet-0058 pETDuet-1 carrying the HP0058 coding sequence under the control of the This study
T7promoter cloned between the EcoRI and Pstl sites
Strains
E. coli strains
BL21 F~ dem ompT hsdS(rg™ mg™) gal Stratagene
BL21-Ccrp58 BL21 carrying plasmid pETDuet-0058 This study
BL21-Ccrp59 BL21 carrying plasmid pIBA7-0059 30
BL21-Ccrp1143 BL21 carrying plasmid pETDuet-1143 30
BL21-Cerp1142 BL21 carrying plasmid p pIBA7-1142 This study

DH5a
phoA supE44 N~ thi-1 gyrA96 relA1

H. pylori strains

F~ ¢80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17(ry~ my ")

Bethesda Research
Laboratories

26695 wt, containing the entire cag PAI 27
KE88-3887 Piglet-passaged strain 26695 15
KE-Ccrp58Strep KE88-3887, Ccrp58 fused to Strep tag, Cm" This study
KE-59PCAT KES88-3887, AHP0059::Pcat, Cm" 30
KE-1143PCAT KES88-3887, AHP1143::Pcat, Cm" 30
KE-58PCAT KES88-3887, AHP0058::Pcat, Cm" This study
KE-1142PCAT KES88-3887, AHP1142::Pcat, Cm" This study
26695-59PCAT 26695, AHP0059::Pcat, Cm" 30
26695-1143PCAT 26695, AHP1143::Pcat, Cm" 30
26695-58PCAT 26695, AHP0058::Pcat, Cm" This study
26695-1142PCAT 26695, AHP1142::Pcat, Cm" This study

“ MCS, multiple cloning site; wt, wild type; PAI, pathogenicity island.

tant strains showed a remarkable homomorphous phenotype
of almost straight chains (Fig. 1D). This phenotype was more
pronounced in the ccrp58 mutant strain, which is in agreement
with the somewhat higher impact of ccrp58 deletion on cell
morphology. Thus, both novel ccrp genes play an important
role in cell shape maintenance.

Subsequently, we investigated the influence of the deletion
of ccrp genes on flagellum formation using the fluorescent
membrane stain FM4-64 at a final concentration 1 nM (the
flagella of H. pylori are covered by a membranous sheath [9]).
Fluorescence microscopy was performed on a Zeiss Axioplan2
with a digital AxioCam MRm camera (30). However, flagella
are not visible in all cells, as they can shear off during the
preparation of cells or sit in a focal plane different from that of
the cell body. Nevertheless, no defect in flagellum formation
was found for any of the ccrp mutants (Fig. 1B and C and data
not shown). To verify this finding, we analyzed the presence of
flagella by transmission electron microscopy using a Philipps/
FEI CM10 (80000V) electron microscope (31). Polar flagella
were readily visible in the wild type as well as in all ccrp

mutants (Fig. 1, right, and data not shown). Deletion of ccrp
genes therefore has no visible effect on the formation of fla-
gellain H. pylori. It is believed that the helical shape of H. pylori
enables the bacteria to penetrate the mucin web in the stomach
(1, 24). Because strain 26695 is flagellated but only moderately
motile (16), we tested swimming motility in strain KE, which is
a highly motile variant of strain 26695, using soft-agar assays
(23). We observed that all four ccrp mutants had significantly
impaired motility (Fig. 2; P < 0.001, analysis of variance
[ANOVA], Tukey’s test). Surprisingly, the level of motility
reduction did not strictly correlate with the loss of spiral cell
shape. The deletion of the ccrp59 gene, which leads to 100%
straight cells, caused the least pronounced motility defect,
whereas the smallest halo diameters were found in the ccrp58
and the ccrpl143 mutant strains. Possibly, a rod shape is more
advantageous for motility than an irregular helical shape or
slight curvature but is less advantageous than a helical shape.
Alternatively, Ccrps may be involved in other cellular pro-
cesses necessary for motility.

Eukaryotic intermediate filament (IF) proteins are involved
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Gene* Application Primer Sequence (5'—=3")

HP0058 Mutagenesis 0058-L3 GCTAACTAACAAGATCACCG
PCAT-0058-R2 1-CGCTATGAGTTGTTGCTACA
CAT-0058-L1 2-GCGCTTATGACTATACATGC
0059-R1 CGGTGATCTTGTTAGTTAGC

HP1142 Mutagenesis 1143-L1 AAGCGACATGCGAGAGATTG
PCAT-1142-R1 1- CCACTGCTTACATTCTGCTG
CAT-1142-L1 2- GAAGATGGTCAATTAGTAGG
1142-R2 TATAATGAGCTTCATGACCG

HP0058 Strep tag fusion 58s-1L.2 ATGGTAGGTCTCAGCGCTTGTTAAGAGAAAAAGAAAATCTCAATA
58Strep-PCAT GGCGGATTAACAAAAACCGGACTATTTTTCAAATTGCGGGTG
59PCAT TGGCAGGGCGGGGCGTAAATGGGA
59_dw GCTCTTGTTTAAGGCTATCC

HPO0058 Expression 58 up TCAGAATTCATGATGGGTGCTCATATTATAG
58_Strepdw TCACTGCTATTTTTCGAACTGCGGGTGGCTCCACCCGCCTGATCCC

ATATCCACGATAGT

HP1142 Expression pASK7-1142-1L1 ATGGTAGGTCTCAGCGCGTGAGCGTGAATAGTAATGGCAAT
pASK7-1142-R1 ATGGTAGGTCTCATATCACTTCATTCTCATCATCATTTTATAATG

Pcat cat gene with CATS1 TCCGGTTTTTGTTAATCCGCC

promoter CATAS1 TTACGCCCCGCCCTGCCA

“ Gene numbers refer to the H. pylori 26695 genome sequence (27).

®The 5’ extensions used for the fusion of PCR products to the cat gene by megaprimer PCR are labeled as follows: 1 (5'-GGCGGATTAACAAAAACCGGA),
complementary to the 5’ region of the cat gene with promoter; 2 (5'-TGGCAGGGCGGGGCGTAA), complementary to the 3’ end of the cat gene. The Bsal restriction

site used for the protein expression via the IBA system is underlined.

in intracellular trafficking and positioning of cellular organelles
(12). Thus, it may be possible that Ccrp proteins adopt some of
these properties in prokaryotic cells. Furthermore, although
flagella were clearly visible in the Ccrp mutants, we cannot
exclude a possible defect in flagellum motion. Interestingly,
cells with mutations in recently identified H. pylori genes, which
promote the helical cell shape by causing peptidoglycan relax-
ation, were not or only minimally reduced in their ability to
swim directionally in a similar soft-agar assay (5, 26). However,
Cerp proteins of H. pylori, besides their function in cell shape
maintenance, clearly influence motility.

We purified Cerps as C- (CerpS8) or N-terminally (Cerp1142,
Cerp59, and Cerp1143) Strep-tagged versions as described pre-
viously (30) (plasmids shown in Table 1). Contrarily to IF
proteins that are generally insoluble, recombinant versions of
all Cerps could be purified as soluble proteins and were ana-
lyzed by gel filtration using either a Superose6 10/300GL col-
umn (Tricorn) or a Biosep-SEC-S4000 (Phenomex) in Strep
tag washing buffer (buffer-W; IBA GmbH) yielding Stokes
radii. Furthermore, we performed sucrose gradient sedimen-
tation experiments using ultracentrifugation (Beckman SW-41
rotor, 13,000 X g, 4°C, 15 h) through linear 5 to 15% sucrose
gradients. Because Ccrp proteins have been shown to be fila-
mentous (30), the native weight (M) must be deduced from the
combination of the Stokes radius (Rs) and the sedimentation
coefficient using the equation M = 3.909s X Rs. Accordingly,
the calculated native masses of Ccrp58, Cerp59, Cerp1142, and
Cerpl1143 are 295 kDa, 127.8 kDa, 184 kDa, and 170 kDa,
respectively. The smallest units of CerpS8, Cerp59, Cerpl142,
and Ccrpl1143 are therefore likely a hexamer (annotated mo-
lecular mass of 48 kDa), a tetramer (32 kDa), a dimer (88
kDa), and a trimer in solution (50.5 kDa), respectively.

Whereas a dimeric structure is a precursor of a tetramer, the
trimeric structure is found in collagen and could be seen as a
prestage of the hexamer structure. These results demonstrate
that H. pylori Ccrps have different multimeric single units as
building blocks of the filaments. The biochemical properties of
all four Ccrps are summarized in Fig. 3.

Interestingly, we observed an increase of large assemblies of
Cerp58 and Cerp1142 over time (Fig. 4C and D, right), as gel
filtration experiments performed with the Biosep-SEC-S4000
column showed that the elution peak of the same sample
changed to larger sizes after 2 (Fig. 4C and D, blue curves) and
4 weeks (Fig. 4C and D, green curves), compared to the ap-
parent size derived directly after Strep tag purification (Fig. 4C
and D, red curves). Furthermore low-spin centrifugation
(13,000 rpm) revealed that Ccrp58 was found mostly in the
supernatant at pH 8, whereas decreasing the pH increased
sedimentation, and at pH 6, most of Ccrp58 was present in the
pellet fraction (Fig. 4A).

Electron microscopy analysis showed that purified Ccrp58
formed filaments with an average length of 50 nm (Fig. 5A) at
pH 8. Additionally we could observe some longer filaments of
200-nm length (Fig. SA, white arrow). A control (buffer E; IBA
GmbH) showed a plain gray image without any structure (Fig.
5D). Whereas the addition of up to 10 mM magnesium chlo-
ride or calcium chloride had no effect on filament formation,
the decrease of the pH from pH 8 to pH 7 resulted in the
formation of much longer filaments of up to 1 pm (Fig. SA
right, white arrows) as well as of bundles of filaments (gray
arrows). These results demonstrate that the assembly of
CerpS8 is dependent on pH and time, very similarly to the
assembly of IF proteins (14).

Ccrp1142 also forms filamentous structures in vitro, indepen-
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membrane stain

FIG. 1. Analysis of cell morphology of H. pylori strain 26695. Wild type (A), ccrp58 mutant (B), and ccrpl142 mutant (C). Nomarski DIC images
(left), fluorescent micrographs of FM4-64 membrane staining (middle), transmission electron microscopy images of phosphotungstic acid
(PTA)-stained cells (right). Wild-type (wt) and mutant strains are indicated in the images. Black bar, 2 um. All images are equally scaled. (D) Phase
contrast of wild-type and mutant cells treated with the filamenting drug aztreonam.

dent of any cofactor (Fig. 5C). In contrast to Ccrp58, but
similar to Cerp59 (30), Cerp1142 already formed long bundles
of filaments (Fig. 5C) at pH 8. Single filaments had a diameter
of 10 nm, while the width of whole bundles was more than 100
nm. The length of the bundles could even reach more than 500
nm (Fig. 5C).

To obtain more information on the native architecture of
Cerp58 filaments, we generated a construct in which the 3’ end
of ccrp58 is fused to a Strep tag and an adjacent chloramphen-
icol resistance cassette (21), and primers listed in Table 2. This
construct was integrated into the ccrp58 locus in strain KE, and
correct integration was confirmed by PCR and sequencing.

The morphology of the Ccrp58-Strep fusion strain was as
spiral as that of wild-type cells, showing that the fusion does
not disturb function. Ccrp58-Strep could be efficiently puri-
fied from H. pylori cell extracts (Fig. 4B) using procedures
used for E. coli cell extracts (30). Electron microscopy re-
vealed that Ccrp58 was also organized in filaments (Fig. 5B).
Interestingly, even when these filaments were purified at pH
8, they were much longer than those observed after purifi-
cation from E. coli. Apparent single filaments had a diam-
eter of about 7 nm, but filaments generally assembled into
large bundles with a diameter of about 100 nm and a length
of more than 1 pm (Fig. 5B). H. pylori wild-type cell extracts
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FIG. 2. Motility phenotype of all Ccrp mutants in soft agar depicted as mean halo diameter of at least three independent experiments totaling
200 stabs per strain in soft agar after 5 days. Stars indicate significant differences from wild type (P < 0.001, ANOVA with Tukey test).

subjected to Strep tag purification and analyzed by electron
microscopy did not show any filamentous structures, indi-
cating that the observed filaments are indeed composed of
Cerp58-Strep (Fig. SE).

These findings raise several possibilities: the simplest expla-
nation might lie with the internal pH of E. coli, which is pH 7.8
(20) and thus similar to the standard purification conditions,
whereas the pH in the cytoplasm of H. pylori is pH 6.8 (25).
Additionally, Cecrp58 could be modified in vivo, e.g., phos-
phorylated, as has been shown for IF proteins, which contain
numerous phosphorylation sites involved in their assembly/
disassembly and subcellular organization (13). Furthermore,

copolymerization of Ccrps could act as facilitation factor.
Hence, to address this question we analyzed Ccrp58 eluates
from H. pylori cells by mass spectrometry (nano-liquid chro-
matography—tandem mass spectrometry [nLC-MS/MS]) for
the presence of the other Ccrp proteins according to the
method of Defeu Soufo et al. (7). As a control, extracts from H.
pylori cells lacking the Strep fusion were run over Strep-tactin
columns. Only a small amount of Ccrp1143 could be detected
by this comparative analysis within the Ccrp58-Strep eluate.
None of the other Ccrp proteins was found to coelute with
Cerp58-Strep. These data suggest that rather than being part of
a mixed filamentous structure, Cerp58 forms individual fila-
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FIG. 3. Architectures and biochemical properties of Ccrp proteins. The tripartite building plan of a human IF protein nuclear lamin A is
depicted at the top. The scale bar refers to amino acid residues. Boxes represent domains in coiled-coil conformation and lines noncoiled-coil
sequences. Long head or tail domains are in some cases truncated. n.d., not determined.
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FIG. 4. (A) Spin-down assay of Ccrp58 after purification from E. coli. Coomassie-stained SDS-PAGE of spin-down assays of 20-pl fractions.
S, supernatants; P, pellets resuspended in 20 pl SDS loading buffer. Different pH levels are indicated. (B) Western blot of 20 wg of whole-cell
extracts of H. pylori wild-type cells (KE) and of the mutant, in which Ccrp58 is fused to the Strep tag (KE-58Strep) as indicated. M, marker; marker
protein sizes are indicated. The antiserum recognizes the tagged version of CerpS8 in strain KE-58Strep, as well as a nonspecific band, which can
also be seen with the parent strain KE. (C to F) Analytical gel filtration of Cerp proteins. Elution profiles of analytical gel filtration of Ccrp58
(C) and Ccrp1142 (D) using a Superose6 10/300 column (left) and a Biosep-SEC-S4000 column (right). In the right panels, the red curves display
gel filtration immediately after purification, the blue curves after 2 weeks, and the green curves after 4 weeks after purification. Elution profiles
of Cerp59 (E) and Cerpl1143 (F) using a Superose6 10/300 column. The triangles above each elution profile indicate the elution times of the
standard proteins (Bio-Rad) as follows: thyroglobulin (670 kDa, 19 S), bovine gamma-globulin (158 kDa, 7.4 S), chicken ovalbumin (44 kDa, 3.5
S), equine myoglobin (17 kDa, 2.0 S), vitamin B, (1.35 kDa). mAU, milliabsorbance units.
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FIG. 5. Electron microscopic images of Ccrp58 and Ccrp1142 purified at pH 8. (A) Cerp58-Strep expressed in E. coli. White arrows indicate single
long filaments, and gray arrow indicates a bundle of filament. pH 7, image of the same purification fraction shown on the left adjusted to pH 7.
(B) Cerp58-Strep purified from H. pylori. (C) Strep-Cerp1142 expressed in E. coli. (D) Electron microscopic image of solution buffer E. (E) Electron
microscopic image of H. pylori wild-type (KE) fraction after Strep tag purification. All images are from PTA-stained samples. White scale bars, 100 nm.

ments in vivo. We therefore suggest the speculative model that
all Cerp proteins build up individual filaments. In this context
it might be possible that different Ccrp polymers with different
degrees of curvature may generate different degrees of helicity.
However, whether the other Ccrp proteins generate mixed or
individual filaments remains to be investigated.

In conclusion, H. pylori contains a complex cytoskeleton that
affects cell morphology as well as motility.

We thank Ali Al-Ahmad for performing the statistical analysis and
Maren Lingnau for technical assistance.
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