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ABSTRACT Cyclopropane fatty acids (CFAs) are synthetized by the addition of a
methylene group from S-adenosyl-L-methionine across the carbon-carbon double
bonds of unsaturated fatty acid chains of membrane phospholipids. This fatty acid
cyclopropanation, catalyzed by the CFA synthase (CfaS) enzyme, occurs in many bac-
teria, including the human pathogen Helicobacter pylori. Although the cyclopropane
modification was reported to play a key role in the adaptation in response to envi-
ronmental stress, its role in H. pylori remains unknown. In this study, we showed
that H. pylori HP0416 encodes a functional CfaS. The enzyme was demonstrated to
be required for acid resistance, antibiotic resistance, intracellular survival and mouse
gastric colonization, and cell membrane integrity. Moreover, the tool compound di-
octylamine, which acts as a substrate mimic, directly inhibits the CfaS function of H.
pylori, resulting into sensitivity to acid stress, increased antibiotic susceptibility, and
attenuated abilities to avoid macrophage killing and to colonize mouse stomachs.
These results validate CfaS as a promising antibiotic target and provide new poten-
tials for this recognized target in future anti-H. pylori drug discovery efforts.

IMPORTANCE The increasing prevalence of multidrug-resistant Helicobacter pylori
strains has created an urgent need for alternative therapeutic regimens that comple-
ment the current antibiotic treatment strategies for H. pylori eradication; however,
this is greatly hampered due to a lack of “druggable” targets. Although the CFAs are
present in H. pylori cytoplasmic membranes at high levels, their physiological role
has not been established. In this report, deletion of the CFA synthase CfaS was
shown to attenuate acid and drug resistance, immune escape, and gastric coloniza-
tion of H. pylori. These findings were validated by inhibition of the CfaS activity with
the tool compound dioctylamine. These studies identify this enzyme as an attractive
target for further drug discovery efforts against H. pylori.

KEYWORDS cyclopropane fatty acid, Helicobacter pylori, acid resistance, drug target,
mouse gastric colonization

Helicobacter pylori infects an estimated 50% of the global population and is an
important cause of peptic ulcer disease and gastric cancer (1, 2). It is recommended

that treatment to eradicate the organism be initiated following firm diagnosis (3). In
particular, recent studies have demonstrated that H. pylori eradication could reduce the
incidence of gastric cancer (4, 5). Initial treatment is triple therapy, consisting of a
proton pump inhibitor and two broad-spectrum antibiotics, or quadruple therapy, in
which bismuth is added to the triple therapy (6). However, the complicated regimens
of multiple pills combined with the nonselectivity of the antibiotics can lead to poor
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patient compliance and various side effects, compromising the effectiveness of these
treatments (7). Moreover, increased antibiotic usage worldwide has led to antibiotic
resistance in H. pylori, resulting in falling success rates for H. pylori eradication (8). Novel
targeted anti-H. pylori treatments and antibiotics would be beneficial, as they would
reduce the effects on the microbiota and potentially diminish resistance. To develop
new treatments, it is necessary to understand the molecular strategies utilized by H.
pylori in surviving the harsh conditions in humans and to identify novel and attractive
drug targets.

Since H. pylori infects and survives the extremely acidic (pH � 3.0) environment of
the human stomach, it has to evolve mechanisms for acid resistance. Besides highly
active urease, which catalyzes the hydrolysis of urea into ammonia and scavenges
protons to mitigate acidity (9), H. pylori seems to process other defense systems and
enzymes to support acid resistance. The bacterial cell envelope may play an important
role during these processes, as it protects the cell from environmental stress, maintains
cell shape and rigidity, acts as a molecular sieve, and provides a platform for commu-
nication with the environment (10, 11). H. pylori membrane phospholipid has a unique
fatty acid composition, in that the cyclopropane fatty acid (CFA) cis-11,12-methyl-
eneoctadecanoic acid (C19:0 cyc) constitutes a large proportion (approximately 30%) of
total fatty acids (12–14). It is generally thought currently that this energetically expen-
sive CFA modification (CFA synthesis requires 3 ATP molecules per cyclopropane ring
formed) of membrane lipids is an important strategy employed by bacteria to quickly
adapt to a drastic perturbation of the environment. Indeed, CFAs produced by some
bacteria have been shown to provide protection against various forms of environmen-
tal stress, including low oxygen tension, hydrogen peroxide, desiccation, and high ionic
strength and/or osmolarity (15–17). However, there is debate regarding their roles in
the resistance of bacteria to a lethal pH. For instance, the CFA content has been
demonstrated to be a major factor in the acid resistance of Escherichia coli (18), whereas
the cyclopropanation of membrane lipids is not essential for survival under acidic
conditions for Lactococcus lactis subsp. cremoris and Pseudomonas putida (19, 20).
Nevertheless, the exact physiological impact of CFAs on H. pylori remains unclear.

CFAs are synthesized by modification of the acyl chains of membrane phospholipids
through methylenation of unsaturated fatty acyl (UFA) chains (16). This conversion is
catalyzed by the CFA synthase enzyme (CfaS), which uses S-adenosyl-L-methionine
(SAM) as the methylene donor (21). The E. coli CfaS was the first soluble cyclopropane-
ring-synthesizing enzyme of known amino acid sequence (22). The enzymes of this
family are homologous in both primary sequence and tertiary structure, and cfaS genes
have been identified in the genomes of many bacteria, including Lactococcus lactis (19),
Salmonella enterica (23), Brucella abortus (24), and Sinorhizobium meliloti (25). Moreover,
pathogenic Mycobacterium species carry several CfaSs and methyltransferases, which
are responsible for synthesis of the cyclopropane rings and methyl branches, respec-
tively, of mycolic acids (26, 27). These enzymes have been strongly implicated in
pathogenesis and identified as attractive targets for new antituberculosis drugs (28, 29).
To date, however, there appear to have been no related studies in H. pylori. The locus
tag hp0416 was annotated as the cfaS gene in H. pylori, but no genetic or metabolite
analyses have been conducted to support functional assignment.

In this study, we address the suitability of hp0416-encoded CfaS as a potential target
for anti-H. pylori agents. We demonstrate that CfaS can be targeted by a tool compound
and that this inhibition impairs acid and antibiotic resistance, intracellular survival,
mouse gastric colonization, and cell wall structure in H. pylori.

RESULTS
The hp0416-encoded CfaS is dispensable for H. pylori growth. The genome of H.

pylori strain 26695 contains an open reading frame (ORF) (hp0416) that is predicted to
encode a 45.4-kDa protein of 389 amino acids with a SAM-dependent methyltrans-
ferase domain (amino acids 164 to 271) that is conserved in all CfaSs; it shows 31 to 37%
identity to E. coli CfaS and M. tuberculosis methyltransferases that modify mycolic acids
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(see Fig. S1 in the supplemental material). Note that HP0416 has identical orthologues
in all sequenced strains of H. pylori. To analyze the activity of the protein encoded by
hp0416, we constructed an hp0416 knockout mutant by allelic exchange and comple-
mented the mutant with an improved pIR203C04 complementation system (Fig. S2)
(30). The CfaS activity of HP0416 was demonstrated by fatty acid composition analysis
of phospholipids from wild-type strain, Δhp0416 strain, and complementation strain
cells. As shown in Fig. 1A, the two major fatty acids in strain 26695 were tetradecanoic
acid (C14:0) and C19:0 cyc, in agreement with previous studies (12, 31). In contrast, C19:0

cyc was not detected in the mutant cells and was replaced by the precursor, cis-
vaccenic acid (C18:1) (Fig. 1B). Note that relative levels of two saturated fatty acids,
namely, palmitic acid (C16:0) and stearic acid (C18:0), were also significantly increased in
the mutant cells (Table S2). Complementation restored the ability to generate C19:0 cyc
(Fig. 1D), suggesting that HP0416 functions as a CfaS responsible for fatty acid cyclo-
propanation in H. pylori.

We then determined whether CfaS affects H. pylori growth. The growth curve for
each H. pylori strain was determined in brain heart infusion (BHI) broth by measuring
bacterial density. Compared with the parent strain 26695, the ΔcfaS mutant showed a
moderate growth impairment, with a longer lag time at neutral pH, while the comple-
mented strain showed a growth phenotype similar to that of the wild-type strain (Fig.
2A). In addition, the wild-type strain 26695 and the complemented strain grew expo-
nentially until 40 h, with the same generation times of 4.0 h, whereas the ΔcfaS mutant
grew exponentially until 55 h, with a generation time of 6.7 h (Table S3). Comparable
growth reduction was observed for ΔcfaS mutants constructed in two other H. pylori
backgrounds, i.e., the mouse-adapted strain NSH57 and clinical isolate strain HP159
(data not shown). These data indicated that H. pylori growth was partially but not
completely inhibited by the loss of fatty acid cyclopropanation. Note that C19:0 cyc
supplementation did not restore normal growth to the ΔcfaS mutant (Fig. S3). This
result is confirmed by the finding that no C19:0 cyc was detected in the mutant cells
when they were cultured in the presence of C19:0 cyc (data not shown), indicating that
C19:0 cyc was not easily incorporated into H. pylori cells.

Dioctylamine inhibits fatty acid cyclopropanation in H. pylori by targeting
CfaS. To investigate the phenotypic consequences caused by loss of the cyclopropa-
nation modification, we sought a chemical inhibitor of H. pylori CfaS. Dioctylamine was
recently identified as an inhibitor of E. coli CfaS (32) and M. tuberculosis mycolic acid
methyltransferases (28). Since these CfaSs share some amino acid identity, dioctylamine
might also inhibit H. pylori CfaS by acting as a substrate mimic. We first used a recently
developed CfaS colorimetric assay to examine the inhibition of dioctylamine, and we
determined the 50% inhibitory concentration (IC50) of dioctylamine for H. pylori CfaS to
be 63.81 �M (Fig. S4). Next, we determined whether the dioctylamine treatment
affected the enzymatic activity of H. pylori CfaS in vivo. The fatty acid profiles showed
that the CFAs represented 28% of the total phospholipid fatty acids in strain 26695 but
this composition sharply decreased to 4% for the strain treated with 50 �M dioctyl-
amine (Table S2). We also observed that strain 26695 in broth supplemented with
50 �M dioctylamine exhibited a retarded growth phenotype, which is similar to that of
the ΔcfaS mutant (Fig. 2A). The generation time for strain 26695 supplemented with
50 �M dioctylamine was 6.6 h, close to that for the ΔcfaS mutant. Thus, the
inhibition of growth by dioctylamine could be the direct result of extremely low
levels of the cyclopropanation modification. To confirm the result, we overex-
pressed this enzyme in a high-copy-number plasmid and tested for resistance to
dioctylamine. The strain overexpressing CfaS (HpS49) grew exponentially with
similar generation times (4.7 � 0.5 versus 4.3 � 0.8) when supplemented with or
without 50 �M dioctylamine (Fig. 2B; also see Table S3 in the supplemental
material), indicating partial resistance. As expected, the control strain (HpS48)
supplemented with dioctylamine had a longer lag time and generation time than
those without dioctylamine. These data indicate that dioctylamine inhibits the lipid
modifications and thus the growth of H. pylori by targeting CfaS. Note that

New Roles of CfaS for H. pylori Journal of Bacteriology

October 2019 Volume 201 Issue 20 e00374-19 jb.asm.org 3

https://jb.asm.org


dioctylamine may have other targets, since the ΔcfaS mutant retains some sensi-
tivity to dioctylamine (data not shown).

Fatty acid cyclopropanation is required for acid resistance. Fatty acid cyclopro-
panation in E. coli has been shown to play a role in survival under acidic conditions (18).
We then characterized the ΔcfaS mutant for its sensitivity to low-pH conditions.
Wild-type H. pylori strain 26695 or ΔcfaS mutant cells were treated by suspension in

FIG 1 GC-MS chromatograms of fatty acid methyl esters from total phospholipids of the H. pylori strains (strain 26695
background). The fatty acids were derivatized to their methyl esters and then analyzed by GC-MS. The C19:0 cyc
composition represents the mean of results from three independent experiments. WT, wild-type; WT�Dioc (50 �M), strain
26695 cells grown with 50 �M dioctylamine.
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buffer at different pH values (5.0 or 3.0), and the survival rates were subsequently
determined. As shown in Fig. 3A, treatment at pH 5.0 for 1 h did not have a significant
effect on survival of the wild-type cells, whereas the same treatment killed approxi-
mately 99.9% of the ΔcfaS mutant cells. Furthermore, after acid (pH 3.0) treatment, the
survival ability of the ΔcfaS mutant was approximately 2 or 4 orders of magnitude lower
than that of the parent strain within 30 min or 1 h of shock, respectively (Fig. 3B and
C). Thus, the ΔcfaS mutant was more sensitive to acid stress than the wild-type strain.
In addition, we used a clinical isolate, the HP159 strain, to confirm whether the fatty
acid cyclopropanation is required for survival under acidic conditions. Similar findings
were obtained with the HP159 background, with its ΔcfaS mutant consistently display-
ing much less acid sensitivity than the wild-type strain after challenge at pH 5.0 and pH
3.0 (Fig. 3). Note that the complementation of CFA function restored the acid sensitivity
to the wild-type level. We also observed that the wild-type cells treated with 50 �M
dioctylamine, which sharply decreased the CFA content to 14% of the level in untreated
cells, had acid sensitivity similar to that of the ΔcfaS mutants on both the strain 26695
and strain HP159 backgrounds (Fig. 3), suggesting that inhibition of fatty acid cyclo-
propanation attenuates the acid resistance of H. pylori.

Fatty acid cyclopropanation plays an essential role in gastric colonization in a
mouse model of infection and survival in murine macrophages. The ecological
importance of CfaS, which was found to contribute to acid resistance in vitro (see
above), was subsequently tested in vivo via a mouse colonization assay. C57BL/6 mice
were orogastrically infected with the H. pylori wild-type NSH57 strain (a mouse-adapted
derivative of the G27 strain), its ΔcfaS mutant, or the complemented strain. Three weeks
after infection, the colonization loads of the mice were assessed by quantitative
cultures of stomach homogenates. Bacterial enumeration showed that the ΔcfaS
mutant was completely deficient in its ability to colonize mice, while the geometric
mean of colonization by the parental wild-type strain reached 3.5 � 105 CFU/g stomach
(Fig. 4A). The colonization ability of the complemented strain was restored to a level

FIG 2 Loss of fatty acid cyclopropanation or dioctylamine inhibition of H. pylori growth. (A) Growth
curves for H. pylori strain 26695, strain 26695 ΔcfaS, strain 26695 ΔcfaS::cfaS, strain 26695 supplemented
with 10 �M dioctylamine (Dioc), and strain 26695 supplemented with 50 �M dioctylamine at 37°C in BHI
broth containing FCS. (B) Dioctylamine resistance. H. pylori strain 26695 overexpressing CfaS (HpS49) was
more resistant to dioctylamine than strain 26695 with vector alone (HpS48). The data are means, with
standard error bars, from three independent determinations, analyzed by Student’s t test.
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close to that of the wild-type strain. We also tested the ΔcfaS mutant in a 1:1
competition experiment with wild-type bacteria. The ΔcfaS mutant represented around
0.5% of the wild-type population in the stomach after 3 weeks of colonization (Fig. 4B).
The high degree of impairment of the ΔcfaS mutant when competing with the
wild-type strain demonstrates that H. pylori CfaS mediates resistance against gastric
acid secretion during stomach colonization. To further validate CfaS as a promising
target for the development of anti-H. pylori therapeutics, we tested dioctylamine
efficacy in mice infected with the H. pylori strain NSH57. Dioctylamine (35 mg/kg) was
administered by oral gavage once daily for 3 consecutive days after infection. After
2 days of treatment, there was a 2-log-unit reduction in bacterial burden in the
dioctylamine-treated mice, compared with phosphate-buffered saline (PBS)-treated
control mice (Fig. S5), demonstrating that dioctylamine inhibits bacterial proliferation

FIG 3 Acid sensitivity of H. pylori strains. All strains were grown to an OD600 of 0.3 and subjected to acid
shock at pH 5.0 for 1 h (A), at pH 3.0 for 0.5 h (B), or at pH 3.0 for 1 h (C). The values are the percent cell
survival after treatment, relative to the survival at pH 7.0. The data are means, with standard error bars,
from three independent determinations, analyzed by Student’s t test. **, P � 0.01; ***, P � 0.001; NS, no
significant difference (P � 0.05); 26695 Dioc-treated and HP159 Dioc-treated denote cells grown with
50 �M dioctylamine before acid shock.
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during the infection of mice. These data together confirmed that targeting CfaS is a
valid and potentially promising therapeutic strategy.

H. pylori has the ability to evade elimination by host innate immune responses,
including macrophages, thus establishing a persistent gastric infection. We then per-
formed macrophage killing assays, using the murine macrophage cell line RAW 264.7,
to determine whether CfaS plays such a role. Similar numbers (5 � 108 CFU/ml) of the
H. pylori wild-type strain, the ΔcfaS mutant strain, or the complemented strain were
inoculated into the macrophages. After extracellular killing by gentamicin and incuba-
tion within macrophages, the numbers of surviving cells of the strains were compared.
Two hours after incubation, a slight difference was noticed between the wild-type
strain and the mutant strain (Fig. 5), but that difference was statistically significant only
at the 90% level (P � 0.1). However, the average number of recovered ΔcfaS mutant
cells decreased significantly more rapidly than did the number of wild-type cells after
that point. Twenty-four hours after incubation, about 0.2% viable cells of the wild-type
strain 26695 survived, while the survival rate of the ΔcfaS mutant was 100-fold lower
than that of the wild-type strain (Fig. 5A). Note that the complemented strain exhibited
a survival phenotype similar to that of wild-type strain. We also observed that dioctyl-
amine treatment sharply decreased the intracellular survival of the wild-type cells,
whose recovery abilities remained close to those of the ΔcfaS mutants on both the
strain 26695 and strain HP159 backgrounds (Fig. 5). These results indicate a role for CfaS
in the survival of H. pylori within macrophages.

Fatty acid cyclopropanation mediates resistance to antibiotics. This dioctyl-
amine treatment was shown previously to facilitate the uptake of some antibiotics via
the mycobacterial membrane, thus increasing the susceptibility to them in M. tuber-
culosis (28). To test whether the cyclopropanation contributes to antibiotic resistance in
H. pylori, we conducted antibiotic sensitivity assays using MIC tests. As shown in Fig. 6,
CFA deletion resulted in 4- to 16-fold reductions in resistance to all four tested
antibiotics (ampicillin, metronidazole, levofloxacin, and clarithromycin), on both the
strain 26695 and strain HP159 backgrounds. We also found that the complementation

FIG 4 Mouse stomach colonization levels of H. pylori strains. (A) Mice were inoculated with PBS (negative control) or H. pylori strains four
times (2-day intervals); a dose of 4 � 108 viable cells in 0.4 ml PBS per mouse was administered by gavage each time. After 3 weeks, the
stomachs were harvested, homogenized, diluted, and plated, and the number of CFU was determined 3 to 5 days after harvest. Each point
represents the CFU count from one mouse stomach, and the solid horizontal lines represent the geometric means of the colonization
numbers for each group. Error bars represent the standard deviations derived from 8 mice (strain NSH57 infected), 10 mice (strain NSH57
ΔcfaS infected), or 8 mice (strain NSH57 ΔcfaS::cfaS infected) per group, as analyzed by Student’s t test. **, P � 0.01; NS, no significant
difference (P � 0.05). The detection limit of the assay is 100 CFU/g stomach (shown with a dashed line). (B) Mice were inoculated with
strains NSH57 and NSH57 ΔcfaS together four times (2-day intervals); a dose of 2 � 108 viable cells of each stain in a total of 0.4 ml PBS
per animal was administered each time. After 3 weeks of infection, colonization of H. pylori in mouse stomachs was examined and the
competitive index (CFU of mutant bacteria/CFU of wild-type bacteria) was determined. The horizontal lines represent the geometric
means of the colonization proportion. Error bars represent the standard deviations derived from 6 mice.
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of CFA function restored the antibiotic sensitivity to the wild-type level. The wild-type
strains treated with dioctylamine had antibiotic sensitivity similar to that of the ΔcfaS
mutants (Fig. 6). These results suggested that CfaS activity plays a regulatory role in the
resistance to antibiotics. We then measured the uptake of the hydrophobic fluorescent
probe N-phenyl-1-naphthylamine (NPN) to determine the outer membrane permeabil-
ity of H. pylori in response to dioctylamine treatment. We found a significant increase
in the fluorescence signal of NPN penetration into dioctylamine-treated cells, an effect

FIG 5 Survival of H. pylori strains in macrophage RAW 264.7 cells, determined with the gentamicin killing assay. Similar numbers of the strains
were inoculated into the macrophages. After extracellular killing by gentamicin and incubation within macrophages, samples were removed at
the times indicated and the numbers of surviving CFU per milliliter of H. pylori cells were determined by serial dilution and plate counting. The
survival rates are the percent cell survival after incubation within macrophages, relative to the survival at time zero. The data are means, with
standard error bars, from three independent determinations, analyzed by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001. The strains, in
strain 26695 (A) and strain HP159 (B) backgrounds, are indicated; 26695 Dioc-treated and HP159 Dioc-treated denote the cells grown with 50 �M
dioctylamine before inoculation into the macrophages.

FIG 6 Susceptibility of H. pylori strains to four antimicrobial agents. The MICs were determined by broth
microdilution assays, as described in Materials and Methods. The strains, in strain 26695 (A) and strain
HP159 (B) backgrounds, are indicated; 266959�Dioc and HP159�Dioc denote that 50 �M dioctylamine
was added to the BHI broth containing FCS for MIC assays.
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that was most evident after 10 min but was sustained after 20 min (Fig. 7A). As
expected, the ΔcfaS mutant had a significant increase in NPN uptake, compared with
the wild-type strain, while the complemented strain had NPN uptake similar to that of
the wild-type strain (Fig. 7A). Thus, the sensitivity to antibiotics of the ΔcfaS mutant
could result from the increased membrane permeability with the loss of CfaS function.

To confirm this, we used transmission electron microscopy (TEM) to examine
morphological alterations of H. pylori. Untreated wild-type cells appeared normal, with
intact cell membranes and dense cytoplasm (Fig. 7B). The cells exposed to dioctylamine
lost their characteristic spiral shape and turned into spherical/coccoid forms, with
detachment of the inner membrane from the outer membrane; similar morphological
changes occurred in the ΔcfaS mutant cells (Fig. 7B). Note that the complementation of
CFA function restored a spiral cell morphology without surface damage. Taking these
data together, we demonstrate that loss of CfaS function compromises membrane
permeability and damages cell membranes, leading to enhanced drug penetration and
thus drug killing.

DISCUSSION

Fatty acid cyclopropanation is a common postsynthetic modification of bacterial
membrane lipid bilayers (16). In most cases, the physiological rationale for this cyclo-
propanation modification remains obscure, although some studies have indicated a
substantial role for cyclopropanation in membrane fluidity and permeability (33). The
major human pathogen H. pylori is characterized by the presence of C19:0 cyc as one of
the major fatty acids (12), which can help to differentiate it from closely related bacteria
such as Campylobacter species and Wolinella species or to differentiate among the
Helicobacter species. Considering the expense, timing, and extent of the UFA-to-CFA
conversion, the CFAs seem to confer some adaptive advantages to H. pylori. Here we
demonstrate that loss of the cyclopropanation modification leads to pleiotropic alter-
ations in the cell envelope structure. This could be mainly attributed to alterations in
the membrane fatty acid composition and greatly increased levels of the UFA C18:1 but
not two saturated fatty acids (C16:0 and C18:0). Indeed, UFAs have been shown to inhibit
H. pylori growth through their incorporation into phospholipids and membrane de-
struction (34). Importantly, loss of the normal morphology of this organism further
results into increased acid and drug susceptibility and attenuated abilities to colonize
mouse stomachs. Moreover, chemical inhibition of the CFA synthase enzyme (CfaS)
causes in vitro phenotypes similar to those of ΔcfaS mutants and blocks bacterial
replication in animal models of H. pylori infection. These studies thus provide a strong
scientific basis for targeting CfaS as an attractive target for the development of anti-H.
pylori drugs.

FIG 7 Disruption of membrane permeability by inhibition of CfaS function. (A) Uptake of NPN by H. pylori cells. The
data are the means, with standard error bars, from three independent determinations, analyzed by Student’s t test.
**, P � 0.01; ***, P � 0.001; NS, not significant. (B) Morphological alterations of H. pylori strains. TEM was used to
investigate the morphology of H. pylori cells after overnight culture. 26695�Dioc-treated denotes the cells grown
with 50 �M dioctylamine. Scale bars, 500 nm.
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The major role of CFA formation in protection from extreme acid shock was first
shown in E. coli (18). This protection also applies to other bacteria, including H. pylori,
based on our acid resistance assays, although Pseudomonas putida and L. lactis subsp.
cremoris were two exceptions (19, 20). Our results also reveal a novel physiological role
of cyclopropanation in H. pylori. Helicobacter isolates primarily isolated from the gastric
mucosa tend to synthesize large amounts of CFA, whereas isolates identified as
intestinal colonizers generally do not (31). This finding implies that CFA formation may
contribute to gastric colonization for H. pylori. In a NSH57-infected mouse model, CfaS
was shown to be required for gastric colonization, a novel finding. The most likely cause
of this essentiality of CfaS in gastric colonization is mediation of resistance to host
gastric acid secretion. The straightforward effect would be a decrease in proton
permeability of the membranes due to conversion of UFAs to CFAs by CfaS in the
phospholipid component. Indeed, the hypothesis was confirmed in E. coli via in situ
real-time assessment of net H� transport across the bacterial membrane (35).

Furthermore, we observed that loss of the cyclopropanation modification rendered
H. pylori susceptible to antibiotics. The increased susceptibility to antibiotics due to the
deletion of CfaS may be the result of increased membrane permeability and disruption
of the cell membrane, facilitating antibiotic penetration and cell killing. The cell
membrane of Gram-negative bacteria is an essential organelle and a robust permea-
bility barrier that prevents entry of many antibiotics (36). Thus, effective permeabiliza-
tion of the cell membrane could be a strategy to control bacterial infections by
enhancing antibiotic action/delivery. Modification of the lipid A phosphate groups of H.
pylori lipopolysaccharide has been shown to be required for polymyxin resistance (37).
Similarly, we think that loss of the cyclopropanation modification might affect the cell
membrane structure and integrity, thus influencing permeability and eventually in-
creasing the sensitivity of H. pylori to antibiotics. Thus, inhibition of CFA synthesis may
render H. pylori defective in establishing successful infections in vivo by decreasing the
colonization potential and fitness advantage (resistance to antibiotics).

It would be unlikely for the CfaS inhibitor dioctylamine to be explored as a
promising antimicrobial drug, due to its toxicity. However, our data provide strong
support for the future exploration of CfaS as a drug target, with CfaS inhibitors
presenting an important avenue for the development of new anti-H. pylori drugs. The
powerful strategy with this validated target not only would avoid cross-resistance to
established targets but also would remove much of the usual uncertainty regarding in
vivo clinical efficacy.

MATERIALS AND METHODS
Chemicals, bacterial strains, and growth conditions. All chemicals were purchased from Sigma-

Aldrich (St. Louis, MO) or Sinopharm Chemical Reagent Co. (Shanghai, China) and used as received unless
otherwise specified. The bacterial strains and plasmids used in this study are summarized in Table 1. H.
pylori strains 26695 (38) and NSH57 (39) were kindly provided by Nina R. Salama (Fred Hutchinson Cancer
Research Center, USA). Clinical isolate HP159 was obtained from a human gastric biopsy specimen, using
standard protocols. H. pylori strains were routinely cultured either in BHI broth (Becton, Dickinson, Sparks,
MD) containing 10% fetal calf serum (FCS) and Dent’s supplement or on Columbia blood agar (Oxoid,
Basingstoke, UK) plates containing 5% FCS and Dent’s supplement, in a microaerophilic environment
(10% CO2-85% N2-5% O2, with 90% relative humidity), for 2 to 3 days at 37°C in a double-gas CO2

incubator (model CB160; Binder, Germany). Selection of H. pylori mutants was performed using kana-
mycin at 25 �g/ml or chloramphenicol at 10 �g/ml. E. coli strain DH5� was routinely grown in LB broth
or on LB agar supplemented with ampicillin (100 �g/ml), chloramphenicol (30 �g/ml), and/or kanamycin
(50 �g/ml) when appropriate.

DNA manipulation and construction of H. pylori �cfaS mutants. Plasmid DNA and chromosomal
DNA were extracted with the QIAprep spin miniprep kit (Qiagen). Oligonucleotide primers (listed in Table
S1 in the supplemental material) were synthesized and the cloned genes were verified by sequencing
performed by GeneScript Co. (China). The aphA3 cassette (encoding the kanamycin resistance gene)
�1.3-kb fragment was amplified by PCR using the P1/P2 primer pair. The PCR product was cloned into
the PstI and BamHI sites of pBluescript SK(�) vector to generate BHKP109. H. pylori strain 26695 genomic
DNA was used as a template to amplify an �500-bp DNA fragment both upstream and downstream of
the target H. pylori HP0416 locus. Primers P3 and P4 were used to amplify the upstream region, while
primers P5 and P6 were used to amplify the downstream region. The two regions were successively
ligated to BHKP109 to generate pBHKP203, carrying a sandwich fusion in which the aphA3 cassette was
flanked by the upstream and downstream regions of H. pylori cfaS. This plasmid was then introduced into
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H. pylori wild-type strains by natural transformation via allelic exchange. Colonies (ΔcfaS) were isolated
on Columbia blood agar plates supplemented with kanamycin at 25 �g/ml. The deletion of H. pylori cfaS
in the genome of the mutant strain was confirmed by PCR using appropriate primers, followed by
sequencing of the PCR products.

Construction of H. pylori complementation strains. The complemented ΔcfaS::cfaS strain was
constructed by inserting a wild-type copy of the cfaS gene in the region between hp0203 and hp0204,
where there are untranslated regions of the H. pylori chromosome (30). The catGC cassette (with the
chloramphenicol resistance gene) �900-bp fragment first was amplified by PCR using the P13/P14
primer pair and then was cloned into the PstI and BamHI sites of the pBluescript SK(�) vector to generate
BHKP202. The P9/P10 and P11/P12 primer pairs were then used to amplify the upstream and down-
stream untranslated regions, respectively, between hp0203 and hp0204. The two regions were succes-
sively ligated to BHKP202 to generate pBHKP252, carrying a sandwich fusion in which the catGC cassette
was flanked by the upstream and downstream untranslated regions. The H. pylori cfaS gene containing
its promoter region was amplified by PCR with the P7/P8 primer pair and was cloned into the PstI and
XhoI sites of pBHKP252 to generate pBHKP388. This plasmid was then introduced into H. pylori ΔcfaS
strains by natural transformation via allelic exchange. Colonies (ΔcfaS::cfaS) were isolated on Columbia
blood agar plates containing kanamycin (25 �g/ml) and chloramphenicol (10 �g/ml). The complemen-
tation of H. pylori cfaS in the genome of the complemented strain was confirmed by PCR using
appropriate primers, followed by sequencing of the PCR products.

Preparation of fatty acid methyl esters and fatty acid analysis. The H. pylori cultures were grown
at 37°C in 10 ml BHI broth containing FCS, to an optical density at 600 nm (OD600) of 0.4. The
phospholipids were extracted from 0.5 g (wet weight) of bacteria and dried under nitrogen by the
method of Bligh and Dyer (40); fatty acid methyl esters were then prepared as described previously (41).
The resulting methyl esters were redissolved in 100 �l of hexane and analyzed by gas chromatography-
mass spectroscopy (GC-MS), using an Agilent system consisting of a 5975C mass selective detector, a
7683B autosampler, and a 7890A gas chromatograph equipped with a ZB-WAX (Phenomenex Inc.)
capillary column (30 m by 0.25 mm [inner diameter], with 250-�m film thickness). A 1-�l sample was
injected with a split ratio of 5:1. The inlet temperature was 230°C, and the interface temperature was
250°C. Helium as the carrier gas was set at a constant flow rate of 1 ml/min. The temperature program

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotypea Reference or source

E. coli
DH5� Δ(argF-lac)U169 �80dlacZ58(M15) ΔphoA8 glnV44 deoR481 gyrA96 recA1 endA1 hsdR17 Laboratory stock
BL21 (Tuner) F� ompT hsdSB(rB

� mB
�) gal dcm lacY1 Novagen

Rosetta(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) pRARE Novagen

H. pylori
26695 Wild-type 38
HpS42 Kmr; 26695 ΔcfaS This work
HpS43 Kmr Cmr; 26695 ΔcfaS::cfaS This work
Hp159 Drug-resistant clinical isolate Laboratory stock
HpS44 Kmr; Hp159 ΔcfaS This work
HpS45 Kmr Cmr; Hp159 ΔcfaS::cfaS This work
NSH57 Mouse-adapted derivative of G27 strain 39
HpS46 Kmr; NSH57 ΔcfaS This work
HpS47 Kmr Cmr; NSH57 ΔcfaS::cfaS This work
HpS48 Kmr; 26695 transformed with plasmid pHel3 This work
HpS49 Kmr; 26695 transformed with plasmid pBHKP380 This work

Plasmids
pBluescript SK(�) Ampr; cloning vector Stratagene
pQE-2 Ampr; T5 promoter-based expression vector Qiagen
pHel3 Kmr; E. coli/H. pylori shuttle vector 43
pBHKP109 Ampr Kmr; PCR-amplified aphA3 inserted between PstI and BamHI sites of pBluescript SK(�) This work
pBHKP202 Ampr Cmr; PCR-amplified catGC inserted between PstI and BamHI sites of pBluescript SK(�) This work
pBHKP203 Ampr Kmr; PCR-amplified HpcfaSup inserted between PstI and EcoRI sites plus PCR-amplified

HpcfaSdn inserted between BamHI and XbaI sites of BHKP109
This work

pBHKP252 Cmr; PCR-amplified Hp0203up inserted between KpnI and XhoI sites plus PCR-amplified Hp0204dn
inserted between BamHI and XbaI sites of BHKP202

This work

pBHKP388 Cmr; PCR-amplified H. pylori cfaS (containing its promoter) inserted between XhoI and
PstI sites of BHKP252

This work

pBHKP380 Kmr; PCR-amplified H. pylori cfaS (containing its promoter) inserted between KpnI and
XhoI sites of pHel3

This work

pBHKP292 Ampr; PCR-amplified E. coli mtn inserted between NdeI and SalI sites of pQE-2 This work
pBHKP338 Ampr; PCR-amplified B. subtilis luxS inserted between KpnI and SalI sites of pQE-2 This work
pBHKP389 Ampr; PCR-amplified H. pylori cfaS inserted between NdeI and SalI sites of pQE-2 This work

aKmr, kanamycin resistance; Cmr, chloramphenicol resistance; Ampr, ampicillin resistance.
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was 140°C for 5 min, 5°C/min to 265°C, and then 265°C for 10 min. The spectra acquired were recorded
in the scanning range of m/z 25 to m/z 800 and were processed using AMDIS (National Institute of
Standards and Technology, Gaithersburg, MD) and MSD ChemStation E.02.02.1431 (Agilent) software.
The fatty acid esters were identified by comparing their retention times with those of standard
compounds (Nu-ChekPrep, Elysian, MN) and comparing their mass spectra with reference spectrum
libraries NIST08 (National Institute of Standards and Technology) and WILEY8n (Palisade Corp.). The fatty
acid compositions were determined as described previously (12).

Protein expression and purification. The H. pylori cfaS gene amplified from H. pylori strain 26695
genomic DNA, with a N-terminal hexahistidine tag, was inserted into vector pQE-2 to give plasmid
pBHKP389. H. pylori CfaS was expressed in E. coli Rosetta(DE3) grown at 37°C in LB medium. The cultures
were induced with 0.2 mM isopropyl-�-D-thio-D-galactoside (IPTG) at an OD600 of 0.8 and were grown at
37°C for an additional 3 h prior to harvest. The cells were collected, resuspended in lysis buffer (50 mM
sodium phosphate, 300 mM NaCl, 10 mM imidazole, 1 mM dithiothreitol [pH 8.0]), lysed by sonication,
and centrifuged. The clarified bacterial supernatant was loaded onto a nickel-ion affinity column
(Qiagen). The column was washed with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 40 mM imidazole,
1 mM dithiothreitol [pH 8.0]) to remove contaminating proteins, and the His-tagged H. pylori CfaS protein
was eluted in the same buffer (elution buffer) containing 200 mM imidazole. The protein was concen-
trated by ultrafiltration (10-kDa cutoff) and exchanged into sodium phosphate buffer (50 mM NaH2PO4,
200 mM NaCl, 1 mM dithiothreitol [pH 8.0]). The purity of the samples was monitored by SDS-PAGE.
Recombinant S-adenosyl-L-homocysteine nucleosidase from E. coli and LuxS from Bacillus subtilis were
purified from an overproducing BL21 (Tuner) strain transformed with pBHKP292 carrying the E. coli mtn
gene and from an overproducing E. coli Rosetta(DE3) strain transformed with pBHKP338 carrying the
Bacillus subtilis luxS gene, respectively, as described above.

Enzymatic assay for H. pylori CfaS. The assay was performed in a 96-well polystyrene microtiter
plate as described previously (32). Briefly, a standard reaction mixture (100 �l) consisted of 20 mM
potassium phosphate buffer (pH 7.5), 750 �M SAM, 24 �g/ml H. pylori CfaS (0.5 �M), 1 mg/ml phospho-
lipids, 3 �g/ml S-adenosyl-L-homocysteine nucleosidase, and 70 �g/ml LuxS. The phospholipids used
here were extracted from the strain 26695 ΔcfaS cells by the method of Bligh and Dyer (40). A premixture
without H. pylori CfaS was preincubated at 37°C for 5 min; the reaction was then initiated by the addition
of H. pylori CfaS, and the mixture was incubated at 37°C for 20 min. The reaction was stopped by the
addition of 100 �l of quenching solution, which contained 6 M urea, 400 �M 5,5’-dithiobis-(2-
nitrobenzoic acid) (DTNB), and 0.5% (wt/vol) Triton X-100 in 20 mM potassium phosphate buffer (pH 7.5).
The quenched samples were automatically mixed by the microplate reader and incubated at room
temperature for 10 min before being read at 412 nm (2-nitro-5-thiobenzoate [TNB] � 	 13,700 M�1 cm�1)
on the microplate reader. Control experiments with all components but without H. pylori CfaS were
always carried out simultaneously, and the absorption of these controls was subtracted from the
absorption of the real sample. To examine the inhibition by dioctylamine, stock solutions were prepared
at 8 mM in dimethyl sulfoxide (DMSO). Working solutions were obtained by dilution in DMSO at
appropriate concentrations so that the final concentration of DMSO in the assay did not exceed 5%
(vol/vol). An enzymatic mixture without H. pylori CfaS was prepared as described above, and 94 �l of this
mixture was distributed into the wells of a 96-well plate. Then, 5 �l of the inhibitor solution, at various
concentrations, was added into the wells and the reactions were initiated by the addition of 1 �l of H.
pylori CfaS. The assays were performed and treated as described above for the microplate assay. All data
points were determined in triplicate. IC50 values were determined as described previously (32).

Assessment of sensitivity to low-pH conditions. H. pylori strains were grown at 37°C to an OD600

of 0.3, and the cells were suspended at a concentration of 108 cells/ml in buffer (20 mM Tris-HCl, 120 mM
NaCl) with different pH values (pH 7.0, 5.0, or 3.0). The cell suspensions were incubated at 37°C, under
microaerophilic conditions (5% O2-85% N2-10% CO2), for 30 min or 1 h. The samples were serially diluted
and plated on Columbia blood agar plates for CFU counting after 4 days of incubation under microaero-
philic growth conditions. The percent cell survival at pH 5.0 or pH 3.0, relative to that at pH 7.0, was
calculated.

Antibiotic sensitivity assay. The sensitivity of H. pylori strains to antibiotics was evaluated by examining
MIC values, which were determined by broth microdilution assays, as follows. Twofold serial dilutions of the
test compounds were prepared in a 96-well microtiter plate containing 100 �l of BHI broth supplemented
with 10% FCS. A 2-day-old H. pylori liquid culture was diluted 10-fold in BHI broth and was inoculated into
each well to give a final concentration of 5 � 105 to 1 � 106 CFU/ml. The plates were incubated for 3 days in
a microaerophilic atmosphere at 37°C. After incubation, the plates were examined visually, and the MICs were
determined to be the lowest concentrations that resulted in no turbidity.

Macrophage killing assay. The survival of H. pylori cells within macrophages was investigated
following published methods (44), with minor modifications. Briefly, RAW 264.7 macrophages were
seeded in 24-well plates in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% FCS
(1 ml) and were incubated for 3 days at 37°C in 5% CO2 (cell density was about 105 cells per well). The
medium was replaced with fresh medium to remove the nonadherent cells. For the experiments, RAW
264.7 cells were cocultured with intact H. pylori cells at a multiplicity of infection (MOI) of 100.
Phagocytosis was synchronized by centrifugation at 600 � g for 5 min and then allowed to proceed for
1 h in a CO2 gas incubator. Extracellular bacteria were removed by washing and incubation for 1 h at 37°C
in 5% CO2 in medium supplemented with gentamicin (100 mg/ml). After three washes to remove the
antibiotics, the cells were further incubated in fresh medium for 2 h, 4 h, 8 h, 12 h, and 24 h. After removal
of the medium, the macrophages were lysed for 5 min with ice-cold PBS with 0.1% saponin. Appropriate
dilutions of the supernatant were plated on Columbia blood agar plates and incubated in a microaero-
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philic atmosphere at 37°C for 4 days, to count the surviving bacteria. The number of surviving bacteria
(CFU per milliliter) was compared with the number of viable bacteria after washing.

Outer membrane permeability assay. The outer membrane permeabilization was assessed by
measuring the uptake of NPN (42). H. pylori strains were grown at 37°C to an OD600 of 0.3. Approximately
1 � 107 bacterial cells were incubated with 100 �M NPN in 200 �l of PBS. PBS was used as the negative
control. Fluorescence measurements were taken after shaking at each time point, using a Synergy HTX
multimode microplate reader (BioTek Instruments, Winooski, VT) at an excitation wavelength of 350 nm
and an emission wavelength of 420 nm. The NPN assays were performed at room temperature and
repeated three times, and the results are expressed as relative fluorescence units.

Transmission electron microscopy. The morphology of H. pylori strain 26695 treated with dioctyl-
amine and the effects of H. pylori cfaS deletion on the structure of H. pylori were examined with TEM.
Briefly, overnight cultures of H. pylori strains, supplemented with 50 �M dioctylamine or not, were
centrifuged, and bacterial pellets were fixed by resuspension in 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4). Bacterial pellets were then embedded in 2% agarose and postfixed with 1%
osmium tetroxide overnight at room temperature. After washing, samples were dehydrated multiple
times with increasing concentrations of ethanol and were embedded in Durcupan resin (Sigma-Aldrich).
Fifty-five-nanometer sections were examined using a JEM-1200 transmission electron microscope (JEOL,
Tokyo, Japan) equipped with a 4K Eagle digital camera (FEI, Hillsboro, OR).

Ethics. Animal studies were approved by the Institutional Animal Care and Use Committee of Nanjing
Medical University (IACUC approval no. 1707025) and were conducted in accordance with the interna-
tional standards for animal welfare and institutional guidelines.

Mouse colonization assay. Six-week-old, specific-pathogen-free, female C57BL/6 mice were used for
this study. NSH57 is a mouse-adapted H. pylori strain obtained after multiple passages through mice
infected by strain G27 (39). Wild-type NSH57, ΔcfaS mutant, and cfaS-complemented cells were harvested
after 48 h of growth in BHI broth containing FCS, in a microaerophilic environment, and were suspended
in PBS to an OD600 of 3 (109 CFU/ml). The bacterial suspensions (0.4 ml) were administered to C57BL/6
mice (4 � 108 cells/mouse) through oral gavage every 48 h, repeated four times. Three weeks after the
first inoculation, the mice were sacrificed and the stomachs were removed, weighed, and homogenized
in BHI broth. Stomach homogenate dilutions were plated on Columbia blood agar plates supplemented
with bacitracin (100 �g/ml), vancomycin (10 �g/ml), and amphotericin B (10 �g/ml). The plates were
incubated at 37°C under microaerophilic conditions for 5 to 7 days, H. pylori colonies were counted, and
the data are expressed as CFU per gram of stomach.

For competition experiments, the mice were inoculated with strains NSH57 and NSH57 ΔcfaS at the
same time, four times (2 days intervals), with a dose of 2 � 108 viable cells of each stain in a total of 0.4 ml
PBS per animal being administered each time. After inoculation, a portion of the inoculum was plated
on Columbia blood agar plates to enumerate the actual numbers of wild-type and mutant bacteria
present in the inocula. After 3 weeks, the mice were euthanized and the stomach was removed as
described above. Dilutions of the homogenate were plated on Columbia blood agar plates to enumerate
total bacteria and on Columbia blood agar plates with added kanamycin (25 �g/ml) to enumerate
mutant bacteria. The competitive index was determined as CFU of mutant bacteria/CFU of wild-type
bacteria. This competitive index number was corrected by dividing the actual input ratio enumerated by
plating the inocula after infection.

Statistical analysis. Statistical comparisons of the results were made using analysis of variance. Data
were expressed as the means � standard errors of the means. Significant differences between the means
for control and treatment groups were analyzed by Student’s t test.
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