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Aconitase-Mediated Posttranscriptional Regulation of Helicobacter

pylori Peptidoglycan Deacetylase
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Some bacterial aconitases are bifunctional proteins that function in the citric acid cycle and act as posttranscriptional regulators in
response to iron levels and oxidative stress. We explore the role of aconitase (AcnB) in Helicobacter pylori as a posttranscriptional reg-
ulator of the cell wall-modifying enzyme peptidoglycan deacetylase, PgdA. Under oxidative stress, PgdA is highly expressed and confers
resistance to lysozyme in wild-type cells. PgdA protein expression as well as transcript abundance is significantly decreased in an acnB
mutant. In the wild type, pgdA mRNA half-life was 13 min, whereas the half-life for the acnB strain was 7 min. Based on electrophoretic
mobility shift assays and RNA footprinting, the H. pylori apo-AcnB binds to the 3'-untranslated region of the pgdA RNA transcript.
Some of the protected bases (from footprinting) were localized in proposed stem-loop structures. AcnB-pgdA transcript binding was
abolished by the addition of iron. The acnB strain is more susceptible to lysozyme-mediated killing and was attenuated in its ability to
colonize mice. The results support a model whereby apo-AcnB directly interacts with the pgdA transcript to enhance stability and in-
crease deacetylase enzyme expression, which impacts in vivo survival.

Helicobacter pylori is a Gram-negative, microaerophilic bacte-
rium that infects over 50% of the world’s population and is
the etiological agent for gastritis, peptic ulcer disease, and most
gastric cancers (1). During colonization of the human gastric mu-
cosa, H. pylori induces a strong inflammatory response resulting
in the production of large amounts of reactive oxygen species
(ROS). H. pylori can thrive in the gastric mucosa by employing a
battery of diverse antioxidant enzymes that detoxify oxidants and
repair essential biomolecules (2, 3). Additionally, H. pylori utilizes
other mechanisms to persist in the host, including peptidoglycan
(PG) modification (4).

H. pylori PG consists of alternating N-acetylglucosamine
(GleNAc) and N-acetylmuramic acid (MurNAc) residues con-
nected by B-1,4 bonds and cross-linked via short peptide bridges
(5,6). The B-1,4 bonds are susceptible to hydrolysis by the mura-
midase lysozyme, which results in decreased cell wall integrity and
cell lysis. Lysozyme, an important component of the host innate
immune system, is abundant in the mucosal surface and is present
in the granules of professional phagocytes (7, 8). Interestingly,
bacteria have evolved mechanisms to modify their PG around the
lysozyme cleavage site to prevent hydrolysis (9). H. pylori is
equipped with a peptidoglycan deacetylase (PgdA) that confers
both pure PG and whole bacterial resistance to lysozyme degrada-
tion (10). PgdA expression is significantly increased in H. pylori
cells when they are exposed to oxidative stress and when in contact
with macrophages (10, 11). Furthermore, pgdA mutants have an
attenuated ability to colonize the mouse stomach and permit a
stronger host immune (cytokine) response (11). This previous
work led us to question how PgdA expression is regulated, espe-
cially considering that H. pylori lacks many of the oxidative stress
response regulators found in most other Gram-negative bacteria.
We hypothesized that aconitase plays an important role during
oxidative stress by serving as a posttranscriptional regulator for
peptidoglycan deacetylase (10).

Aconitases are [4Fe-4S] proteins that catalyze the reversible
isomerization of citrate to isocitrate in the citric acid cycle. In
eukaryotes, there are two types of aconitase proteins, mitochon-
drial aconitase (m-Acn) and cytosolic aconitase (c-Acn), also re-
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ferred to as iron regulatory protein 1 (IRP1). IRP1 is bifunctional,
having enzymatic activity when the [4Fe-4S] cluster is intact and
acting as a posttranscriptional regulator when the cluster is disas-
sembled (12). Iron deprivation and oxidative stress are known to
cause disassembly of the cluster, resulting in the apo-form of IRP1,
which undergoes domain rearrangements that allow it to bind to
iron-responsive elements (IREs) (12, 13). IREs are approximately
30-nt-long sequences that form stem-loop structures in the un-
translated regions (UTRs) of mRNA transcripts. The eukaryotic
consensus IRE contains a C bulge in the stem and the sequence
CAGUGN in the loop (14). If the IRE is located in the 5" UTR,
binding of IRP1 will inhibit translation; if the IRE is located in the
3" UTR, binding of IRP1 will increase transcript stability and re-
sult in enhanced translation (12, 14).

Several bifunctional bacterial aconitases have been studied
thus far, including Escherichia coli AcnA and AcnB, which have
been found to enhance and decrease superoxide dismutase
(SodA) expression, respectively (15). In Salmonella enterica sero-
var Typhimurium LT2, AcnB was shown to indirectly regulate the
flagellum protein, FliC (16). Bacillus subtilis aconitase (CitB)
binds to the 3" UTR of gerE, a transcriptional activator and repres-
sor involved in sporulation (17). Furthermore, Mycobacterium tu-
berculosis aconitase (Acn) binds to the thioredoxin (trxC) tran-
script and to the ideR transcript, an iron-dependent activator and
repressor (18). H. pylori possesses one copy of aconitase, acnB,
whose gene product is known to have aconitase activity in the
citric acid cycle (19), but it has not yet been studied as a posttran-
scriptional regulator. Here, we present evidence that apo-AcnB
acts as a posttranscriptional regulator for PgdA, which is an im-
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portant PG modification enzyme conferring lysozyme resistance,
and that it contributes to survival in the mouse host.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. pylori X47 and 43504 wild-
type and acnB strains were grown on Brucella agar (Difco) supplemented
with 10% defibrinated sheep blood (BA plates) and chloramphenicol (50
pg/ml) at 37°C under constant microaerophilic conditions (2% O,). For
mRNA half-life determinations, wild-type and mutant strains were grown
in brain heart infusion (BHI) broth with 0.4% B-cyclodextrin. Sealed
bottles initially contained 5% CO,, 10% H,, 75% N,, and 10% O, and
were incubated at 37°C with shaking. The H. pylori wild-type and acnB
strain growth patterns were similar. E. coli BL21 RIL cells were grown at
37°C aerobically on Luria-Bertani agar or broth (shaking) supplemented
with ampicillin (100 pg/ml) and chloramphenicol (50 pg/ml).

Mutant construction. The 2.6-kb acnB gene (hp0779) has been deter-
mined to be the first gene of an operon containing 3 additional genes:
hp0780, hp0781, and hp0782 (20). Ninety-eight percent of the gene was
deleted from H. pylori strains X47 and 43504 using overlap extension PCR
and was replaced with the chloramphenicol (cat) cassette, which was in-
serted in the same direction of transcription as that of the native gene. The
cat cassette has its own promoter, lacks a transcription terminator, and is
routinely used in our laboratory without any polar effect (21, 22). Primers
acnB1 (5'-CCCCGCATCAATACGCC-3") and acnB2 (5'-ATCCACTTT
TCAATCTATATCCTAAAAAATCTTTCATCAT-3") were used to am-
plify a 327-bp DNA sequence that contained the beginning of hp0778, the
intergenic region between hp0778 and hp0779, the beginning of hp0779,
and a portion of the cat cassette. Primers acnB3 (5'-CCCAGTTTGTCGC
ACTGATAAGGAGAATTTCAGGCTCTAG-3") and acnB4 (5'-CTAGC
GCCAATTATAGATATAAGG-3") were used to amplify a 388-bp se-
quence containing part of the cat cassette, the end of hp0779, the
intergenic region between hp0779 and hp0780, and hp0780. Primers
acnBI and acnB4 were used in the final PCR step to fuse together the
product of acnBl/acnB2, the cat cassette, and the product of acnB3/
acnB4. This final step yielded a 1.5-kb PCR product that was then cloned
into the pGEM-T vector (Promega) to generate pGEMacnB::cat. This
plasmid was introduced into the wild-type strain via natural transforma-
tion and homologous recombination. acnB mutants were selected on BA
plates with chloramphenicol (50 wg/ml) at 2% O,. Insertion of the cat
cassette and absence of the acnB gene were confirmed by PCR and se-
quencing using primers acnB1 and acnB4 and primers specific for the cat
cassette (5'-GATATAGATTGAAAAGTGGAT-3" and 5'-TTATCAGTG
CGACAAACTGGG-3'). Also, reverse transcription-PCR (RT-PCR) was
performed on the downstream gene, hp0781, to rule out a possible polar
effect due to the cat cassette. Since hp0780 is only 273 bp in length, we
instead designed primers for hp0781 (1.3 kb). Total RNA was extracted
(Aurum total RNA mini kit; Bio-Rad), treated with DNase (Turbo DNA-
free kit; Ambion), and used as a template for cDNA synthesis (iScript
c¢DNA synthesis kit; Bio-Rad). The generated cDNA was then used as a
template for PCR, and a product of the expected size was obtained for
both the wild-type and acnB strains (data not shown).

Western blotting. H. pylori wild-type and acnB strains were each sep-
arately grown under 2% O, for 36 hand 12% O, for 72 h. The time for cells
grown under 12% O, was extended, because cell growth is slower at this
higher oxygen level. Cell extracts were subjected to SDS-PAGE, and the
proteins were electroblotted onto a nitrocellulose membrane. The mem-
brane was then incubated with anti-PgdA (1:500) (Antagene, Inc.) fol-
lowed by exposure to goat anti-rabbit IgG alkaline phosphatase-conju-
gated secondary antibody (1:1,000) (Bio-Rad). Anti-UreA (1:10,000)
(Santa Cruz Biotechnology) was used as an internal loading control.
Image] (http://rsbweb.nih.gov/ij/) was used to analyze dried membranes.
Student’s ¢ test was used for statistical comparisons.

Real-time quantitative PCR. The Aurum total RNA mini kit (Bio-
Rad) was used to extract total RNA from H. pylori wild-type and acnB cells
grown under 2 and 12% O,. The Turbo DNA-free kit (Ambion) was used
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as an additional measure to degrade any remaining DNA. cDNA was
synthesized using the iScript cDNA synthesis kit (Bio-Rad) according to
the kit instructions. The iQ SYBR green supermix (Bio-Rad) kit was used
for real-time PCR according to the manufacturer’s protocol. Primers spe-
cific for pgdA (5'-GGATTCGCCTGATGATATTTCG-3' and 5'-CCTGC
ATCCACGATCATTTTC-3') were used along with primers specific for
gyrA (5'-GCTAGGATCGTGGGTGATGT-3" and 5'-TGGCTTCAGTGT
AACGCATC-3'), the internal control. Relative transcript abundance was
calculated using the 27ACT formula (23). For mRNA half-life determina-
tions, wild-type and acnB strains were grown in BHI for 24 h (early expo-
nential phase) and subjected to 21% O, for 2 h. Rifampin (500 pg/ml) was
added, and after 70 s (+ = 0) time points were established (2, 5, 10, 15, 20,
and 30 min). For each time point, RNA was extracted as described above
and cDNA was synthesized using primers specific for pgdA. The quanti-
tative PCR (qPCR) data were used to calculate the pgdA mRNA half-life as
described previously (24). Prism (GraphPad, San Diego, CA) was used
with the equation Y = (Y,)e” ¥, where Y is the percent pgdA mRNA re-
maining at time £, to find first-order decay constants (k) by nonlinear
regression analysis. Half-lives were calculated using t,,, = In2/k (24).
Overexpression and purification of AcnB. The H. pylori acnB gene
was PCR amplified using wild-type DNA as the template with primers
acnBHisF (5'-CGCACCCATATGATGAAAGATTTTTTAGAAG-3") and
acnBHisR  (5'-GAAGACCTCGAGGAGCCTGAAATTCTCCATTAAG-
3’). The PCR product was cloned into the pET-21b vector (Novagen) and
overexpressed as a hexahistidine-tagged protein in E. coli BL21 RIL. Cells
were grown in LB broth to an Ay, of 0.5 and induced with 0.5 mM
isopropyl B-p-1-thiogalactopyranoside for 4 h. After harvesting by cen-
trifugation (5,000 X g, 10 min, 4°C) and resuspending and washing the
pellet with 50 mM NaH,PO,, 300 mM NaCl, pH 8 (buffer A supple-
mented with 10 mM imidazole), cells were resuspended in the same buffer
and lysed by three passages though a French pressure cell (22). Following
centrifugation of the extract (16,000 X g, 30 min), the supernatant was
collected and applied to a nickel-nitrilotriacetic acid column (Qiagen).
The column was washed with buffer A supplemented with 20 mM imidaz-
ole, and the protein was eluted with buffer A supplemented with 250 mM
imidazole. Purified protein was analyzed by SDS-PAGE and estimated to
be approximately 95% pure. Apo-AcnB was prepared by incubating the
purified native protein with dipyridyl (0.5 mM) for 30 min and then
dialyzing overnight against 20 mM Tris-Cl, pH 8, 100 mM NaCl, 3%
glycerol (18). As expected, the UV-visible absorption spectrum of native
AcnB showed absorbance in the 300- to 600-nm range indicative of Fe-S
clusters, while absorbance in this range was significantly lower for the
dipyridyl-treated protein (data not shown). Protein concentration was
determined using the bicinchoninic acid assay kit (Thermo Scientific).
Electrophoretic mobility shift assays. The entire pgdA mRNA 3’ UTR
(45 nt) was synthesized (Integrated DNA Technologies) and radiolabeled
at the 5" end with T4 polynucleotide kinase (Invitrogen) according to the
manufacturer’s instructions. A 2.5-pl sample of [y->*P]JATP (10 p.Ci/ul;
3,000 Ci/mmol) was incubated with 5 pmol of pgdA RNA, 1X forward
reaction buffer, T4 polynucleotide kinase, and water for 10 min at 37°C.
Labeled RNA was purified by phenol extraction and ethanol precipitation.
Size and purity were checked on a denaturing urea polyacrylamide gel.
Purified pgdA RNA (50 nM) was incubated with either increasing apo-
AcnB (0, 600, 1,200, and 3,000 nM) or bovine serum albumin (BSA)
(3,000 nM) in binding buffer (10 mM Tris pH 8.3, 20 mM KCI, and 10%
glycerol) with 130-fold nonspecific yeast tRNA for 15 min at room tem-
perature. Apo-AcnB (3,000 nM) was incubated with either 1 mM ammo-
nium iron (II) sulfate plus 10 mM dithiothreitol or 0.5 mM dipyridyl.
Unlabeled specific pgdA competitor (50X and 100X molar excess) was
added to apo-AcnB (3,000 nM) in some reactions prior to the addition of
radiolabeled pgdA RNA and allowed to incubate for 5 min to maximize
effectiveness (recommended by Thermo Scientific). As a positive control
for the binding reactions, the 5" UTR human ferritin sequence (5'-GTG
AGAGAATTCGGGAGAGGATTTCCTGCTTCAACAGTGCTTGGACG
GAACTTTGTCTTGAAGCTTGGAGAG-3") was synthesized (Integrated
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DNA Technologies) and cloned into the pGEM-3Z vector (Promega).
HindII was used to generate the linearized plasmid, which was then used
as a template for in vitro transcription. T7 RNA polymerase (Promega)
was used to synthesize radiolabeled RNA using [a-**P]UTP (10 wCi/pul;
800 Ci/mmol) according to the manufacturer’s instructions. RNA was
purified by phenol extraction and ethanol precipitation. As a negative
control, the pGEM-3Z vector alone was linearized and subjected to in vitro
transcription. The positive- and negative-control reactions were per-
formed using 3,000 nM apo-AcnB. Reaction products were resolved on a
6% nondenaturing polyacrylamide gel. The gel was incubated overnight
in a phosphor screen cassette (Molecular Dynamics), and the screen was
scanned using the Typhoon Imager (GE Healthcare).

RNA footprinting. 5'-End-labeled pgdA probe was prepared as de-
scribed for electrophoretic mobility shift assays. pgdA probe (50 nM) was
incubated for 15 min at room temperature with (1 M) and without
apo-AcnB, 1X RNA structure buffer (Ambion), 1 pg of yeast tRNA, and
either RNase A (1 ng) or RNase V, (0.001 U). Digestion products were
purified by phenol extraction and ethanol precipitation. Samples were
resolved on a 20% denaturing polyacrylamide 7 M urea gel in 1X Tris-
borate-EDTA (TBE). The gel was vacuum dried, incubated overnight in a
phosphor screen cassette (Molecular Dynamics), and scanned using a
Typhoon imager (GE Healthcare).

Lysozyme sensitivity assays. Wild-type and acnB strains were grown
to late exponential phase under microaerophilic conditions, harvested,
resuspended in phosphate-buffered saline (PBS) to an optical density
at 600 nm (ODg,) of 1, and then subjected to incubation for 8 h with
lysozyme (50 mg/ml). After incubation, cells were serially diluted and
plated, and colonies were counted after 4 days. Significant differences
between the wild type and mutant were determined using Student’s ¢
test.

Mouse colonization. All procedural work was approved by the Insti-
tutional Animal Care and Use Committee at the University of Georgia,
Athens, GA. H. pylori wild-type and acnB strains were grown on BA plates
under microaerophilic conditions for 48 h. Cells were suspended in PBS to
an ODyg, of 1.7, and 3 X 10® cells were administered to each C57BL/6]
mouse. Three weeks after inoculation, the mice were sacrificed after with-
holding food and water for 1.5 to 2 h and the stomachs were removed,
weighed, and homogenized. Stomach homogenate dilutions were made in
PBS and plated onto BA plates supplemented with amphotericin B (10
pg/ml), bacitracin (100 pg/ml), and vancomycin (10 pg/ml). After 5 days
of incubation under microaerophilic conditions, cells were enumerated
and the data expressed as log(CFU/g) of stomach. The Wilcoxon signed-
rank test was used to determine significant differences in colonization
between the wild-type and mutant strains.

RESULTS
PgdA expression, transcript abundance, and mRNA half-life in
the strains upon oxidative stress exposure. We began this work
by investigating the effect of the aconitase deletion on expression
of peptidoglycan deacetylase (PgdA). Western blot analyses were
performed using anti-PgdA antibody and cell extracts from wild-
type and acnB strains grown under both 2% O, for 36 h and 12%
O, for 72 h. A significant difference in PgdA expression was found
for the wild type at 2 versus 12% O, (Fig. 1), similar to the previous
finding that reported PgdA is increased upon subjection of cells to
oxidative stress (10). No significant difference in PgdA levels was
found in the acnB mutant between 2 and 12% O,. There was a
decrease in PgdA expression in the acnB strain under 2% O, com-
pared to the wild type under the same condition. Interestingly,
there was 4-fold less PgdA expression in the acnB strain under
12% O, compared to the wild type under 12% O,

pgdA transcript abundance was assessed in the acnB strain us-
ing quantitative real-time PCR (Fig. 2). Wild-type and acnB
strains were subjected to the same growth conditions as those
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FIG 1 Expression of the PgdA enzyme at two oxygen levels. Western blot (A)
and (B) densitometry analysis of PgdA expression from the Western blot are
shown. Cell extracts from 43504 wild-type and acnB strains were subjected to
SDS-PAGE followed by immunoblotting using specific anti-PgdA antibody.
Dried blots were analyzed using Image]. Wild-type (2% O,) expression was
used as the reference (adjusted to 1.0 U). The experiment included an internal
loading control, UreA (not shown), that verified equal amounts of protein
were loaded. Data shown are averages and standard deviations (SD) from three
independent experiments. Asterisks indicate a significant difference compared
to the reference. P < 0.01 as determined by Student’s ¢ test.

described for the Western blot experiments. There was a 2-fold
increase in relative pgdA transcript abundance for the wild type
under 12% O, compared to the 2% O, condition, which was ex-
pected. pgdA transcript levels in the acnB mutant under 12% O,
were 2-fold decreased compared to those at the 2% O, incubation.
A 3-fold decrease in pgdA abundance was found in the acnB strain
under 2% O, versus the wild type under the same condition. Most
interestingly, a 9-fold decrease was observed for the pgdA tran-
script in the acnB strain under 12% O, versus the wild type under
12% O,.

To directly determine if AcnB was functioning as a posttran-
scriptional regulator to stabilize the pgdA message, we used
qPCR to calculate the half-life of the pgdA mRNA in the wild-
type and acnB strains. Cells were grown under microaerophilic
conditions and then exposed to 21% O, for 2 h. Our results
revealed that upon high oxygen exposure, the wild-type pgdA
mRNA half-life is 13 min, whereas the acnB mutant pgdA
mRNA half-life is 7 min.

In summary, these findings suggested that apo-AcnB directly
interacts with the pgdA transcript. The model is that under oxida-
tive stress, the [4Fe-4S] cluster of AcnB is likely to be disassembled
and apo-AcnB binds to the pgdA transcript, stabilizing the mes-
sage and resulting in increased transcript abundance and expres-
sion.

Apo-AcnB binds to the pgdA 3’ UTR. Since it is known that
aconitase can function as a posttranscriptional regulator and
the results described above suggested aconitase was interacting
with the pgdA transcript, we examined the 5" and 3" UTRs of
the pgdA gene for possible IRE-like sequences. The pgdA 5’
UTR contained only 10 nt (known IREs are approximately 30
ntinlength); therefore, the pgdA 3" UTR was chosen for further

Journal of Bacteriology


http://jb.asm.org

w o w s A
S »n o o
. . . .

N
wv
1

=
v
L
—

=
o
1

Relative pgdA abundance (2¢)
N
6] o

Aconitase-Mediated Regulation

| 2o,
B 2% o,

e

WT

acnB

FIG 2 Relative pgdA transcript abundance. Transcript levels were determined by quantitative real-time PCR after growth of each strain under either 2 or 12%
O,. The gyrA housekeeping gene was used as an internal control. Results shown are representative data from one experiment performed in triplicate. The entire
experiment was repeated with similar results. Error bars represent 27 (€T~ SP) — 3 7ACT gy q p ~ACT — 5= (ACT + D)

investigation. The secondary structure of the 3" UTR was pre-
dicted using the STAR program (25) (see Fig. 4B), revealing
two stem-loops that may be involved in aconitase binding. To
test if apo-AcnB could bind to the transcript, electrophoretic
mobility shift assays were performed. Radiolabeled pgdA probe
(50 nM) was incubated with 0, 600, 1,200, and 3,000 nM apo-
AcnB protein. As apo-AcnB concentration increased, more
pgdA probe was observed to shift (Fig. 3A). The addition of
ammonium iron (II) sulfate and dithiothreitol resulted in no
shift, while the addition of dipyridyl promoted binding (Fig.
3B). These results agreed with other bacterial studies (18, 26)
that demonstrated the RNA-binding ability of aconitase is di-

A

2
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e
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g
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FIG 3 Electrophoretic mobility shift assays. (A) More pgdA transcript (50
nM) bound to apo-AcnB with increasing protein concentration. (B) Addition
of iron and reductant abolished binding, whereas the iron chelator dipyridyl
promoted binding. DTT, dithiothreitol. (C) Radiolabeled pgdA probe was out-
competed by specific unlabeled competitor RNA at 100X molar excess. (D)
Use of nonspecific protein bovine serum albumin (3,000 nM) instead of apo-
AcnB did not result in a shift.
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FIG 4 RNA footprinting. (A) 5'-End-labeled 45-nt pgdA RNA was incubated
with (+) and without (—) apo-AcnB and subjected to RNase digestion. (B)
RNase A (triangles) and RNase V, (circles) cleavage sites were mapped on the
predicted pgdA 3" UTR structure. Open symbols indicate nucleotides that were
more protected from RNase cleavage in the presence of apo-AcnB, whereas
filled symbols indicate those nucleotides that were less protected.
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FIG 5 Susceptibility of strains to lysozyme killing. Strains were treated
with 50 mg/ml lysozyme, and samples were taken over an 8-h period for
comparative viability (CFU determination). Each data point represents
averages of combined replicates from two independent experiments (each
performed in triplicate). Error bars represent standard deviations. The
mutant strain values are significantly lower than the wild-type values at the
4-, 6-, and 8-h time points at P < 0.01 (Student’s ¢ test).

minished upon the addition of Fe*" and restored when iron is
not present or the specific iron chelator dipyridyl is added to
the reaction. The presence of the [4Fe-4S] cluster in aconitase
determines whether it can bind to RNA transcripts (12). Addi-
tionally, binding reactions were performed using 50 and 100X
molar excesses of specific cold competitor (Fig. 3C). The radio-
labeled pgdA probe is effectively outcompeted when unlabeled
pgdA 3" UTR is added at 100X molar excess. When bovine
serum albumin, rather than apo-AcnB, was incubated with the
radiolabeled pgdA probe, no shift was observed (Fig. 3D). Fur-
thermore, binding reactions were conducted with apo-AcnB
(3,000 nM) using a vector-only probe as a negative control,
which did not result in a shift, and with the human ferritin IRE
as a positive control, which resulted in a shift similar to that of
pgdA (data not shown).

RNA footprinting was conducted to elucidate where apo-AcnB
(dipyridyl treated; see Materials and Methods) was binding to the
pgdA 3’ UTR. 5" End-labeled pgdA probe was incubated with and
without apo-AcnB and subjected to cleavage using two different
RNase enzymes (Fig. 4A). RNase A cleaves the 3 end of single-
stranded C and U residues, and RNase V, cleaves base-paired or
stacked nucleotides. RNase A cleavage of nucleotides 18, 29, 32 to
34, and 41 and 42 occurred less frequently in the presence of apo-
AcnB. Incubation with RNase V, revealed that the majority of the
pgdA probe is protected when incubated with apo-AcnB, espe-

cially nucleotides 9 to 12, 20 to 23, and 27 (Fig. 4B). Nucleotides 3
to 7 were cleaved more frequently by RNase V, in the presence of
apo-AcnB.

Deletion of acnB confers lysozyme sensitivity in H. pylori
mutants. Lysozyme hydrolyzes the B-1,4 bonds connecting
GlcNAc and MurNAc residues in bacterial PG, leading to de-
creased cell wall integrity and subsequent cell lysis. Previously, our
laboratory showed that an H. pylori pgdA strain is more sensitive
to lysozyme degradation than the wild type (10). Thus far, our
findings suggested apo-AcnB regulates PgdA expression. There-
fore, we speculated that the acnB strain was more sensitive to
lysozyme killing, and this sensitivity was tested over an 8-h period
(Fig. 5). The acnB strain is significantly more sensitive to lysozyme
killing than the wild type after 4, 6, and 8 h (P < 0.01), as deter-
mined by Student’s ¢ test. The kill curve for the acnB strain closely
resembles that previously published for the pgdA strain (10).

The acnB strain has an attenuated ability to colonize the
mouse stomach. We wanted to characterize the physiological role
of aconitase in H. pylori by comparing the colonization abilities of
the acnB strain to that of the wild type. Each strain was individu-
ally inoculated into eight C57BL/6] mice, and after 3 weeks, stom-
ach colonization was examined. The mean colonization for the
wild type was 2.1 X 10° CFU/g, whereas the mean for the acnB
strain was 4.6 X 10° CFU/g (Fig. 6). Thus, there was a 4.5-fold
decrease in mouse colonization by the acnB strain. Using the Wil-
coxon signed-rank test, the range of mutant colonization values is
significantly smaller than that of the wild type at greater than 95%
confidence (P < 0.05). These results demonstrate aconitase
contributes to H. pylori survival and colonization in the mouse
stomach.

DISCUSSION

During H. pylori colonization, host immune cells mount a strong
inflammatory response resulting in the production of large
amounts of ROS, including hydrogen peroxide (H,0,) and the
superoxide anion (O, ). These can be detrimental to H. pylori,
causing damage to DNA, proteins, and lipids. Despite containing
a diverse repertoire of antioxidant enzymes (3), the bacterium
lacks homologues of the oxidative stress response regulators
found in other bacteria, such as OxyR, SoxRS, and the RpoS sigma
factor. Thus, it has been hypothesized that posttranscriptional
regulation in H. pylori plays a role in the regulation of genes in
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FIG 6 Mouse colonization by strains. Wild-type and acnB strains were separately injected into 8 mice each, and colonization ability (CFU recovered per gram
of stomach) was examined after 3 weeks. Each point represents the CFU count from one stomach, and solid horizontal lines represent the means of colonization
for each strain. The baseline (log,,[CFU/g] = 2.7) is the limit of detection. The experiment was repeated with similar results.

5320 jb.asm.org

Journal of Bacteriology


http://jb.asm.org

ROS

l

AcnB  —> Apo-AcnB

[4Fe-48] H. pylori survival
lbinds to and colonization
pgdA /
3'UTR Hostimmune
system evasion
1increases

pgdA mRNA stability
and protein expression

PG modification
by PgdA

N

Lysozyme
resistance

FIG 7 Model of pgdA posttranscriptional regulation and its effects on H.
pylori. ROS oxidize the [4Fe-4S] cluster of AcnB, rendering apo-AcnB,
which then binds to the pgdA transcript. Increased transcript stability leads
to increased expression of the PG-modifying enzyme, PgdA. PG modifica-
tion is a mechanism H. pylori utilizes to circumvent host immune system
detection and resist lysozyme degradation (which further mitigates host
immune system recognition), both of which contribute to long-term sur-
vival and colonization.

response to stress (27). We propose a model for the role of aconi-
tase in H. pylori colonization (Fig. 7). Bacterial aconitases are sub-
ject to oxidation and Fe/S cluster loss, but the apo-form can still
play regulatory roles (16, 18). PgdA has been shown to be upregu-
lated in response to oxidative stress and upon contact with neu-
trophils (10, 28). Failure of the acnB strain to upregulate PgdA
expression under 12% O, conditions is in contrast to the wild
type, and it led us to hypothesize aconitase was playing a role in
deacetylase regulation (Fig. 1). Decreased transcript abun-
dance and pgdA mRNA half-life in the acnB strain supported
our hypothesis that aconitase is involved in the posttranscrip-
tional regulation of pgdA. Electrophoretic mobility shift assays
and RNA footprinting data demonstrated that the regulatory
effect of aconitase results from direct interaction between apo-
AcnB and the transcript. Furthermore, the acnB strain was
more sensitive to lysozyme degradation and was attenuated in
its ability to colonize the mouse stomach, so an AcnB role in
vivo is proposed (Fig. 7).

Aconitase-mediated transcript stabilization is a previously
described regulatory mechanism. In vertebrates, IRP1 binds to
IREs involved in maintaining iron homeostasis (12). The con-
sensus IRE has a C bulge in the stem and the sequence
CAGUGN in the loop (12), but the precise structure or se-
quence recognized by bifunctional bacterial aconitases is less
defined. Some aconitase transcript targets contain the eukary-
otic consensus sequence, such as thioredoxin (trxC) in M. tu-
berculosis (18); however, the E. coli acnA, acnB, sodA, and ftsH
transcripts as well as the B. subtilis gerE transcript do not have
the consensus sequence (15-17, 29). The pgdA 3’ UTR also
does not contain this consensus sequence, but gel shift data
indicate binding to apo-AcnB (Fig. 3). RNA footprinting re-
vealed which nucleotides of the pgdA 3" UTR were protected by
apo-AcnB (Fig. 4), but it is still unclear which specific nucleo-
tides or sequences are necessary for binding. This appears to be
the case for other bacterial aconitase targets as well (16). It is of
interest to learn the total repertoire of mRNA targets and the
complete role of this tricarboxylic acid (TCA) cycle enzyme.
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