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The well-conserved protein Hfq has emerged as the key modulator of riboregulation in bacteria. This protein
is thought to function as an RNA chaperone and to facilitate base pairing between small regulatory RNA
(sRNA) and mRNA targets, and many sRNAs are dependent on the Hfq protein for their regulatory functions.
To address the possible role of Hfq in riboregulated circuits in Neisseria meningitidis, we generated an Hfq
mutant of the MCS58 strain, and the knockout mutant has pleiotropic phenotypes; it has a general growth
phenotype in vitro in culture media, and it is sensitive to a wide range of stresses, including those that it may
encounter in the host. Furthermore, the expression profile of a vast number of proteins is clearly altered in the
mutant, and we have identified 27 proteins by proteomics. All of the phenotypes tested to date are also restored
by complementation of Hfq expression in the mutant strain. Importantly, in ex vivo and in vivo models of
infection the Hfq mutant is attenuated. These data indicate that Hfq plays a key role in stress response and
virulence, and we propose a major role for Hfq in regulation of gene expression. Moreover, this study suggests
that in meningococcus there is a large Hfq-mediated SRNA network which so far is largely unexplored.

Hfq is a well-conserved RNA binding protein which was
originally identified in Escherichia coli as a host factor required
for the replication of QB bacteriophage (14). It shares struc-
tural and functional homology with the Sm proteins in eu-
karyotes, which have central roles in RNA metabolism (42). It
has more recently been described as a pleiotropic regulator
that modulates the stability or translation of an increasing
number of mRNAs (for reviews, see references 1, 6, and 62).
Its role as a key mediator in many small regulatory RNA
(sRNA) circuits has made it the focus of many well-studied
systems. Most of our present knowledge of SRNAs has resulted
from recent global search studies involving screening the ge-
nomes of certain organisms for novel SRNA genes through
bioinformatic and comparative analyses and also experimental
approaches (reviewed in references 2 and 64), and these stud-
ies have lead to the identification of over 80 new noncoding
SRNAs in E. coli, many of which are conserved in closely
related pathogens. Although the functional role of the majority
of these sSRNAs is unknown, those that have been character-
ized in detail regulate various cellular functions, including iron
homeostasis, quorum sensing, virulence, metabolism, and
adaptation to stresses such as envelope stress, oxidative stress,
stationary phase, and other stresses (3, 9, 16, 27, 31, 44, 45, 52,
61, 63, 65).

Most sSRNAs characterized to date act as posttranscriptional
regulators by interacting with specific mRNA targets, modu-
lating message stability, and/or altering accessibility to the
translational machinery, and a large number of the sRNAs
which act in this way have been shown to require the Hfq
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protein as a key mediator of the interaction with their targets
(1, 15, 29, 52). This interaction occurs through imperfect
stretches of base pairing, allowing recognition of multiple tar-
gets via different short, exposed segments of each trans-en-
coded sRNA. In most cases, these Hfq-mediated interactions
have an inhibitory effect on protein expression from the target
mRNA. Hfq has been proposed to be an RNA chaperone in
that it binds to and often changes the secondary structures of
sRNAs and/or their mRNA targets (52) in order to facilitate
RNA-RNA base pairing. Recent studies revealed that Hfq
accelerates strand exchange and subsequent annealing be-
tween an SRNA and its target mRNA (4). Alternatively, Hfq
may increase the local concentration of the SRNA and target,
thereby promoting stable duplex formation (7). Numerous
sRNAs have been shown to require this protein for their own
stability (32, 38, 39, 50). In addition to regulating mRNA
stability or translation in an SRNA-dependent manner, Hfq has
been reported to modulate the half-life of some mRNAs di-
rectly (66) or by stimulating their poly(A) adenylation (20, 37).
Given the riboregulatory functions of the Hfq protein, it is not
surprising that knockout mutants often have pleiotropic phe-
notypes. Hfq was found to be required in E. coli and Salmo-
nella for efficient translation of rpoS mRNA encoding the
general stress sigma factor o° (8, 40). In many bacteria, inac-
tivation of the Afg gene results in sensitivity to a number of
environmental stresses and alters the synthesis of many pro-
teins, including outer membrane porins (40, 49, 60, 61). Im-
portantly, Hfq influences the fitness and virulence of many
pathogenic bacteria. Mutants lacking Hfq are often sensitive to
host defense mechanisms and highly attenuated in animal
models (12, 26, 34, 49, 43, 51). In contrast, in Staphylococcus
aureus, an Hfq null mutant was reported to have no detectable
phenotype (5), and although SRNA-mRNA interactions in S.
aureus are decisive for regulation of gene expression, the au-
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thors concluded that they do not require the RNA chaperone
protein Hfq.

Neisseria meningitidis is an important gram-negative bacte-
rium that colonizes the nasopharynx of approximately 5 to 10%
of the human population and, for reasons not entirely under-
stood, in a small number of cases results in invasive meningo-
coccal disease leading to sepsis and meningitis (46, 58). Al-
though phylogenetic studies have shown that an &fg gene is
present in over one-half of all the bacterial genomes currently
sequenced (54), in many systems, such as Neisseria spp., the
role of this protein has never been addressed. Furthermore,
unlike genes encoding regulatory proteins, noncoding regula-
tory SRNAs have not been readily identified and annotated in
the bacterial genome sequences that are available in the data-
bases, and in many systems, including Neisseria spp., their ex-
istence is still largely unexplored.

In this study we address the role of Hfq as a pleiotropic
riboregulator in N. meningitidis. Characterization of a knock-
out null mutant and a complemented derivative of this mutant
showed that inactivation of the Afg gene has profound effects
on a variety of phenotypes. The global protein profile of the
mutant is significantly altered, and identification of some pro-
teins whose expression levels are differentially altered in the
Hfq mutant reveals possible targets for the riboregulation. The
data indicate that Hfq plays a major role in the stress response
and also indicate a major role for Hfq in regulation of gene
expression. Moreover, this study suggests that in meningococ-
cus there is a large Hfg-mediated SRNA network that so far is
unexplored.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The meningococal strains used in this
study are all derivatives of the N. meningitidis MC58 sequenced strain (56). N.
meningitidis strains were routinely cultured in GC-based (Difco) agar medium
supplemented with Kellogg’s supplement I (25) at 37°C in a 5% CO,-95% air
atmosphere with 95% humidity. Stock preparations of strains in 10% skim milk
were stored at —80°C. Each bacterial manipulation was started using an over-
night culture of a frozen stock. For liquid cultures N. meningitidis strains were
grown overnight on solid medium, and cells were resuspended in phosphate-
buffered saline (PBS) to an optical density at 600 nm (ODy) of 1 and inoculated
into broth medium at a 1:100 dilution. GC (Difco) broth supplemented with
Kellogg’s supplement I and 12.5 pM Fe(NOs); and Mueller-Hinton (Sigma, St.
Louis, MO) broth supplemented with 0.2% glucose were used for liquid cultures;
when required, erythromycin, chloramphenicol, and kanamycin were added to
final concentrations of 5 pg/ml, 5 pg/ml, and 100 wg/ml, respectively. E. coli
cultures were grown in Luria-Bertani medium, and, when required, ampicillin
was added to a final concentration of 100 pg/ml.

Construction of plasmids and knockouts. DNA manipulations were carried
out routinely as described previously using standard laboratory methods (47). In
order to knock out the Aifg gene in the MC58 background, the pAhfgko:Cm
plasmid was constructed. Upstream and downstream flanking regions of the Afg
gene were amplified by PCR with primers Hfq-1 and Hfg-2 and primers Hfq-3
and Hfg-4 (Table 1), respectively. Then in a second round of PCR the upstream
and downstream fragments, which contained regions of overlap due to the design
of the primers, were used for self-priming PCR amplification for five cycles, and
the united fragment was amplified using external primers Hfq-1 and Hfq-4. The
product was cloned into the pGEM-T (Promega) vector, and a chloramphenicol
cassette from pDT2548 (67) was inserted into the BamHI site between the
flanking regions, generating pAhfqko:Cm. This plasmid was then linearized and
used for transformation of the MC58 and 2996 strains to make Afg knockout
mutants Ahfq and 2996Ahfq, respectively. The correct double homologous re-
combination event resulting in knockout of the gene was verified by PCR. For
complementation of the knockout, a plasmid consisting of the ermAM erythro-
mycin resistance genes and the P,,. promoter along with the lacl repressor for
isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible expression of the gene of
interest, flanked by upstream and downstream regions for allelic replacement,
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TABLE 1. Oligonucleotides used in this study

Restriction
Primer Sequence” enzyme
site
Hfg-1 attcagaattcGGTTTCCGTGCGGGTGG EcoRI
TAAGGC
Hfg-2 GCTAAAGGACAAATGTTGCAggatcc BamHI
GCACGAAGCATGACGTGTC
Hfg-3 GACACGTGATGCTTCGTGCggatccT BamHI
GCAACATTTGTCCTTTAGC
Hfq-4 attcagaagctt ACGCGAAGCAGGCAGG HindIII
TCTATGG
Hfg-F attcagcatATGACAGCTAAAGGACAA Ndel
ATGTTGCAAG
Hfg-R attcagetcgagT TATTCGGCAGGCTGCT Xhol
GGACGGTTTCC
Hfg-R-Ns attcagatgcat T TATTCGGCAGGCTGCT Nsil
GGACGGTTTCC
Hfq-S1 CTCAGGAGAACAACGTATTG
ATCG
Hfq-S2 GTTACCATCGTATTGCTGAAtTCGC EcoRI
CCACATC
0747-F GAAAGTGTGGGCATTCGAC
0747-R TTGCTGTAACCTGCTTCCTG
16S_F ACGGAGGGTGCGAGCGTTAATC
16S_R CTGCCTTCGCCTTCGGTATTCCT

“ Capital letters in roman type indicate N. meningitidis-derived sequences,
capital letters in italics indicate E. coli-derived sequences, lowercase letters
indicate sequences added for cloning purposes, and underlining indicates recog-
nition sites.

was generated by replacing the 3.4-kb NotI-BamHI fragment carrying the pro-
moterless lacZ gene from pSL-Fla-Ery (23) with a 1.6-kb NotI-BamHI fragment
carrying the lacI repressor gene and the P,,. promoter from plasmid pPindCrgA
(23), generating pFlaEry-Pind (Table 2). The Afg coding region was amplified
with primers Hfq-F and Hfq-R-Ns and cloned as a 303-bp NdeI-Nsil fragment
downstream of the P,,. promoter, generating pFlaPind-Hfq, so that expression of
the Afg gene in the complementation construct was induced in an IPTG-inducible
manner. This plasmid was used for transformation of the Ahfq mutant strain.
Transformants were first isolated by selection for erythromycin resistance and
then tested for the double crossover in the flanking regions by PCR, and the
resultant complemented mutant was designated Ahfq_C.

In vitro antimicrobial stress assays. To investigate the sensitivities of the
mutant strains to various stresses, a series of growth assays and killing assays
were performed using different antimicrobial compounds. Unless otherwise
stated, the Ahfq_C complemented mutant was cultured in the presence of 1 mM
IPTG for induction of ifg gene expression. Membrane integrity was investigated
by looking at the susceptibility to osmotic stress (30% sucrose and 5 M NaCl) and
detergents (0.01 to 0.05% Tween and sodium dodecyl sulfate [SDS]). To inves-
tigate the responses of the strains to oxidative stress, paraquat (5 to 10 mM;
Sigma), xanthine-xanthine oxidase (4.3 mM xanthine and 100 to 300 mU/ml
xanthine oxidase; Sigma), and H,O, (5 to 10 mM; Riedel-de Haen) killing assays
were performed. For killing assays, cells from GC agar plates were harvested into
GC media to obtain an ODg, of 0.05, grown to mid-log phase (ODgq, 0.5 to
0.6), and then diluted to obtain a concentration of 10° to 10° CFU/ml. The killing
assay was started by addition of the killing sample. Cultures were incubated at
37°C in an atmosphere containing 5% CO, with gentle agitation, and at various
time points samples were taken, plated onto Mueller-Hinton agar after serial
dilution, and incubated at 37°C in an atmosphere containing 5% CO, to deter-
mine the number of CFU. Experiments were done in triplicate and repeated on
several occasions.

Ex vivo human serum assay and ex vivo whole-blood model of meningococcal
bacteremia. N. meningitidis strains were grown on GC agar overnight. Cells were
harvested into Mueller-Hinton medium containing 0.25% glucose and 0.02 mM
cytidine-5'-monophospho-N-acetylneuraminic acid sodium salt to obtain an
ODg of 0.05, grown to mid-log phase (ODg, 0.5 to 0.6), and then diluted to
obtain a concentration of approximately 10> CFU/ml. The assay was started by
addition of 100% whole human blood or human serum (240 wl) to the bacterial
suspension (10 wl). Cultures were incubated at 37°C in an atmosphere containing
5% CO, with gentle agitation, and at various time points an aliquot was removed
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TABLE 2. Strains and plasmids used in this study

Strain or plasmid Relevant characteristics Reference
Or source
N. meningitidis strains
MCs58 Clinical isolate, sequenced strain 56
Ahfq Hfq null mutant of MC58, Cm* This study
Ahfq_C Complemented Hfq mutant expressing Hfq from an IPTG-inducible P,,. promoter, Cm" Ery" This study
2996 Clinical isolate 10
2996Ahfq Hfq null mutant of 2996, Cm" This study
E. coli strains
DHS5-«a supE44 hsdR17 recAl endAl gyrA96 thi-1 relAl 21
BL21(DE3) hsdS gal (\clts857 ind1 Sam7 nin5 lacUV5-T7 gene 1) 53
Plasmids
pGEMT Cloning vector, Amp* Promega
pAhfgko:Cm Construct for generating knockout of the Afg gene This study
pFlaEryPind Complementation vector for integration of the gene of interest under control of an inducible This study
P,,. promoter into the chromosome of MC58 derivative strains between the NMB1074
and NMB1075 converging genes, Amp" Ery"
pFlaPindHfq Derivative of pFlaEryPind with the ifg gene cloned as an Ndel-Nsil fragment downstream This study
of the P,,. promoter, Amp* Ery"
pET15b Expression vector for N-terminal His-tagged proteins Invitrogen
pET15hfq pET15b derivative for expression of recombinant Hfq protein This study

and the number of viable bacteria was determined by plating serial dilutions onto
Mueller-Hinton agar and incubating the plates overnight at 37°C in an atmo-
sphere containing 5% CO,. Experiments were done in triplicate and repeated on
several occasions. Whole venous blood, collected from healthy individuals and
anticoagulated with heparin (10 U/ml), was used for whole-blood experiments.
For preparation of human serum, whole blood was coagulated at 37°C for 30 min
and centrifuged at 1,000 X g for 10 min at 4°C, and the supernatant was retained.
Statistical analyses of the differences between the survival of the wild-type strain
and the survival of mutant strains were performed using Student’s ¢ test.

RNA isolation, real-time quantitative PCR, and S1 nuclease mapping. RNA
was isolated from liquid cultures of N. meningitidis strains as previously described
(11). For real-time quantitative PCR (RT-PCR), total RNA was isolated by using
an RNeasy kit (Qiagen) as described by the manufacturer. Approximately 4 g
of the total RNA preparation was treated with RQ1 RNase-free DNase (Pro-
mega). RNA was then reverse transcribed using random hexamer primers and
Moloney murine leukemia virus reverse transcriptase (Promega) as recom-
mended by the manufacturer. For negative controls, all RNA samples were also
incubated without reverse transcriptase. All RT-PCRs were performed in trip-
licate using a 25-pl mixture containing cDNA (5 pl of a 1/5 dilution), 1X brilliant
SYBR green quantitative PCR master mixture (Stratagene), and approximately
5 pmol of each primer (primers 0747-F and 0747-R for the NMB(0747 gene and
primers 16S_F and 16S_R for the 16S rRNA normalization control [Table 1]).
Amplification and detection of specific products were performed with an Mx3000
real-time PCR system (Stratagene) using the following procedure: 95°C for 10
min, followed by 40 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s and
then a dissociation curve analysis. The 16S rRNA gene was used as the endog-
enous reference control, and relative gene expression was determined using the
244¢1 relative quantification method.

A radioactively labeled DNA probe for S1 mapping of the 5’ region of the hfg
transcript from position +1 was prepared as follows. The probe was amplified
from the MC58 chromosome using the Hfq-S1/Hfq-S2 primer pair, the appro-
priate 363-bp fragment was extracted from an agarose gel, and after purification
2 pmol of the probe was labeled at both extremities with T4 polynucleotide
kinase and 4 pmol of [y->’P]ATP. One labeled extremity was removed by diges-
tion with EcoRI, a site for which was incorporated into the upstream primer
(Hfq-S1), and the resultant 345-bp probe, labeled on the 5’ complementary
strand, was purified using Chomaspin TE-100 columns (Clontech). Approxi-
mately 20 fmol of labeled probe was coprecipitated with 15 pg of total RNA and
resuspended in 20 pl of hybridization buffer (80% formamide, 60 mM Tris-HCI
[pH 7.5], 400 mM NaCl, 0.4 mM EDTA). The mixture was overlaid with 5 ul of
paraffin oil, denatured at 100°C for 3 min, and then incubated at the melting
temperature (7,,,) calculated for the probe on the basis of the following formula:
T,, = 81.5 + 0.5(G+C content) + 16.6(natural log of Na concentration) —
0.6(formamide concentration expressed as a percentage). After 4 to 16 h of

hybridization, 180 wl of ice-cold S1 buffer (33 mM Na acetate [pH 5.2], 5 mM
ZnSO,, 250 mM NaCl) and 100 U of S1 nuclease (Invitrogen) were added, and
S1 nuclease digestion was carried out for 30 min at 37°C. Samples were then
extracted once with phenol-chloroform, ethanol precipitated, resuspended in 5
wl sequencing loading buffer (47), and subjected to 6% urea-polyacrylamide gel
electrophoresis (PAGE). Quantification of the signals from the digested probes
was performed using a Phosphorimager and ImageQuant software (Molecular
dynamics). A G-A sequencing reaction (33) was performed with the probe
parallel to the S1 nuclease reactions to provide a molecular weight ladder for
mapping the 5" end of the transcript.

Expression and purification of the Hfq protein. The /fg gene was amplified
from the MC58 genome with the Hfq-F/Hfq-R primer pair and cloned as a
302-bp Ndel-Xhol fragment into the pET15b expression plasmid (Invitrogen),
generating pET15hfq, which was subsequently transformed into E. coli strain
BL21(DE3) for protein expression. Using an overnight culture of the
BL21(DE3)(pET15hfg) strain, 200 ml of Luria-Bertani medium was inoculated,
the culture was grown until the ODy, was 0.5, and expression of the recombi-
nant Hfq protein containing an N-terminal histidine tag was induced by addition
of 1 mM IPTG and further incubation for 3 h. The protein was purified from the
harvested cells by Ni-nitrilotriacetic acid (NTA) (Qiagen) affinity chromatogra-
phy under nondenaturing conditions according to the manufacturer’s instruc-
tions. The purified protein preparation was then diluted to 1 wg/pl and dialyzed
overnight in PBS at 4°C. To remove the His tag, the dialyzed protein was digested
with thrombin (10 U/pg protein; Pharmacia/Amersham) at room temperature
for 4 h, and the thrombin was then deactivated by incubation with 1 mM of
phenylmethylsulfonyl fluoride at 37°C for 15 min. The digested His tag was
removed by dialyzing the protein preparation twice against 1 liter of PBS at 4°C
in a 6,000- to 8,000-molecular-weight-cutoff dialysis tube (Membrane Filtration
Products, Inc.). The purity of the protein was estimated to be 99% by SDS-
PAGE. The concentration of the protein in this preparation was determined by
using the Bradford colorimetric assay (Bio-Rad), and the protein was aliquoted
and stored at —80°C.

In vitro cross-linking. For in vitro cross-linking, the dialyzed protein was
diluted to obtain a concentration of 0.6 wg/pl in PBS. Disuccinimidyl suberate
(DSS) was added to 10 wl of the protein solution to a final concentration of 2.5
mM, and this was followed by incubation at room temperature for 1 h. To stop
the cross-linking reaction, 20 pl of protein SDS-PAGE sample buffer (47) was
added, and the protein was analyzed by SDS-PAGE.

Generation of anti-Hfq antiserum and Western blot analysis. To prepare
anti-Hfq antiserum, 20 pg of purified protein was used to immunize 6-week-old
female CD1 mice (Charles River Laboratories); four mice were used. The pro-
tein was given intraperitoneally, together with complete Freund’s adjuvant for
the first dose and incomplete Freund’s adjuvant for the second (day 21) and third
(day 35) booster doses. Bleed-out samples were taken on day 49 and used for
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Western blot analysis. For time course experiments for Hfq expression, colonies
from freshly grown overnight plate cultures were suspended in PBS at an ODy,
of 0.5. Each preparation was then diluted 1:10 to obtain a final starting ODy, of
0.05, identical 7-ml cultures in 14-ml tubes were grown in parallel, and the growth
was monitored by determining the absorbance every hour. Every hour, one of the
7-ml cultures was pelleted in a benchtop centrifuge and resuspended to a final
ODgq of 5 in PBS. For concentration-controlled IPTG induction of the Hfq
protein in the complemented strain, 7-ml liquid cultures of the wild-type, Ahfq
mutant, and Ahfq_C strains were grown to an ODgq, of 0.5 using an inoculum
with an ODg, of 0.05 and different final concentrations of IPTG, as indicated
below. Samples were harvested and normalized in 1X SDS-PAGE loading buffer
at a relative ODyg, of 5. For Western blot analysis, 10 ug of each total protein
sample in 1X SDS-PAGE loading buffer (50 mM Tris-Cl [pH 6.8], 2.5% SDS,
0.1% bromophenol blue, 10% glycerol, 5% B-mercaptoethanol, 50 mM dithio-
threitol) was separated by SDS-PAGE and transferred onto a nitrocellulose filter
by standard methods (47). Filters were blocked for 1 h at room temperature by
agitation in blocking solution (3% skim milk, 0.1% Triton X-100 in PBS) and
incubated for a further hour with a 1:1,000 dilution of the anti-Hfq protein serum
in blocking solution. After washing, the filters were incubated in a 1:2,000
dilution of peroxidase-conjugated anti-mouse immunoglobulin (Dako) in block-
ing solution for 1 h, and the resulting signal was detected using the Supersignal
West Pico chemiluminescent substrate (Pierce).

Fractionation of proteins of N. meningitidis. Liquid cultures of meningococcus
strains were grown to an ODgq, of 0.5 and harvested by centrifugation at 8,000 X
g for 15 min at 4°C. Secreted proteins were precipitated from each spent culture
supernatant as follows. The supernatant was filtered through a 0.22-pm filter to
remove bacteria, and to 22 ml of the filtrate 2.5 ml of 100% trichloroacetic acid
(Sigma) was added and incubated overnight on ice. The precipitated proteins
were then pelleted in a benchtop centrifuge (Beckman) at 13,000 rpm for 30 min
at 4°C and washed with 500 pl of 70% ethanol, and the pellet was then air dried
and resuspended in 10 pl of PBS containing complete protease inhibitor
(Roche). For cytoplasmic and envelope fractions, harvested bacteria were resus-
pended in PBS and inactivated at 56°C for 45 min. The cells were then repelleted
by centrifugation at 8,000 X g for 15 min at 4°C and resuspended in 20 mM
Tris-HCI (pH 7.5) containing complete protease inhibitor. The bacteria were
lysed by sonication on ice, and the cell debris was removed by centrifugation at
5,000 X g for 20 min. The supernatant was centrifuged at 50,000 X g for 75 min
(29,000 rpm; Beckman Ti50) to pellet the membrane fraction. The supernatant,
containing the soluble cytoplasmic fraction, was then filtered and analyzed by
SDS-PAGE. The pellet containing the membrane envelope was washed with 5 ml
of 20 mM bis-Tris propane (pH 6.5), 1 M NaCl, 10% glycerol and then pelleted
by centrifugation at 50,000 X g for 75 min. The membrane fraction was resus-
pended in PBS and analyzed by SDS-PAGE.

Separation of total proteins by 2D gel electrophoresis. N. meningitidis wild-
type strain MC58 and the Ahfq mutant were grown at 37°C in GC medium until
the ODg, was 0.5 to 0.6. The cells were harvested, washed once in PBS, and heat
inactivated for 2 h at 65°C. Bacteria were resuspended in reswelling buffer con-
taining 7 M urea, 2 M thiourea, 2% 3-[(cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS), 2% amidosulfobetain 14, 1% dithiothreitol, 2 mM tribu-
tylphosphine, 20 mM Tris, and 2% carrier ampholyte (GE Healthcare), and 200
pg of total proteins in 0.125 ml (final volume) was absorbed overnight onto
Immobiline DryStrips (7 cm; nonlinear pH 3 to 10 gradient) using an Immobiline
DryStrip reswelling tray (GE Healthcare). Proteins were then separated by
two-dimensional (2D) electrophoresis. The first dimension was run using an
IPGphor isoelectric focusing unit (GE Healthcare) by sequentially applying 150
V for 60 min, 500 V for 35 min, 1,000 V for 30 min, 2,600 V for 10 min, 3,500 V
for 15 min, 4,200 V for 15 min, and finally 5,000 V until 12,000 V - h was reached.
For the second dimension, the strips were equilibrated as described previously
(22), and proteins were separated on a Nu-Page 4 to 12% bis-Tris ZOOM gel
(Invitrogen) using 40 mA/gel. An image of each bidimensional gel was acquired
with an SI personal densitometer (Molecular Dynamics) at 16 bits and 50 wm per
pixel. Images were analyzed with the software Image Master 2D Platinum 6.0
(GE Healthcare).

In-gel protein digestion and MALDI-TOF mass spectrometry analysis. Pro-
tein spots were excised from the gels, washed with 50 mM ammonium bicarbon-
ate-acetonitrile (50/50, vol/vol), and air dried. Dried spots were digested for 2 h
at 37°C in 12 pl of 0.012-pg/pl sequencing grade modified trypsin (sequencing
grade modified porcine trypsin; Promega, Madison, WI) in 5 mM ammonium
bicarbonate. After digestion, 0.6 wl was loaded on a matrix-prespotted Anchor-
chip (PAC 384 HCCA; Bruker-Daltonics, Bremen, Germany) and air dried.
Spots were washed with 0.6 pl of a solution containing 70% ethanol and 0.1%
trifluoroacetic acid. Mass spectra were acquired with an ultraflex matrix-assisted
laser desorption ionization—time of flight (MALDI-TOF) mass spectrometer
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(Bruker-Daltonics). Spectra were externally calibrated by using the combination
of standards present on the PAC chip (Bruker-Daltonics). Monoisotopic peptide
matching and protein searching were performed automatically using a licensed
version of the MASCOT software (Matrix Sciences, London, United Kingdom)
run on a local database. The MASCOT search parameters used were as follows:
(i) allowed number of missed cleavages, 1; (ii) variable posttranslational modi-
fication, methionine oxidation; and (iii) peptide tolerance, =100 ppm. Only
significant hits as defined by MASCOT probability analysis were considered.

In vivo animal model. The infant rat model was used essentially as previously
described (17). The 2996 N. meningitidis strain was passaged three times in infant
rats. On the day of the experiment the bacteria were grown to log phase in
Mueller-Hinton medium supplemented with 0.25% glucose, washed, and resus-
pended at the desired concentration in PBS. Five- to 6-day-old pups from litters
of outbred Wistar rats (Charles River) were challenged intraperitoneally with
wild-type strain 2996 or the isogenic 2996Ahfq strain. Eighteen hours after the
bacterial challenge, blood specimens were obtained by cheek puncture, and
aliquots (100 wl of undiluted sera and 1:10, 1:100, and 1:1,000 dilutions) were
plated onto chocolate agar for viable cell counting. The numbers of CFU per
milliliter of blood were determined after overnight incubation of the plates at
37°C in an atmosphere containing 5% CO,. A statistical analysis was performed
using Student’s ¢ test.

RESULTS

hfg locus of N. meningitidis. In N. meingitidis, the hfg gene
(NMBO0748) is predicted to encode a protein that is similar to
host factor I protein or Hfq. The encoded protein consists of 97
amino acids and shows 65% identity with the Hfq protein from
E. coli. In the neisserial MC58 genome Afg is flanked upstream
by a 147-bp intergenic region possibly containing its promoter
and is followed downstream by a putative transcriptional ter-
minator (Fig. 1A). This is in contrast to E. coli and other
similar enterobacteria, in which Afg appears to be located in a
cluster of genes which form an operon, usually transcription-
ally linked to the upstream gene miaA (59).

We mapped the promoter of the Afg gene of N. meningitidis
in the intergenic region directly upstream by performing S1
nuclease protection analysis. Total RNA was isolated from the
MCS5S8 strain during in vitro growth and then hybridized with
the hfg-specific probe and digested with S1 nuclease. Figure 1B
shows an RNA-protected band which corresponds to the 5’
end of the Afg mRNA, which maps the position 1 transcrip-
tional initiation site to 49 nucleotides upstream of the ATG
start site of the gene. Analysis of the nucleotide sequence
upstream revealed —10 (TACAAT) and —35 (TGGATA) hexa-
mers, suggesting that the Afg gene is transcribed from a ¢’
promoter. The intensity of this band does not vary significantly
in RNA prepared from various time points in the growth curve,
suggesting that the Afg promoter is transcribed throughout the
various growth phases.

Expression of the meningococcal Hfq protein and genera-
tion of an Hfq null mutant. In order to investigate expression
of the Hfq protein in the MC58 strain, we purified the Hfq
protein and raised antibodies to Hfq in mice. We cloned the
hfg gene into an expression vector, expressed it as a recombi-
nant His-tagged protein in E. coli, and then purified it by
Ni-NTA affinity chromatography. Figure 2A shows the results
of an SDS-PAGE analysis of various fractions obtained for the
expression and purification steps. The Hfq protein was highly
expressed in the soluble fraction (Fig. 2A, lane 3) and gave rise
to a highly pure recombinant His-Hfq protein preparation
(lanes 6 to 8), and the N-terminal His tag was cleaved and
removed after purification, giving rise to an untagged Hfq
protein (lane 9). Using in vitro cross-linking, we investigated
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FIG. 1. hfg locus of N. meningitidis. (A) Diagram of the ifg locus in the genome of N. meningitidis strain MCS58, showing the strategy used to
construct the Afg null mutant by allelic replacement with a chloramphenicol cassette. The genes flanking the /fq gene in Neisseria are an upstream
gene encoding a putative D-alanine-endopeptidase and a downstream gene encoding a conserved hypothetical protein with homology to RNA
methylases. These genes are different from genes in other gram-negative and gram-positive bacteria in which a similar genetic organization has
often been observed. In the sequence of the intergenic region upstream of the /ifg gene underlined bold type indicates —10 and —35 hexamers and
the transcriptional start site at position +1, as shown in panel B. The sequence of the putative rho-independent transcriptional terminator and its
position with respect to the initiation of transcription at position +1 are also shown. (B) Mapping of the ifg promoter by an S1 nuclease protection
assay. The DNA probe was radioactively labeled at one end, hybridized to 15 pg of total meningococcal RNA (lanes T1, T2, T3, T5, and T7), and
digested with S1 nuclease for mapping of the 5" end of the ifg transcript. Total RNA was prepared after 1, 2, 3, 5, and 7 h of growth in GC broth
(lanes T1, T2, T3, TS, and T7, respectively). Two control samples with E. coli tRNA instead of total RNA were processed in parallel with (lane
+) and without (lane —) addition of S1 nuclease. The position of the RNA-specific S1 nuclease-protected band corresponding to the 5’ end of the
hfg transcript is indicated. Lane G+A contained a G-A sequence reaction mixture for the DNA probe used as a size marker (33). The nucleotide
sequence of the coding strand upstream of the transcriptional start site is shown on the left.

whether this protein oligomerized into its functional hexameric
form. As Fig. 2B shows, after treatment for 1 h with the DSS
cross-linker, two high-molecular-weight oligomers were visible
on the gel. One of the major cross-linked forms migrated at a
molecular weight of approximately 70,000, which is consistent
with the hexameric form of the protein, and the other more
slowly migrating form may represent two cross-linked hexa-
mers, suggesting that the recombinant Hfq protein forms hexa-
mers in solution. This protein preparation was used to raise
antibodies against meningococcal Hfq in mice, and the result-
ing antiserum was tested in an immunoblot analysis with total
protein samples taken from time course cultures of the MC58
strain and an Hfq null mutant strain.

The null mutant of MCS58 was generated by replacing the ifg
gene with a chloramphenicol cassette, as indicated in Fig. 1A.
This mutant, when it is grown on solid medium, has an obvious
growth phenotype in that it forms small pinpoint colonies after
overnight incubation. Furthermore, after approximately 2 to 3
days of growth on solid medium, the centers of the colonies
have a concave morphology, and, where there is confluent
growth on the plate, the culture appears to be more flat and
acquires a silver sheen. We grew the wild type and null mutant
in liquid GC medium and took samples every hour over the
time course. Consistent with the growth phenotype on plates,
the null mutant exhibited a significantly altered growth curve
compared with the wild type in liquid medium (Fig. 3A). In
particular, it had an increased lag phase and did not reach a
cell density equivalent to that of the wild type. Western blot
analysis of the expression of Hfq throughout the time course
(Fig. 2C) revealed that the anti-Hfq antiserum recognizes a
protein band migrating to a position corresponding to approx-
imately 11 kDa in the wild type, which is absent from the null

mutant strain. Furthermore, the protein is expressed during all
phases of the growth curve, which is consistent with results
shown in Fig. 1B, and no significant differences in the level of
expression were detected, except possibly for slight accumula-
tion of the protein in late log and stationary phases.
Complementation of the Hfq mutant. In order to investigate
downstream polar effects due to the Afg mutation, we per-
formed RT-PCR analysis of the NMB0747 gene using RNA
prepared from the wild type and the Hfq knockout mutant.
The results showed that there was a 10-fold reduction in RNA
levels for NMB0747, indicating that readthrough of the puta-
tive rho-independent terminator occurs and that it is likely that
hfq is coexpressed with the downstream gene. In order to
determine if the phenotypes of the mutant were directly re-
lated to the lack of expression of the Hfq protein or possible
polar effects, we generated a complemented mutant strain ex-
pressing a single copy of the Afg gene in trans and related this
expression to possible restoration of the wild-type phenotype.
In this strain, Ahfq_C (Table 2), the expression of the Afg gene
was inducible by addition of IPTG, as its transcription is under
the control of the P,,. promoter and the Lacl repressor. This
strain was grown in liquid cultures in the presence of increasing
amounts of IPTG, along with the wild-type and mutant strains,
and the growth curves are shown in Fig. 3A. Samples were
collected at mid-log phase, and total protein extracts of each
strain were used to monitor Hfq expression by Western blot-
ting (Fig. 3B). The generation time of the mutant was signifi-
cantly less (78 = 10 min) than that of the wild type (48 = 7
min), while the generation times of the complemented mutant
were shorter in cultures with IPTG-induced increases in Hfq
expression. It is worth noting that the levels of Hfq expression
in the complementing strain at the time of maximal induction
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FIG. 2. (A) Expression and purification of the recombinant Hfq protein. SDS-PAGE was performed with protein extracts from uninduced
(lane —) and IPTG-induced (lane +) cultures of E. coli containing the pET15bHfq expression plasmid, the cleared soluble fraction before (lane
SF) and after (lane FT) binding to the Ni-NTA resin, the wash fraction (lane W), elution fractions (lanes E1 to E3), and untagged Hfq protein
after thrombin digestion (lane Dig). (B) In vitro cross-linking of Hfq reveals hexameric forms in solution. For in vitro cross-linking, the untagged
protein was not treated (lane —) or treated (lane +) with the cross-linking reagent DSS. The relative positions of the molecular weight markers
(lane M) are indicated on the left. The positions of the oligomeric forms of the Hfq protein are indicated on the right. (C) Western blot showing
the expression of the Hfq protein in wild-type strain MC58 or the Ahfq mutant over time. Total protein samples were taken at the time points
shown in Fig. 3A. Five micrograms of total protein was loaded for each time point. Anti-Hfq antiserum recognizes a band at approximately 11 kDa
in the wild-type strain but not in the Hfq null mutant. Antiserum against NMB2091 was also used to stain the blot as a loading control for total

protein, as indicated by the asterisk.

were approximately two- to threefold less than the wild-type
levels, and this may explain the incomplete restoration of the
growth phenotype. These results indicate that the growth de-
fect of the Ahfq mutant can be restored by expression of Hfq
in a dose-dependent manner.

Identification of proteins differentially expressed in the
Ahfq mutant. To obtain a preliminary picture of global
changes in the expression profiles of proteins altered in the
Ahfq mutant, we compared the whole-cell protein patterns in
SDS-PAGE gels for culture samples obtained at mid-log phase
(Fig. 3B). The lack of Hfq in the mutant results in global
changes in protein expression, and many protein bands are
more abundant or less abundant in the Hfg-deficient strain.
Furthermore, the expression profile of the mutant is restored
to a profile similar to that of the wild type after restoration of
Hfq expression in the Ahfq_C strain by IPTG addition.

In order to identify some of the proteins differentially ex-
pressed due to deletion of the Hfq protein, total protein from
logarithmically grown cultures of wild-type and Ahfq mutant
cultures were separated by one-dimensional (1D) or 2D elec-
trophoresis. Furthermore, cell cultures were also fractionated
to obtain secreted, cytoplasmic, and envelope fractions and
separated by 1D SDS-PAGE. Representative gels for triplicate
samples are shown in Fig. 4, and the most altered protein spots

and bands that were identified by mass spectrometry are shown
in Fig. 4A and B, respectively. These spots and bands were
excised and digested with trypsin, and the resulting peptides
were analyzed by MALDI-TOF mass spectrometry. It is worth
noting that a greater number of high-molecular-weight pro-
teins appeared to be released into the supernatants of the Afg
mutant cultures than into the supernatant of the wild-type
strain cultures, although many of these proteins could not be
identified. Using mass spectrometry analysis following 1D and
2D separation, we were able to identify 27 proteins that
showed altered accumulation in the Ahfq mutant, and results
of these analyses are shown in Table 3. Twenty of the proteins
appear to be upregulated in the Ahfq mutant, and seven pro-
teins are downregulated. The functions of the proteins whose
abundance is altered can be subdivided into various groups,
including energy metabolism, amino acid biosynthesis, oxida-
tive stress responses, and outer membrane proteins (OMPs),
many of which are associated with pathogenicity.

Hfq plays a major role in stress tolerance in N. meningitidis.
As Hfq is reportedly involved in stress tolerance in many
pathogens (9, 19, 44, 59) and a large number of proteins are
differentially expressed in the Ahfq mutant, we tested the abil-
ity of the meningococcal Ahfq mutant to resist several envi-
ronmental stresses. A series of growth assays and killing assays
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FIG. 3. (A) Growth curves for the wild type, the Ahfq mutant, and
the Ahfq_C complemented mutant in GC medium supplemented with
different concentrations of IPTG (in wM, as indicated after the mutant
designation). Three independent sets of cultures were grown on dif-
ferent days, and the symbols indicate the average of the three cultures
for each strain; the error bars show the standard deviations. The
calculated generation times of the cultures were as follows: MCS5S,
48 = 7 min; Ahfq, 78 = 10 min; and Ahfq_C with 0, 1, 10, 100, and
1,000 pM IPTG, 80 = 5,80 = 5,70 = 17,55 = 8, and 51 = 10 min,
respectively. (B) Western blotting and SDS-PAGE of cell lysates of the
MC58 wild-type strain, the Ahfq mutant, and the complemented mu-
tant, showing Hfq expression and pleiotropic effects of Hfq on protein
expression in the Ahfq mutant. IPTG was added at the final concen-
trations indicated to the growth medium for induction of Hfq in the
complemented mutant. Cells were grown in GC broth to an ODy, of
0.5, and 10 wg of total protein was added to each lane. The positions
of molecular weight markers are indicated on the left. The arrows on
the right indicate the positions of derepressed protein bands, and the
filled circles indicate downregulated protein bands in the Afg null
mutant.

were performed with the wild type, the Ahfq mutant, and the
Ahfq_C complemented mutant strain in the presence of dif-
ferent antimicrobial compounds.

The Ahfq mutant was significantly more sensitive than the
wild-type strain to three membrane-perturbing detergents
(the nonionic detergents Triton X-100 and Tween, as well as

INFECT. IMMUN.

the anionic detergent SDS), and the results of a representative
viability assay are shown in Fig. SA. Likewise, the lack of
expression of the Afg gene resulted in increased sensitivity of
the null mutant strain to killing by oxidative stress, as investi-
gated using paraquat (which generates superoxide anion rad-
icals inside the cell), xanthine-xanthine oxidase (which gener-
ates superoxide and H,O, outside the cell), and H,O, assays
(Fig. 5B). We also challenged the strains with 4.5 M NaCl in an
osmotic stress assay. Again, the Ahfq mutant was significantly
more sensitive than the strains expressing the Hfq protein (Fig.
5C). Finally, we tested whether the meningococcal mutant was
more sensitive to antimicrobial peptides, such as polymyxin B
or LL-37. Antimicrobial peptides are an important part of the
innate immune response, which can attack the outer mem-
brane, forming holes and thereby causing misfolding of the
periplasmic proteins and envelope stress. The results shown in
Fig. 5C indicate that Hfq contributes considerably to resistance
to antimicrobial peptides in meningococcus. In all assays per-
formed, the complemented mutant exhibited resistance pat-
terns very similar to those of the wild type (Fig. SA to C),
confirming that inactivation of Hfq results in considerable sen-
sitivity of the mutant strain to these antimicrobial compounds.
The wild type, the mutant, and the complemented mutant all
behaved similarly when they were incubated for the duration of
the assay in GC broth, indicating that the differences in survival
are not due to intrinsic growth defects (data not shown). Based
on all these analyses, the Hfq protein plays an important role
in the resistance of meningococcus to a wide range of stresses,
many of which may be particularly physiologically relevant to
the infectious cycle.

Hfq contributes to the survival of meningococcus in ex vivo
and in vivo models. To examine how the strains responded to
conditions comparable to those in the host, their survival in ex
vivo whole-blood and serum assays was assessed. The human
blood assay was used to assess both cellular and humoral
mechanisms of killing (including the action of complement,
antibody-mediated serum bactericidal activity, and opsono-
phagocytosis, as well as killing by neutrophils, macrophages
and antimicrobial peptides), while the serum assay was used to
assess killing of N. meningitidis mediated by the humoral im-
mune response. The Hfq mutant was less able to survive in
human blood and exhibited serum sensitivity (Fig. 6A and B).
Once the serum was heat inactivated, the sensitivity of the
Ahfq mutant was lost, and the number of CFU did not de-
crease over the time course of the assay (data not shown),
which implies that the Ahfq mutant is sensitive to a heat-labile
component of the complement pathway.

For in vivo infection studies, an isogenic ifg mutant of the
adapted 2996 strain was generated for use in the infant rat
model. Groups of six mice were inoculated intraperitoneally
with either a high (10° CFU) or low (10° CFU) dose of the wild
type or the Ahfq mutant strain. After 18 h, the animals were
bled, and bacteria were counted by colony plating. Compared
to the counts for the wild-type strain, the bacterial counts for
the Ahfq mutant were significantly decreased (Fig. 6C). Al-
though we cannot exclude the possibility that the growth phe-
notype may contribute to the reduced survival in the rat, these
results suggest that Hfq plays a role in the pathogenesis of
meningococcus in ex vivo human models and in the in vivo
infant rat model.



VoL. 77, 2009

A MC58

ROLE OF Hfq RNA CHAPERONE IN N. MENINGITIDIS 1849

A hfg

B T -
' Y B s
7

A Ps
., 2D9

Env2
+ -

Env1 .- . Supr
; P _ ™ + - qu
: ::-_ —E6

—E17 :
E10—“_ —E
—
—E16 .
- EE
. )
i\—as
: \
B —E1

FIG. 4. Identification of differentially abundant proteins in the Ahfq knockout mutant. (A) Total proteins of logarithmically grown wild-type strain
MCS58 and the Ahfq mutant were separated by 2D gel electrophoresis. Proteins were first focused on a nonlinear pH 3 to 10 gradient and then separated
on a 9 to 16.5% SDS-polyacrylamide gel. Cells were grown to an ODg, of 0.5 in GC broth. (B) 1D SDS-PAGE analysis of total proteins (Total) or
cytoplasmic (Cyto) or envelope (Envl and Env2) fractions of cells of the wild type (lane +) and the Hfq mutant (lane —) grown to log phase in GC broth.
Both 1D and 2D gels were stained with Coomassie brilliant blue R-250. In addition, wild-type and Hfq mutant cultures were grown to an ODyy, of 0.2
in Mueller-Hinton medium containing 0.25% glucose, and 22 ml of cell-free supernatant was precipitated and loaded (Supr).

DISCUSSION

The RNA-binding protein Hfq is present in many, but not all,
bacteria and has emerged as a major modulator of posttranscrip-
tional regulation in response to environmental stresses. In several
pathogenic organisms, Hfq has been reported to play both major
and minor roles in pathogenesis. Mutants have phenotypes
ranging from severely attenuated to only mild virulence defects
(12, 26, 44, 49, 51) or indeed no detectable phenotype at all (5).
In this study we investigated the role of Hfq in the stress
tolerance and virulence of meningococcus. We report that Hfq
has a profound effect on the fitness and survival of meningo-
coccus in the presence of a wide range of stresses (Fig. 5) and
contributes to virulence in ex vivo and in vivo models of infec-
tion (Fig. 6). The stress sensitivity of the 4fg mutant is consis-
tent with the altered stress responses observed for other bac-
teria (9, 44, 60), suggesting that Hfq has a conserved function

in meningococcus. The ability of meningococci to colonize the
hostile environment of the mucosal epithelium and their ability
to survive and multiply within human blood are key factors in
the development of fulminant meningococcal disease. In the
current models of bacteremia, the mutant is considerably at-
tenuated (Fig. 6). The ability of this strain to survive in human
blood and serum is not attributed to altered expression of
known serum resistance factors of N. meningitidis, such as a
capsule (24) or fHbp (28), as these factors were not altered by
the mutation (data not shown). Hfq was also important for
survival in the infant rat animal model over an 18-h period.
Although we cannot exclude the possibility that the growth
phenotype of this strain may partially explain the reduced
number of bacteria recovered from the blood, this was cer-
tainly not the case in the ex vivo assays, where in media or
heat-inactivated serum the three strains showed no decreases
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TABLE 3. Deregulated proteins identified by proteomic analysis
Relative
change
Band or spot Designation (gene) Protein Predicted function Mol wt in Ahfq
mutant
(fold)”
Downregulated proteins
C1 NMBO0758 (pnp) Polyribonucleotide RNA metabolism 76,374 =3.0
nucleotidyltransferase
C22D12 NMB1938 (atpA) ATP synthase F1, alpha subunit Energy metabolism: ATP-proton motive 55,257 -24
force interconversion
c3 NMB1936 (atpB) ATP synthase F1, beta subunit Energy metabolism: ATP-proton motive 50,360 -21
force interconversion
T1 C4 NMBO0763 (cysK) Cysteine synthase Amino acid biosynthesis: serine family 32,800 -24
2D13 NMBO0335 (dapD) 2,3,4,5-Tetrahydropyridine-2,6- Amino acid biosynthesis: aspartate family 29,391 -23
dicarboxylate N-succinyltransferase
2D6 NMBO0138 (fusA) Elongation factor G Protein synthesis 77,408 -13
2D7 NMBO0618 (ppsA) Phosphoenolpyruvate synthase Energy metabolism: 87,115 -2
glycolysis/gluconeogenesis, carbohydrate
transport, and metabolism
Upregulated proteins
T2 E6 E17 2D1 NMB1572 (acnB) Aconitase hydratase 2 Energy metabolism: tricarboxylic acid cycle 92,657 23
T3 2D2 NMB0920 (icd) Isocitrate dehydrogenase Energy metabolism: tricarboxylic acid cycle 80,113 14
2D3 NMB0954 (gitA) Citrate synthase Energy metabolism: tricarboxylic acid cycle 48,587 2
C9 NMB431 (pprC) Methylcitrate synthase Energy metabolism: propionate metabolism 42,792 1.6
2D4 NMBO0435 (ackA-1)  Acetate kinase Energy metabolism: fermentation 43,336 2
E2 NMBI1388 (pgi-2) Glucose-6-phosphate isomerase Energy metabolism: carbohydrate transport 62,044 13
and metabolism
2D10 2D11 NMB1796 Conserved hypothetical protein, Energy metabolism: electron transport 20,989 2.9
oxidoreductase
2D8 NMB1584 3-Hydroxyacid dehydrogenase Central intermediary metabolism: other 30,359 1.9
E1 E16 2D5 NMBI1055 (glyA) Serine hydroxymethyltransferase Amino acid biosynthesis: serine family 45,243
E5 NMB0944 (metH) 5-Methyltetrahydropteroyltriglutamate- ~ Amino acid biosynthesis: aspartate family 85,024 1.3
homocysteine methyltransferase
TS5, E3 NMB1972 (groEL) Chaperonin, GroEL (60 kDa) Protein fate: protein folding and 57,387 1.4
stabilization
T7 NMB0946 (prx) Peroxiredoxin 2 family Detoxification: oxidative stress response 26,894 14
protein/glutaredoxin
G5 NMBO0884 (sodB) Superoxide dismutase Detoxification: oxidative stress response 21,879 1.7
C7 NMB1590 Conserved hypothetical protein: Unknown function: oxidative stress response 11,526 1.6
putative peroxidase
E4, E10 NMBO0182 (omp85) OMP Omp85 Outer membrane lipid biogenesis 88,382 1.2¢
E15 NMB1053 (opc) Class 5 OMP Pathogenesis: adhesion 29,973 1.3
S10 NMB1053 (opc) Class 5 OMP Pathogenesis: adhesion 29,973 23
NMB1636 Opacity protein 30,161 23
S7 NMBI1541 (IbpB) Lactoferrin binding protein B Transport of iron cations 81,082 1.8
S11 NMBO0634 (fbpA) Iron ABC transporter, periplasmic Transport of iron cations 35,806 1.5
binding protein
2D9 NMBO0018 Pilin PilE Pathogenesis: cell motility and adhesion 18,202 1.6

“ Relative abundance of protein in the Ahfq mutant compared with the wild type. The differentially regulated bands and spots were quantified using ImageQuant
software, the values were normalized with respect to an unchanged internal protein control, and the relative quantities are expressed as changes compared with the

wild type.

b Deregulation of this band was not seen in all of the biological replicates tested.

in cell numbers over the course of the assay (data not shown).
Interestingly, in agreement with our findings, signature-tagged
mutagenesis screening for attenuated mutants of meningococ-
cus resulted in isolation of an Hfq mutant as 1 of 73 mutants
that were attenuated in the infant rat (55).

Here we performed a proteomic analysis of cells lacking Hfq
to identify proteins and processes that are directly or indirectly
regulated by this protein, thus providing potential target genes
for SRNA regulation. Of 27 proteins which were affected by the
mutation, 20 were overproduced in the mutant, indicating that
Hfq has a negative effect on expression of the majority of the
proteins identified. Many of these proteins are involved in cell
energetics and metabolism, amino acid biosynthesis, oxidative
stress responses, and pathogenesis. Considering the pleiotropic
effect of Hfq on mRNA stability and translational regulation in
other bacteria, it is likely that many of the Hfg-dependent
changes in protein expression are mediated by altered sSRNA
circuits. Of the genes encoding 27 deregulated proteins, 8

overlap with genes previously found in other systems with
Hfqg-altered expression levels, namely cysK, atpAB, glyA, icdA,
ackA, fusA, and groEL, (19, 48, 49), whereas four genes have
been reported to be under probably direct control of SRNAs in
other systems, namely prpC, gltA, acnB, and sodB (31, 41).
Hifq has a negative effect on the expression of two proteins,
SodB and AcnB (Fig. 4 and Table 3), whose genes have been
under investigation in this laboratory as members of a group of
positively Fur-regulated genes and likely candidates for sSRNA
regulatory control in meningococcus (11). We have recently
reported evidence indicating that the Fur-positive regulation
of sodB is mediated by an Hfq-dependent mechanism, as well
as that there is Fur regulation of the sdhCDAB and fumB genes
encoding other enzymes in the tricarboxylic acid cycle (36).
The downregulation of these genes as a consequence of Fur
mutation or under iron limitation conditions is abrogated by
deletion of Hfq. In the case of the sdh genes, it is known that
the Hfg-dependent sSRNA involved is NrrF (35), and we have
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FIG. 5. Assays of the viability of wild-type strain MC58, the Ahfq mutant, and the Ahfq_C complemented mutant. Cells were grown to an OD,
of 0.5 in GC broth (1 mM IPTG was added for expression of Hfq in the complemented mutant), diluted, and incubated with the antimicrobial
compounds indicated. Samples were taken at 15, 30, and/or 60 min, and viable cell counts were determined by plating. The final concentrations
of compounds used were as follows: Tween, 0.05%; SDS, 0.01%; Triton X-100, 0.1%; hydrogen peroxide, 5 mM; xanthine oxidase, 4.3 mM xanthine

and 300 mU xanthine oxidase; paraquat, 5 mM; NaCl, 4.5 M; LL-37, 2 uM; and polymyxin B, 10 pg/ml.

recently shown that Hfq increases the efficiency of duplex for-
mation between NrrF and the sdh target in vitro (36). How-
ever, NrrF does not mediate the Hfq-dependent regulation of
sodB or fumB (36) or of acnB (data not shown), and therefore,
other unidentified Fur-regulated sRNAs are likely to be in-
volved. In E. coli and Pseudomonas aeruginosa, these proteins
and many others belonging to the tricarboxylic acid cycle and
iron-containing proteins are regulated via the Fur-repressed
SRNA analogues RyhB and PrrF, respectively (30, 41). Inter-

estingly, we identified a number of OMPs whose accumulation
was altered in the Ahfq mutant, although the major expressed
OMPs PorA, PorB, and RmpB did not appear to be affected
(Fig. 4). While regulation could be indirect, the fact that many
OMPs are upregulated in the Ahfq mutant raises the possibility
that OMP biogenesis and outer membrane composition may
be extensively regulated by SRNAs in meningococcus, as has
been reported for other systems (18, 61, 65).

The phenotypes associated with loss of Hfq in meningococ-
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FIG. 6. Survival of strain MC58, the Ahfq mutant, and the Ahfq_C
complemented mutant in ex vivo whole blood (A) and serum (B) as-
says and an in vivo infant rat model (C). There was a reduced level of
bacteremia with the Ahfq mutant in an infant rat infection model.
Groups of animals were inoculated with two initial doses (approxi-
mately 10° and 10° CFU; specific levels of the initial inoculum were
determined in each case and are indicated on the x axis), and bacterial
counts for the wild type (diamonds) and the Ahfq mutant (triangles)
recovered from the blood of each animal were determined after an
18-h period. The P values for comparisons of the levels of the wild type
and the Ahfq mutant recovered with initial doses of 10° and 10° CFU
are 0.0007 and 0.0057, respectively.

cus may not be completely dependent on its role in directing
SRNA posttranscriptional circuits but instead may be related
to other Hfq functions or some additional factor or factors that
are themselves targets for Hfq regulation. For instance, in E.
coli Hfq is known to interact with the polynucleotide phosphor-
ylase (PNPase) and poly(A) polymerase I (PAPI) proteins, two
components of the degradasome, in an sRNA-independent
manner (37). Here, PNP is identified as one of the proteins
that is less abundant in the Ahfq mutant, and it is plausible that
the turnover of the protein itself is altered in the absence of
Hfq. Alternatively, the binding of an RNA-binding protein,
such as Hfq, directly to mRNA might favor alternative mRNA
secondary structures that may either promote or interfere with
translational initiation or that may alter the rate of mRNA
degradation, as is the case for Hfq-mediated downregulation
of OmpA in E. coli (66). Many of the pleiotropic effects of Hfq
mutants in other bacterial systems are related to the require-
ment for Hfq for efficient translation of the stationary-phase
sigma factor (8, 40) or for downregulation of RpoE and the
envelope stress response (12, 13, 19, 57). While N. meningitidis
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does not possess an RpoS-like sigma factor, a protein anno-
tated as an extracellular function sigma factor (NMB2144)
with similarity to RpoE is present. However, there are no
homologues of the periplasmic protease DegS or the anti-
sigma factor RseA, which are responsible for activation of
RpoE in response to envelope stress.

A comparison of the initial observations for Hfq phenotypes
for meningococcus and other better-studied systems shows
many similarities but also some interesting differences. It ap-
pears that Hfq plays a pivotal role in virulence and stress
adaptation. In the absence of a stationary-phase sigma factor
and homologues of the proteins which activate the envelope
stress response, the mechanisms by which Hfq could contribute
to control global protein expression regulation may differ from
the mechanisms in other systems. Nonetheless, due to the
pleiotropic nature of the phenotypes of the Hfq mutant, it
appears that Hfq plays a fundamental role in coordinating
gene regulation in meningococcus, and our findings indicate
that there is a large SRNA network in N. meningitidis that has
yet to be uncovered. Further studies must address this possi-
bility along with the question of how Hfq coordinates regula-
tion of such a large number of processes.
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