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The Hfq protein is recognized as a global regulatory molecule that facilitates certain RNA-RNA interactions
in bacteria. BLAST analysis identified a 630-nucleotide open reading frame in the genome of Moraxella
catarrhalis ATCC 43617 that was highly conserved among M. catarrhalis strains and which encoded a predicted
protein with significant homology to the Hfq protein of Escherichia coli. This protein, containing 210 amino
acids, was more than twice as large as the Hfq proteins previously described for other bacteria. The C-terminal
half of the M. catarrhalis Hfq protein was very hydrophilic and contained two different types of amino acid
repeats. A mutation in the M. catarrhalis hfq gene affected both the growth rate of this organism and its
sensitivity to at least two different types of stress in vitro. Provision of the wild-type M. catarrhalis hfq gene in
trans eliminated these phenotypic differences in the hfq mutant. This M. catarrhalis hfq mutant exhibited altered
expression of some cell envelope proteins relative to the wild-type parent strain and also had a growth
advantage in a continuous flow biofilm system. The presence of the wild-type M. catarrhalis hfq gene in trans
in an E. coli hfq mutant fully reversed the modest growth deficiency of this E. coli mutant and partially reversed
the stress sensitivity of this E. coli mutant to methyl viologen. The use of an electrophoretic mobility shift assay
showed that this M. catarrhalis Hfq protein could bind RNA derived from a gene whose expression was altered
in the M. catarrhalis hfq mutant.

Moraxella catarrhalis is an unencapsulated gram-negative
coccobacillus that was regarded for many years as a harmless
commensal microorganism that could be isolated from the
human nasopharynx. However, within the last few decades, M.
catarrhalis has been shown to be a pathogen that is capable of
producing disease in both adults and children (27, 62). In
infants and very young children, this bacterium is an important
cause of otitis media (27, 40, 62). This organism can also cause
infectious exacerbations of chronic obstructive pulmonary dis-
ease (39, 43, 52) and may be responsible for 2 to 4 million
occurrences of this type each year in the United States (43).

Although there are some data, derived primarily from im-
mune response studies, about which surface antigens of this
organism are expressed during growth in vivo (2, 34, 41, 42),
the molecular bases for expression of most if not all of these
gene products remain to be determined. To date, studies on
gene expression by M. catarrhalis have involved mainly in-
vestigations of phase-variable genes, including uspA1 (28),
uspA2H (65), and hag (37, 45), and genes encoding proteins
involved in restriction and modification (51), and there has
been one recent study which showed that temperature can
affect expression of the UspA1 protein (25). However, with the
exception of the mutant analysis done by Furano and Campag-
nari (18) working with the M. catarrhalis fur gene, no global
regulators of M. catarrhalis have been identified and studied in
detail in this microorganism.

Hfq, or host factor 1, is a global regulatory protein that has

been widely characterized in many bacterial species in recent
years (for reviews, see references 11, 19, and 61). The Hfq
protein forms a hexameric ring-shaped structure similar to that
of the eukaryotic splicing proteins of the Sm family that have
RNA-binding activities (50). Several functions have been as-
cribed to the Hfq protein, starting with its role in the replica-
tion of the RNA phage Q� (17), to facilitating bacterial cell
responses to environmental stresses (for reviews, see refer-
ences 21, 22, 30, and 57). Most of the phenotypes linked to the
Hfq protein were shown to be the result of its ability to func-
tion as an RNA chaperone that allows RNA-RNA interactions
involving mRNA and small RNA molecules (sRNA) (20, 30,
38, 56). These sRNAs typically affect the expression of their
cognate mRNAs by altering either their stability or translation
(58). This fact has allowed identification of additional bacterial
sRNA molecules by their binding to Hfq (68).

We describe here the M. catarrhalis hfq gene and its encoded
protein product, which is more than twice the size of the Hfq
proteins of other bacterial species studied to date. In addition,
an isogenic M. catarrhalis hfq deletion mutant was constructed
and characterized in several in vitro systems to determine
whether the M. catarrhalis Hfq protein was involved in regu-
lating the stress response of this bacterium. Finally, purified
recombinant M. catarrhalis Hfq protein was shown to bind in
vitro to the RNA transcribed from one particular M. catarrhalis
gene. The abundance of transcript from this latter gene was
significantly increased in the M. catarrhalis hfq mutant, making
this gene a possible target for control by the Hfq protein and
an sRNA.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. M. catarrhalis O35E (3)
was used as the wild-type M. catarrhalis strain in the present study. M. catarrhalis
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strains were grown in brain heart infusion (BHI) broth (Becton Dickinson,
Sparks, MD) with aeration or on BHI solidified with 1.5% agar at 37°C in an
atmosphere of 95% air and 5% CO2. Autoagglutination of M. catarrhalis strains
was measured as described previously (65). When appropriate, BHI medium was
supplemented with kanamycin (15 �g/ml) or spectinomycin (15 �g/ml). Mueller-
Hinton (MH) broth (Becton Dickinson) was used for some experiments as noted.
The Escherichia coli strain MC4100 and its hfq mutant GS081 have been de-
scribed (67). E. coli strains DH5� (48) and TOP10 (Invitrogen, Carlsbad, CA)
were used for cloning purposes. All E. coli strains were grown by using Luria-
Bertani (LB) medium as described previously (48). When necessary, LB medium
was supplemented with ampicillin (100 �g/ml), kanamycin (30 �g/ml), or spec-
tinomycin (100 �g/ml). The M. catarrhalis plasmid cloning vector pWW115 (64)
was used for complementation analysis with M. catarrhalis mutants. Plasmid
pACYC177 was obtained from New England Biolabs (Beverly, MA).

Western blot analysis and protein identification. Whole-cell lysates (WCL)
were prepared as described previously (7). Outer membrane vesicles were pre-
pared from M. catarrhalis by using the method described by Murphy and Loeb
(44). For Western blot analysis, proteins in samples were resolved by using 15%
(wt/vol) polyacrylamide separating gels for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene diflu-
oride membranes. The Hfq antiserum (described below) was used at a dilution
of 1:1,000 in phosphate-buffered saline–Tween containing 10% (wt/vol) dried
milk and incubated with the membrane either for 2 h at room temperature or
overnight at 4°C. Horseradish peroxidase-conjugated goat anti-mouse antibody
(Jackson Immunoresearch, West Grove, PA) was used as the secondary anti-
body. The antigen-antibody complexes were detected by using Western Light-
ning Chemiluminescence Reagent Plus (New England Nuclear, Boston, MA).
For the identification of proteins that were differentially expressed by the hfq
mutant, proteins in either WCL or outer membrane vesicles were resolved by
SDS-PAGE, transferred to polyvinylidene difluoride, and then stained with Coo-
massie blue. The selected protein bands were excised from the membranes and
subjected to N-terminal amino acid sequence analysis by means of Edman deg-
radation in the Protein Chemistry Technology Center at the University of Texas
Southwestern Medical Center at Dallas.

DNA and RNA isolation. Chromosomal DNA from agar plate-grown M. ca-
tarrhalis cells was isolated by using a DNA Easy kit (Invitrogen). Plasmid DNA
from either M. catarrhalis or E. coli was isolated by using a miniprep spin kit
(Qiagen). RNA was isolated from M. catarrhalis strains grown to early stationary
phase (optical density at 600 nm [OD600] � 1.5) by using an RNeasy Midi kit
(Qiagen).

Construction of M. catarrhalis hfq mutants. Overlapping extension PCR (26)
was used to replace most of the hfq-like region of the M. catarrhalis O35E hfq
open reading frame (ORF) with a promoterless kanamycin resistance cartridge
(35). Briefly, with M. catarrhalis O35E chromosomal DNA as the template, the
oligonucleotide primers AA133 (5�-GTAAGCCGTTAAGCCATTGGCAAT-
3�) and AA135 (5�-CCTAGTTAGTCACCCGGTTTGTCCTTTTGACATAAG
TTTCTCCAA-3�) were used to amplify the region (designated amplicon 133-
135) immediately upstream of codon 7 in the hfq ORF, and the primers AA136
(5�-GGAATAATGCGACCCGTGTATAAGCATG CCATTTCAACGGTTGT
A-3�) and AA137 (5�-CGCCCGAATTTGAGATGGCAA-3�) were used to am-
plify the region (designated amplicon 136-137) immediately downstream of
codon 53 in the hfq ORF. The primers AA111 (5�-GGGTGACTAACTAGGA
GGAATAAAT-3�) and AA116 (5�-GGGTCGCATTATTCCCTCCAGGTA-3�)
were used to amplify the promoterless kanamycin resistance (kan) cartridge from
pUC18K3 (35). The primers AA133 and AA116 were used together with am-
plicon 133-135 and the kan cartridge as templates to obtain a PCR product that
contained both the upstream region and the kan cartridge, whereas the primers
AA111 and AA137 were used with amplicon 136-137 and the kan cartridge to
produce a different PCR product that contained the kan cartridge and the
downstream region. These two PCR products were then used together as tem-
plates for another round of PCR using the primers AA133 and AA137. After
verification of the nucleotide sequence of the final PCR product, it was used to
transform wild-type M. catarrhalis O35E. One kanamycin-resistant transformant
was selected for further characterization and was designated O35E.hfq::kan. A
similar approach was used to obtain a PCR product that lacked almost all of the
M. catarrhalis hfq ORF but contained the relevant flanking DNA. The primers
used for this overlapping extension PCR series were the primers AA133 and
AA172 (5�-GGTTTGTCCTTTTGACATAAGTTTCTC-3�) and the primers
AA171 (5�-ATGTCAAAAGG ACAAACCGATTTTGAAAATCAATCCTGA
TTTGGT-3�) and AA137. The final PCR product was used to transform
O35E.hfq::kan and the transformant colonies were screened for the loss of
kanamycin resistance. One kanamycin-sensitive transformant was chosen for
further characterization and was designated O35E�hfq; this mutant contained an

in-frame deletion of almost the entire hfq ORF. Nucleotide sequence analysis
showed two other nucleotide changes near this deletion in this mutant: one in the
intergenic region between the mia and hfq ORFs and the other within the
remainder of the hfq ORF. There were no nucleotide changes in the kpsF gene
located immediately downstream from the hfq gene.

Complementation of the M. catarrhalis hfq mutant. The wild-type M. catar-
rhalis O35E hfq gene was PCR amplified by using the primers AA160 (5�-ATG
GATCCGGCGTCTTCTCATTTACATTGCTT-3�; the BamHI site is under-
lined) and AA159 (5�-TTAGGAGCTCTGAGTTAG AAGGTATCACCC-3�;
the SacI site is underlined) with O35E chromosomal DNA as a template. After
digestion with both BamHI and SacI, the PCR product was ligated with BamHI-
and SacI-digested pWW115 (64), and this ligation mixture was used to transform
O35E. One spectinomycin-resistant transformant was selected for further char-
acterization, and its plasmid was designated pAA200. This plasmid was used to
transform the O35E�hfq mutant to obtain the recombinant strain O35E�hfq
(pAA200). Plasmid pWW115 was used to transform O35E�hfq to obtain a
negative control strain for complementation analysis.

Complementation of an E. coli hfq mutant with the M. catarrhalis Hfq protein.
The primers AA160 and AA293 (5�-AGCTGCAGTGAGTTAGAAGGTATCA
CCC-3�; the PstI site is underlined) were used to amplify the M. catarrhalis hfq
gene using O35E chromosomal DNA as a template. The PCR product was then
digested using BamHI and PstI and ligated to pACYC177 that had been digested
with the same restriction enzymes. The ligation mixture was used to transform
the E. coli hfq mutant GS081 (67). Kanamycin-resistant transformants were
screened for the expression of the M. catarrhalis Hfq protein by Western blot
analysis, and one transformant was selected for further characterization; its
plasmid was designated pAA105. As a negative control, an irrelevant piece of
DNA from the 5� region of the M. catarrhalis O35E uspA2 gene was amplified
using the primers AA16 (5�-CGCGGATCCTGAAAACCATGAAACTT CTCC
C-3�; the BamHI site is underlined) and AA294 (5�-ACCTGCAGTTGGGTAG
CGATTTTGGT GGTGAC CGA-3�; the PstI site is underlined), ligated into the
BamHI/PstI sites of pACYC177, and transformed into E. coli GS081. The re-
sultant control plasmid was designated pAA105B.

Methyl viologen sensitivity assay. Bacterial cells grown overnight on solidified
media were suspended in 5 ml of BHI medium to a final OD600 of 0.2. A 500-�l
portion of this suspension was mixed with an equal volume of BHI broth and
then serially diluted. A 10-�l aliquot of each dilution was spotted onto BHI agar
with or without 40 �M methyl viologen (Sigma, St. Louis, MO). The spots were
allowed to dry, and then the plates were incubated overnight.

Salt sensitivity assay. Bacterial cells were grown, diluted, and spotted as
described immediately above except that the cells were spotted onto BHI agar
plates that contained either the normal concentration of NaCl in BHI (i.e., 1�
NaCl; 5 mg/ml) or 8� NaCl (i.e., 40 mg/ml). The spots were allowed to dry, and
then the plates were incubated for 24 and 48 h, and the growth of the bacteria
was examined at each time point.

Cloning and purification of the M. catarrhalis Hfq protein. The primer pair
AA138 (5�-AGGGATCCGCACAGACAGACAAACCAAC-3�; the BamHI site
is underlined) and AA163 (5�-GT GGTGGTGGTGGTGGTGGGATTGATTT
TCAAAATCGTCATCATA-3�) and the primer pair AA152 (5�-CACCACCAC
CACCACCACTGATTTGGTCATCATCTTGACTTATCC-3�) and AA156 (5�-
CAAAACGCTTAATGTCAGTTT-3�) were used in overlapping extension PCR
to introduce nucleotides encoding six histidine residues (His) at the C terminus
of the M. catarrhalis O35E Hfq protein. The final PCR product was ligated to the
pCR2.1 TOPO vector (Invitrogen) and transformed into E. coli TOP10 cells.
Kanamycin-resistant transformants were screened for His tag expression, and
one transformant was selected for further characterization; its plasmid was des-
ignated pAA201. To purify the His-tagged Hfq protein, recombinant E. coli cells
grown overnight in broth were harvested, suspended in lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole [pH 8.0]) containing lysozyme (1
�g/ml), and incubated on ice for 30 min. The cells were then subjected to
sonication using a Branson Sonifier 450 sonicator (Proquip, Inc., Macedonia,
OH). Unbroken cells and debris were removed by centrifugation at 26,000 � g
for 20 min at 4°C. The supernatant was then mixed with NiNTA agarose beads
(Qiagen, Valencia, CA) and incubated with agitation at 4°C for 1 h. The sus-
pension was then loaded into a chromatography column and washed four times
(5� bed volume) with washing buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM
imidazole [pH 8.0]). The His-tagged Hfq protein was eluted using elution buffer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole [pH 8.0]). Selected frac-
tions were pooled, and dialyzed against storage buffer containing 50 mM Tris-
HCl (pH 7.5), 1 mM EDTA, 50 mM NH4Cl, and 20% glycerol (vol/vol). The
concentration of purified, recombinant Hfq protein was determined by using the
Bradford protein assay (Bio-Rad), and then portions of the protein were stored
at 	70°C for later use.
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Production of polyclonal antibody against the recombinant M. catarrhalis Hfq
protein. The recombinant Hfq protein was used to immunize mice to obtain
polyclonal antibody against this protein. Briefly, 100 �g of the protein was mixed
with TiterMax (Sigma) and injected intraperitoneally into BALB/c mice. Four
weeks later, the mice were boosted with 30 �g of the purified protein in Titer-
Max. After two more weeks, the mice were euthanized, and blood was collected
for serum preparation.

RT-PCR analysis. RNA that had been isolated from M. catarrhalis O35E
grown into the early stationary phase of growth was digested with DNase I
(MessageClean kit; GenHunter Corp, Nashville, TN) to remove any DNA con-
tamination. Oligonucleotide primers were designed to amplify the regions be-
tween the hfq gene and the two flanking genes so that each primer would bind to
a sequence within the ORF of each gene. The reverse transcription (RT) reac-
tion was carried out by using MultiScribe reverse transcriptase (Applied Biosys-
tems, Foster City, CA) followed by PCR amplification. As controls, the reaction
was also done using either DNA alone as the template or with RNA template in
the absence of reverse transcriptase.

Real-time RT-PCR. Primers for real-time RT-PCR were designed by using
Primer Express software (Applied Biosystems). The primer pair AA173 (5�-CA
ATGGGCGAAAGCCTGAT-3�) and AA174 (5�-GTGCTTTACAACCAAAA
GGCCT-3�) was specific for 16S RNA, and the primer pair AA305 (5�-TGTTG
AGACGGTGGTTGACAAT-3�) and AA306 (5�-GCCGTACATTTCCTTGGC
AA-3�) was specific for M. catarrhalis ORF 1068 (hereafter referred to as ORF
1068). The reaction was performed as described previously (6). The data analysis
was carried out by using the 7500 System SDS software v.13 (Applied Biosys-
tems), applying the relative quantification ��CT method. The level of the ORF
1068 message was normalized according to the level of the 16S RNA, and the
normalized wild-type message level was used as the calibrator. The Student t test
was used for statistical analysis of these data.

Competitive index-based biofilm experiments. The streptomycin-resistant mu-
tant of the wild-type strain O35E (O35E-Smr) (7) and the hfq mutant
O35E.hfq::kan were grown separately in MH broth to a density equivalent to 108

CFU/ml, and then equal volumes of each culture were mixed in a 1:1 ratio. Serial
dilutions of this inoculum mixture were plated on BHI agar plates containing the
appropriate antibiotic to determine the relative percentages of each strain in the
input mixture. A 3-ml portion of the mixture was used to inoculate 200 ml of MH
broth that was then allowed to grow overnight at 37°C with aeration. A second
3-ml portion was used to inoculate a sterile Sorbarod cellulose filter that was
inserted into a short piece of silicone tubing as described previously (45). After
inoculation, sterile MH broth was allowed to drip along the length of the silicone
tubing onto this Sorbarod filter as described previously (45). Cells present in the
resultant biofilm were collected the next day by scraping the silicone tubing,
starting at a point approximately 0.25 in. above the Sorbarod filter and continu-
ing in the direction of the top of the tubing. The harvested cells from the biofilm,
as well as the cells grown in liquid medium, were serially diluted and plated on
agar media containing the appropriate antibiotics to determine the relative
percentage of each strain in the output mixture. These data were subjected to
repeated-measures analysis and pairwise comparisons were performed by using
the Tukey HSD procedure at the 0.05 significance level (SAS 9.13; SAS, Inc.,
Cary, NC).

Preparation of a radiolabeled RNA probe. The primers AA373 (5�-GTCAA
ATTTCACTATGCATTATCTT-3�) and AA281 (5�-TGACTGTGTCTGTATC
GCC-3�) were used to amplify an 
300-bp fragment that contained the putative
transcriptional start point of ORF 1068 and part of the 5� region of this ORF.
This PCR fragment was used as a template for another PCR using the primers
AA281 and AA374 (5�-CAGAGATGCATAATACGACTCACTATAGGGAG
AGTCAAATTTCACTATGCATTATCTT-3�; the T7 core promoter sequence
is underlined). The resultant PCR product AA373-AA281 was used in an vitro
transcription reaction using a T7 MAXIscript kit (Ambion, Austin, TX) in the
presence of [�-32P]UTP for 1 h at 37°C according to the manufacturer’s protocol.
The DNA template was then digested with Turbo DNase (Ambion), and the
RNA product was partially purified by using an RNeasy MinElute cleanup kit
(Qiagen).

EMSA. The radiolabeled RNA probe described immediately above was used
in an electrophoretic mobility shift assay (EMSA) with the purified recombinant
M. catarrhalis Hfq protein. Briefly, equivalent amounts of RNA fragment (ca.
20,000 cpm) were incubated with increasing concentrations of purified Hfq
protein in a 25-�l reaction volume in a binding buffer containing 10 mM Tris-
HCl (pH 8.0), 1 mM EDTA, 80 mM NaCl, 10% (vol/vol) glycerol, and 0.01%
(vol/vol) dodecyl maltoside for 30 min at 37°C. Each reaction tube also contained
E. coli tRNA (100 ng/�l; Roche) to minimize nonspecific binding. The reaction
mixtures were then loaded onto a native 6% polyacrylamide gel and run in 0.5�
Tris-borate-EDTA at room temperature at 200 V for 2 h. The gel was then

exposed to a storage phosphor intensifying screen (GE Healthcare, Piscataway,
NJ) and scanned by using a Storm 820 scanner (GE Healthcare). The image was
analyzed by using ImageQuant v.5.2 software (Molecular Dynamics, Sunnyvale,
CA). To determine whether binding was specific for the RNA fragment used in
this experiment, the binding reaction was also carried out in the presence of 25
ng of the same RNA fragment that had not been radiolabeled.

RESULTS

Identification of an Hfq-like protein encoded by M. catar-
rhalis. The use of the nucleotide sequence of the E. coli hfq
gene in a BLAST search against the M. catarrhalis ATCC 43617
genome (GenBank accession numbers AX067426 to AX067466)
identified a Hfq-like protein encoded by a 630-nucleotide (nt)
ORF. The predicted encoded protein contained 210 amino
acids (Fig. 1), and nucleotide sequence analysis of the hfq ORF
from five additional M. catarrhalis strains (O35E, FIN2344,
V1118, 7169, and O12E) revealed that this ORF was identical
among all six strains (data not shown). Amino acid alignment
of the predicted M. catarrhalis Hfq protein with Hfq proteins
from other well-studied bacterial species (Fig. 1) showed high
degrees of identity and similarity between these latter proteins
and the N-terminal one-third of the M. catarrhalis Hfq protein.
For example, all of the amino acids predicted to form the
RNA-binding pocket in different Hfq proteins (5, 49, 50, 69)
are conserved in the M. catarrhalis Hfq protein (Fig. 1).

In contrast to these other Hfq proteins that typically con-
tained between 77 and 99 amino acids, the M. catarrhalis Hfq
protein contained more than 100 additional amino acids; these
were present in the C-terminal half of this macromolecule (Fig.
1). Hydrophilicity analysis of the amino acid sequence of the E.
coli Hfq protein indicated that the C-terminal domain contain-
ing approximately 30 amino acids was hydrophilic (data not
shown). Analysis of the much larger number of additional
amino acids in the C-terminal half of the M. catarrhalis Hfq
protein indicated that this region is highly hydrophilic in nature
but is not predicted to form a regular secondary structure (data
not shown). The amino acid sequence GF appears nine times
in these 142 amino acids in the M. catarrhalis Hfq protein, and
the sequence GFERQTQGGFDRGGMGYQ appears twice.
When the complete amino acid sequence of the M. catarrhalis
Hfq protein was used in a BLAST search against the nonre-
dundant protein databases, the predicted proteins with the
highest level of identity (E values [31] of 2 � 10	30) were found
in Psychrobacter species. These three different Psychrobacter pro-
teins (accession numbers ZP_01272067.1, YP_580756.1, and
YP_264208.1) each possessed predicted Hfq proteins that were
very similar in size to the M. catarrhalis Hfq protein, containing
183 or 201 amino acids, but no description of these Psy-
chrobacter proteins has been published to date.

Genetic organization of the M. catarrhalis hfq chromosomal
locus. Upon examination of the hfq chromosomal locus in M.
catarrhalis strain ATCC 43617, we found that the hfq gene was
preceded by an miaA gene which encodes a predicted delta
2-isopentenylpyrophosphate transferase (12) (Fig. 2A). Imme-
diately downstream of the M. catarrhalis hfq gene, we found an
ORF with homology to kpsF, which encodes a predicted arabi-
nose-5-phosphate isomerase (60).

RT-PCR analysis was performed with RNA from M. ca-
tarrhalis O35E to determine whether the M. catarrhalis hfq
gene was transcriptionally linked to either of the two flank-
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ing genes. Primer AA135, which binds to the 5� end of the hfq
gene on the negative strand (Fig. 2A), was used in a reverse
transcriptase reaction, followed by a PCR using the primer
AA138, which binds to the 3� end of the miaA gene (Fig. 2A).
This RT-PCR yielded a 
200-bp PCR product (Fig. 2B, lane
4) similar to the one obtained using O35E chromosomal DNA
as a template (Fig. 2B, lane 2), and no product was obtained in
the PCR in which the reverse transcriptase enzyme was not
added (Fig. 2B, lane 3). These results indicated that M. ca-
tarrhalis hfq and miaA genes are linked transcriptionally.
Primer AA134, which binds to the 5� end of the kpsF gene on
the negative strand (Fig. 2A), was used in an RT-PCR with
primer AA169, which binds to the 3� end of the hfq gene (Fig.
2A). The results obtained with these two primers (Fig. 2B,
lanes 5 to 7) indicated that the hfq and kpsF genes are tran-
scriptionally linked in M. catarrhalis O35E.

Construction and complementation of M. catarrhalis hfq mu-
tants. Overlapping extension PCR, followed by transformation
and allelic exchange, was used to construct two different M.
catarrhalis hfq mutants. The first mutant, O35E.hfq::kan, had a
promoterless kan cartridge in place of most of the hfq-like
region (i.e., nt 19 to 159) in the hfq ORF (Fig. 3A). This
mutant was then used to construct the deletion mutant
O35E�hfq in which the region from nt 16 to 612, comprising

almost the entire hfq ORF, was deleted in-frame (Fig. 3B) as
described in Materials and Methods. The M. catarrhalis cloning
vector pWW115 carrying the wild-type hfq gene from M. ca-
tarrhalis O35E was used to complement the O35E�hfq mutant,
yielding the recombinant M. catarrhalis strain O35E�hfq
(pAA200). The recombinant M. catarrhalis strain O35E�hfq
(pWW115) was used as a negative control. When subjected to
Western blot analysis with mouse polyclonal antibody raised
against the recombinant M. catarrhalis Hfq protein, both the
wild-type O35E strain and the complemented O35E�hfq mu-
tant (Fig. 3C, lanes 1 and 3, respectively) expressed an anti-
body-reactive band of approximately 23 kDa, which is very
similar to the predicted mass of the M. catarrhalis Hfq protein.
This same antibody-reactive band was absent from both the hfq
deletion mutant O35E�hfq and the negative control strain
O35E�hfq(pWW115) (Fig. 3C, lanes 2 and 4, respectively).

The M. catarrhalis hfq mutant is growth deficient. A pheno-
typic feature common to the hfq mutants of some other bac-
terial species is a growth deficiency in vitro (15, 53, 59). Upon
examination of the growth characteristics of the M. catarrhalis
hfq deletion mutant, it was observed that this mutant (Fig. 4,
solid squares) exhibited a modest growth deficiency compared
to the wild-type parent strain O35E (Fig. 4, open diamonds).
This deficiency involved both a prolongation of the lag phase

FIG. 1. Comparison of the deduced amino acid sequence of the M. catarrhalis Hfq protein with the sequences of Hfq proteins from other
bacteria. The deduced amino acid sequence of the M. catarrhalis ATCC 43617 Hfq protein (top sequence) was aligned to the amino acid sequences
of seven other bacterial Hfq proteins. The asterisks indicate the amino acids predicted to form the nucleotide-binding pocket in other Hfq proteins
(5, 49, 50, 69). This figure was generated by using the CLUSTAL W alignment program in MacVector (version 6.5).
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and a very slight decrease in final culture density relative to
that obtained with the wild-type parent strain. The hfq mutant
did not autoagglutinate more rapidly than the wild-type parent
strain (data not shown). The observed growth deficiency of the
O35E�hfq mutant was substantially reversed by the introduc-
tion of a wild-type M. catarrhalis hfq gene in trans (Fig. 4, open
triangles). However, for reasons that remain unclear, the neg-
ative control strain O35E�hfq(pWW115) (Fig. 4, solid circles)
showed a greater growth deficiency than that observed with the
hfq deletion mutant.

The M. catarrhalis hfq mutant exhibits increased sensitivity
to stress. Methyl viologen (paraquat) is a redox-cycling agent
that causes cytotoxicity by producing a cytosolic superoxide
flux (23). No difference was apparent in the growth of the
wild-type parent strain O35E and the hfq deletion mutant
when they were spotted onto BHI agar (Fig. 5A), but the hfq
deletion mutant was 
100-fold more sensitive to 40 �M
methyl viologen than was the wild-type parent strain (Fig. 5B).
The increase in susceptibility to methyl viologen observed with
the O35E�hfq mutant was reversed by complementing this
mutant with a wild-type M. catarrhalis hfq gene provided in
trans, whereas the same mutant containing only the plasmid
vector pWW115 was as sensitive to methyl viologen as the hfq
deletion mutant (Fig. 5B).

Both the wild-type strain O35E and the O35E�hfq mutant

FIG. 3. Construction of M. catarrhalis hfq mutants. (A and B) Sche-
matic representation of the M. catarrhalis chromosomal locus containing
the hfq gene and flanking regions in the hfq mutant O35E.hfq::kan
(A) and the hfq deletion mutant O35E�hfq (B). The relative positions of
the different primers used for PCR are indicated by the arrows. (C) West-
ern blot analysis using mouse polyclonal antibody raised against the re-
combinant M. catarrhalis O35E Hfq protein to probe WCL derived from
the wild-type O35E strain (WT, lane 1), the O35E�hfq mutant (�hfq, lane
2), the O35E�hfq mutant containing the pAA200 plasmid with the wild-
type O35E hfq gene [�hfq(pAA200), lane 3], and this same mutant con-
taining only the plasmid vector [�hfq(pWW115), lane 4].

FIG. 2. Genetic organization of the M. catarrhalis hfq chromosomal locus. (A) Schematic representation of the M. catarrhalis hfq chromosomal
locus in M. catarrhalis ATCC 43617, including the two genes flanking the hfq ORF. The relative positions of the different oligonucleotide primers
used for PCR and RT-PCR are indicated by the arrows. (B) Photograph of an agarose gel showing the results of a RT-PCR experiment involving
the hfq ORF and the two flanking genes. The primer pair used in each experiment is indicated on the top of the gel. Lane 1 contains DNA size
markers. Lanes 2 and 5 contain samples from RT-PCRs where DNA was used as the template. Lanes 3 and 6 contain samples from RT-PCRs
where RNA was used as the template but no reverse transcriptase was added [(	)RT]. Lanes 4 and 7 contain samples from RT-PCRs where RNA
was used as the template and reverse transcriptase was added [(�)RT].
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were inhibited by a high salt concentration (compare Fig. 6A
and B). However, the O35E�hfq mutant was more sensitive to
inhibition by a high concentration of salt. The difference in
growth of the wild-type strain and the hfq mutant in the pres-
ence of a high salt concentration was modest after 24 h (Fig.
6B), whereas the difference became much more apparent after

48 h (Fig. 6D). In the presence of a high salt concentration, the
complemented mutant O35E�hfq(pAA200) grew to the same
extent as the wild-type parent strain (Fig. 6B and D) and the
negative control strain O35E�hfq(pWW115) grew to lesser
extent than the O35E�hfq mutant (Fig. 6B and 6D).

Effect of the hfq mutation on protein expression by M. ca-
tarrhalis. Comparison of the protein profiles of WCL of the
wild-type O35E parent strain and the hfq deletion mutant (Fig.
7A) revealed a band of 
18 kDa that was more highly ex-
pressed in the mutant. N-terminal sequence analysis of the
protein contained in this band yielded the amino acid sequence
GVFEFAKDIG. When used to search the M. catarrhalis ATCC
43617 genome (GenBank accession numbers AX067426 to
AX067466), this sequence most closely matched that of a pre-
dicted M. catarrhalis protein that contains a LysM peptidogly-
can-binding motif. Use of this protein to search the nonredun-
dant protein databases showed that it was most similar (67%
identity; E value � 10	51) to a predicted protein containing a
LysM peptidoglycan-binding motif (accession no. YP_579785.1)

FIG. 4. Growth profiles of wild-type, mutant, and complemented
mutant strains of M. catarrhalis. Cells of the wild-type strain O35E
(�), the hfq deletion mutant O35E�hfq (f), the complemented hfq
deletion mutant O35E�hfq(pAA200) (‚), and the negative control
O35E�hfq(pWW115) (F) were suspended in BHI broth to an OD600
of 1.0 and then diluted 1:20. These suspensions were allowed to grow
with aeration at 37°C, and the growth was monitored by measuring the
absorbance at 600 nm every hour.

FIG. 5. Effect of the hfq mutation on the sensitivity of M. catarrhalis
to methyl viologen. Bacterial cells of each strain were suspended to the
same OD600 and then serially diluted and spotted onto BHI agar
(A) and BHI agar containing 40 �M methyl viologen (B). Four strains
were tested: wild-type O35E strain (WT), the O35E�hfq mutant
(�hfq), the O35E�hfq mutant containing the pAA200 plasmid with the
wild-type O35E hfq gene [�hfq(pAA200)], and this same mutant con-
taining only the plasmid vector [�hfq(pWW115)]. The plates were
dried and incubated overnight, and the resultant growth was photo-
graphed.

FIG. 6. Effect of the hfq mutation on the sensitivity of M. catarrhalis
to increased salt concentration. Bacterial cells of the same four strains
described in Fig. 5 were suspended to the same OD600 and then serially
diluted and plated onto BHI agar containing 1� NaCl (5 mg/ml; A and
C) and onto BHI agar containing 8� NaCl (40 mg/ml; B and D) and
incubated for 24 h (A and B) and 48 h (C and D) at 37°C.
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from Psychrobacter cryohalolentis. Comparison of the outer
membrane protein profiles of the wild-type strain O35E and
the hfq deletion mutant (Fig. 7B) showed several bands that
appeared to be slightly more abundant in the hfq mutant rel-
ative to the wild-type strain. These proteins, with apparent
sizes of approximately 75, 25, and 18 kDa, were identified by
N-terminal amino acid sequence analysis as the outer mem-
brane proteins CopB (4), OMP G1b (1), and OMP J (24) (data
not shown).

Effect of the hfq mutation on biofilm development in vitro. A
competitive index approach (14, 29) was used to determine
whether the hfq mutation affected the ability of M. catarrhalis
to form a biofilm in vitro in a continuous flow system. Cells of
the streptomycin-resistant mutant of the O35E parent strain
(i.e., O35E-Smr) were mixed with an equivalent number of
cells of the hfq mutant O35E.hfq::kan. When this mixture was
used to inoculate broth and allowed to grow overnight, the
proportions of the O35E-Smr strain and the O35E.hfq::kan
mutant recovered after overnight growth were not different
(P � 0.05) to those in the inoculum (Fig. 8A). These data are
in agreement with the previous comparison of the growth
curves of the wild-type strain and the hfq deletion mutant in
broth, where the extent of growth of the hfq mutant in station-
ary phase was just slightly less than that of the wild-type strain
(Fig. 4). In contrast, when a mixture of O35E-Smr and the
O35E.hfq::kan mutant was used to inoculate a continuous-flow
biofilm system, the hfq mutant clearly predominated (P � 0.05)
in the population that was recovered from the biofilm after
overnight growth (Fig. 8B).

The M. catarrhalis Hfq protein can complement an E. coli hfq
mutation. The M. catarrhalis Hfq protein is considerably larger

than the Hfq proteins of other bacteria, with the nonhomolo-
gous region in the C-terminal half being larger than the Hfq
proteins of these other organisms. In order to investigate the
possibility that these numerous additional amino acids in the C
terminus of the M. catarrhalis Hfq protein might interfere with
the ability of this protein to function in the same manner as
other Hfq proteins, the wild-type M. catarrhalis hfq gene was
cloned into the E. coli hfq mutant GS081 (67) on plasmid

FIG. 7. Effects of the hfq mutation on protein expression by M. catarrhalis. Proteins present in WCL (A) and outer membrane vesicles (OMV)
(B) from the wild-type strain O35E and the hfq mutant O35E�hfq were resolved by SDS-PAGE and stained with Coomassie blue. The positions
of some of the bands that were more abundant in the hfq mutant are indicated by the black arrows. Proteins contained in the four selected bands
were subjected to N-terminal amino acid sequence analysis. Protein molecular mass position markers (in kilodaltons) are indicated on the left side
of each panel.

FIG. 8. The M. catarrhalis hfq mutant exhibits a growth advantage
in a biofilm system. Cells of M. catarrhalis O35E-Smr (f) and
O35E.hfq::kan (�) were mixed together (input) and used to inoculate
MH broth in a flask (A) and a Sorbarod filter in silicone tubing that
was supplied with a continuous flow of MH broth (B). The cultures
were allowed to grow overnight at 37°C and then harvested (output),
serially diluted, and plated onto agar media containing the appropriate
antibiotics to determine the relative percentages of each strain in the
mixture. The data presented are the means of three independent
experiments.
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pAA105. As a negative control, this same E. coli hfq mutant
was transformed with the same plasmid vector that had an
irrelevant DNA insert (i.e., pAA105B).

These two transformants, together with the E. coli parent
strain MC4100 and the E. coli hfq mutant GS081, were each
grown in LB broth to allow comparison of their growth rates
(Fig. 9A). The E. coli hfq mutant GS081 (Fig. 9A, solid
squares) showed a modest growth defect in LB broth relative
to the parent strain (Fig. 9A, open diamonds). Expression of
the M. catarrhalis Hfq protein in this mutant (Fig. 9A, solid
triangles) reversed this growth defect, whereas the hfq mutant
containing the control plasmid pAA105B (Fig. 9A, open cir-

cles) had a growth defect similar to that of the original GS081
hfq mutant. The E. coli hfq mutant GS081 showed increased
susceptibility to 40 �M methyl viologen relative to the parent
strain MC4100 (Fig. 9C). The expression of the M. catarrhalis
Hfq protein in this E. coli hfq mutant partially reversed the
decrease in the resistance of this mutant to methyl viologen (Fig.
9C), while the negative control strain E. coli GS081(pAA105B)
was as sensitive to methyl viologen as GS081 (Fig. 9C). No
obvious differences in the growth of these same four strains
were apparent when they were spotted on plain BHI agar (Fig.
9B).

The M. catarrhalis Hfq protein binds RNA. The hallmark of
previously characterized Hfq proteins is their ability to bind
RNA, acting as an RNA chaperone (20, 30, 38, 56). In order to
test the ability of the M. catarrhalis Hfq protein to bind RNA,
we chose a potential target that might be regulated through
interaction with Hfq. One of the proteins that was highly ex-
pressed in the M. catarrhalis hfq mutant was the macromole-
cule that contained a LysM peptidoglycan-binding motif (Fig.
7A). This protein is encoded by a gene that was annotated as
ORF 1068 in the M. catarrhalis ATCC 43617 genome (66).
Real-time RT-PCR was performed to compare the levels of
mRNA transcribed from this gene in the wild-type strain O35E
and in the O35E�hfq deletion mutant. The level of ORF 1068
transcript in the O35E�hfq cells was at least four times greater
than the amount of this same message in the wild-type strain
(P � 0.027; Fig. 10A). It could be inferred from these data that
Hfq is affecting the level of detectable mRNA derived from
this particular gene.

In order to determine whether this effect might involve an
interaction between the Hfq protein and the ORF 1068
mRNA, in vitro transcription was used to transcribe a 317-nt
RNA fragment containing 217 nt from the 5� end of this ORF
and 100 nt of the upstream region, which has a putative tran-
scriptional start site. Equal amounts of this RNA probe were
incubated with increasing concentrations of the purified, re-
combinant M. catarrhalis Hfq protein in an EMSA (Fig. 10B).
The Hfq protein was shown to be able to bind this RNA
fragment, as evidenced by the apparent retardation in the
electrophoretic mobility of the radiolabeled RNA probe in the
presence of concentrations of Hfq protein greater than 62.5
nM (Fig. 10B, lanes 5 to 8). The experiment was repeated in
the presence of 25 ng of the same 317-nt RNA fragment that
was not radiolabeled. The presence of the unlabeled RNA
probe resulted in an increase in the Hfq protein concentration
required to produce a change in the electrophoretic mobility of
the radiolabeled probe, from 62.5 to 500 nM (Fig. 10C, lanes 5
to 8).

DISCUSSION

The Hfq protein has been characterized in several bacterial
species in recent years (10, 13, 15, 16, 53, 55). It was first
recognized as the E. coli host factor necessary for replication of
RNA phage Q� (17) and subsequently as a RNA chaperone
and global effector molecular that orchestrates mRNA-sRNA
interactions, frequently in response to environmental signals
(for reviews, see references 11, 19, 32, and 61). Initial analysis
of the M. catarrhalis hfq gene showed that this ORF is pre-
dicted to encode an Hfq protein that contained double the

FIG. 9. Complementation of an E. coli hfq mutant with the M.
catarrhalis Hfq protein. (A) Growth curves of wild-type, mutant, and
recombinant E. coli strains. The wild-type strain MC4100 (�), the hfq
mutant GS081 (f), the hfq mutant with the M. catarrhalis hfq gene
provided in trans [GS081(pAA105)] (Œ), and the hfq mutant contain-
ing the negative control plasmid [GS081(pAA105B)] (E) were sus-
pended in LB broth to an OD600 of 1.0 and then diluted 1:20. These
cultures were allowed to grow with aeration at 37°C, and the growth
was monitored by measuring the absorbance at 600 nm every hour. (B
and C) Cells of the wild-type, mutant, and recombinant E. coli strains
were suspended to the same OD600 and then serially diluted and
spotted onto BHI agar (B) and onto BHI agar containing 40 �M
methyl viologen (C). The plates were dried and incubated overnight at
37°C.
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number of amino acids present in other Hfq homologues that
have been previously studied (Fig. 1) and that the additional
amino acids are located in the C-terminal half of the protein
and form a highly hydrophilic sequence. Western plot analysis
confirmed that M. catarrhalis expresses an Hfq protein which
exhibits a mass in SDS-PAGE consistent with that predicted
from the deduced amino acid sequence (Fig. 3). Searching the
nonredundant protein databases for homologues of the M.
catarrhalis Hfq protein showed that three Psychrobacter species
have genes encoding an Hfq protein similar in size to that of M.
catarrhalis, but the C-terminal region of these Psychrobacter
proteins had only moderate identity with that of M. catarrhalis
(data not shown). The redundancy and tandem repeat present
in the amino acid sequence of the C-terminal portion of the M.
catarrhalis Hfq protein suggest that this span of the hfq ORF
arose from at least one duplication event. The exact role of this
long, highly hydrophilic region in the C terminus of the M.

catarrhalis Hfq protein is not clear at this time, but it appar-
ently did not eliminate the ability of the M. catarrhalis Hfq
protein to complement an E. coli hfq mutation (Fig. 9).

The ability of the M. catarrhalis Hfq protein to complement
this E. coli hfq mutant suggested that this M. catarrhalis gene
product could interact with RNA and led us to prove directly
that this protein could bind at least one M. catarrhalis RNA
species. Examination of the effect of an hfq mutation on the
expression of proteins by M. catarrhalis revealed that several
proteins detectable in either WCL or outer membranes were
either upregulated or more abundant in the absence of the Hfq
protein (Fig. 7). One of these genes whose mRNA was defi-
nitely more abundant in the hfq mutant, based on real-time
RT-PCR assays (Fig. 10A), was ORF 1068, which encoded an
18-kDa macromolecule that contained a predicted LysM motif.
LysM or lysine motif domains are thought to function as pep-
tidoglycan-binding domains and are found in some enzymes
that degrade this bacterial cell wall constituent (8, 9) but also
in eukaryotic proteins (46).

Although sRNAs have not been described to date in M.
catarrhalis, the observed effect of the hfq mutation on ORF
1068 mRNA levels raised the possibility that an sRNA might
be involved in controlling expression of this gene. Identifica-
tion of a possible sRNA that interacts with ORF 1068 mRNA
was beyond the scope of the present study, but we took advan-
tage of the fact that Hfq has been shown to bind to at least
some mRNA molecules that are targets for sRNA (19, 36).
When we used the 5� end of the ORF 1068 transcript in an
EMSA with purified, recombinant M. catarrhalis Hfq, this pro-
tein bound the RNA (Fig. 10B and C). It can be inferred from
these data that the M. catarrhalis Hfq protein, either alone or
in concert with sRNA components, affects the abundance of
the ORF 1068 transcript.

Phenotypic characterization of the M. catarrhalis hfq mutant
showed that it had similarities to hfq mutants of some other
bacterial species, such as a slight growth deficiency in liquid
medium (33, 54, 59) and increased sensitivity to oxidative and
osmotic stresses (59, 63). The M. catarrhalis hfq mutant had an
interesting and unexpected phenotype in a continuous-flow
biofilm system where, in competitive index experiments, it be-
came the predominant member of the biofilm after overnight
growth in vitro (Fig. 8). To the best of the authors’ knowledge,
the effect of an hfq mutation on biofilm formation in vitro by
other bacteria has not been reported to date, and a ready
explanation for this apparent growth advantage of the M. ca-
tarrhalis hfq mutant is not apparent. However, the modest
increase in expression or relative abundance of several outer
membrane proteins, including CopB (4), OMP G1b (1), and
OMP J (24), in the M. catarrhalis hfq mutant raises the possi-
bility that overall outer membrane architecture may have been
affected in this mutant. If so, then this change in the surface of
the mutant may have had some effect on its ability to form a
biofilm in this model system. Although hfq mutations fre-
quently affect the virulence potential of some bacterial patho-
gens (13, 15, 47, 53, 54), the current lack of an animal model
for M. catarrhalis disease (27, 62) precludes testing the effect of
this mutation on the virulence of M. catarrhalis.

In conclusion, the data presented here indicated that the
mucosal pathogen M. catarrhalis expresses an Hfq protein that
is much larger than the Hfq proteins of other, well-studied

FIG. 10. The M. catarrhalis Hfq protein binds RNA. (A) Real-time
RT-PCR analysis expression of the ORF 1068 gene that encodes
the LysM motif-containing protein. Total RNA isolated from the wild-
type O35E strain (�) and the O35E�hfq mutant (f) was used for
real-time RT-PCR with oligonucleotide primers specific for the ORF
1068 gene and 16S RNA. The data are presented as the fold increase
using the normalized level of the wild-type O35E ORF 1068 mRNA as
the calibrator. These data represent the mean of two independent
experiments (each performed with samples in triplicate), and the error
bars represent the standard deviations. (B and C) EMSA. A radiola-
beled RNA probe containing part of the ORF 1068 mRNA was incu-
bated with increasing concentrations of the purified M. catarrhalis Hfq
protein in the presence of 100 ng of E. coli tRNA/�l (B) or in the
presence of 100 ng of E. coli tRNA/�l and 25 ng of unlabeled RNA
probe (C). The binding reactions were then subjected to electrophore-
sis in a native 6% (wt/vol) polyacrylamide gel. The bands were visual-
ized by exposing the gel to a storage phosphor intensifying screen that
was then scanned by using a phosphorimager.
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bacteria. This Hfq protein can bind M. catarrhalis mRNA and
likely interacts with sRNAs in a manner similar to that de-
scribed for other Hfq proteins. Identification of sRNAs ex-
pressed by M. catarrhalis will be the subject of future research
efforts.
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