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The major phospholipid constituents of Moraxella catarrhalis membranes are phosphatidylglycerol, phosphatidylethanolamine, and
cardiolipin (CL). However, very little is known regarding the synthesis and function of these phospholipids in M. catarrhalis. In
this study, we discovered that M. catarrhalis expresses a cardiolipin synthase (CLS), termed MclS, that is responsible for the syn-
thesis of CL within the bacterium. The nucleotide sequence of mclS is highly conserved among M. catarrhalis isolates and is pre-
dicted to encode a protein with significant amino acid similarity to the recently characterized YmdC/ClsC protein of Escherichia
coli. Isogenic mclS mutant strains were generated in M. catarrhalis isolates O35E, O12E, and McGHS1 and contained no observ-
able levels of CL. Site-directed mutagenesis of a highly conserved HKD motif of MclS also resulted in a CL-deficient strain.
Moraxella catarrhalis, which depends on adherence to epithelial cells for colonization of the human host, displays significantly
reduced levels of adherence to HEp-2 and A549 cell lines in the mclS mutant strains compared to wild-type bacteria. The reduc-
tion in adherence appears to be attributed to the absence of CL. These findings mark the first instance in which a CLS has been
related to a virulence-associated trait.

Moraxella catarrhalis is a human-specific pathogen of the mu-
cosa and the causative agent of otitis media in children and

respiratory infections in adults. After only nontypeable Haemo-
philus influenzae (NTHi) (�26%) and Streptococcus pneumoniae
(�23%), M. catarrhalis is a leading bacterial cause of otitis media
in children, being responsible for up to 20% of cases (1–4). Nearly
70% of infants are colonized by M. catarrhalis within their first 12
months of life (5). Moraxella catarrhalis is also the second leading
cause of bacterial exacerbations of chronic obstructive pulmonary
disease (COPD), being responsible for approximately 10% of
cases (6). In the United States, COPD currently stands as the
fourth leading cause of death (7). Exacerbations of COPD due to
M. catarrhalis are responsible for an estimated $2 billion in med-
ical costs and health care each year (8).

Currently, there is no licensed vaccine available to prevent M.
catarrhalis infection. A vaccine is desirable, however, due to the
high prevalence, antibiotic resistance, and financial burden asso-
ciated with M. catarrhalis infection. The vast majority of clinical
isolates of M. catarrhalis (�95%) are now resistant to the �-lacta-
mase family of antibiotics that was once considered a front-line
treatment for the disease (9). This antibiotic resistance was ac-
quired rapidly over a 10- to 15-year period in which the resistance
spread from a few isolates to the majority (10–12). In addition, the
incidence and prevalence of disease due to M. catarrhalis infection
are expected to increase in the United States following the intro-
duction of vaccines against the upper respiratory tract pathogens
S. pneumoniae and NTHi (13). Finally, a vaccine to protect against
the top three causes of otitis media would save upwards of $1.3
billion annually and substantially improve the overall health sta-
tus of infants (14).

Moraxella catarrhalis is a Gram-negative, unencapsulated, aer-
obic diplococcus. Several virulence factors of M. catarrhalis have
been identified and characterized, and many of these are trans-
ported through the plasma membrane and are either localized to
the outer membrane (i.e., outer membrane proteins [OMPs]) or
secreted outside the cell. These molecules then mediate processes
such as adherence to epithelial cells, complement resistance, bio-

film formation, and nutrient acquisition in order to colonize and
cause disease in the human host. Many of these traits are multi-
factorial. For example, M. catarrhalis expresses several adhesins
that mediate adherence to human epithelial cells, including
UspA1 (15), Hag/MID (16), McaP (17), OMP CD (18), and the
FHA-like proteins MhaB1 and MhaB2 (19).

The phospholipase D (PLD) superfamily is composed of a
group of proteins with various functions, yet all members contain
a signature HXKX4DX6G(G/S) (HKD) motif (20–22). This super-
family includes prokaryotic and eukaryotic PLD, bacterial cardi-
olipin (CL) synthases (CLSs) and phosphatidylserine synthases
(PSSs), Poxviridae envelope proteins, and bacterial endonu-
cleases. PLD, CLSs, and PSSs all contain two HKD motifs that
associate to form the active site (23, 24) and catalyze reactions that
synthesize or modify phospholipids (PLs). The histidine and
lysine residues within the HKD motif are required for the enzy-
matic activity of the proteins (21, 25). Members of the PLD super-
family have been studied in many bacterial species, and several
have been shown to exhibit virulence-associated characteristics.
These include PLD superfamily members of the species Neisseria
gonorrhoeae (26), Acinetobacter baumannii (27), Chlamydophila
pneumoniae (28), Rickettsia prowazekii (29), Yersinia pestis (30),
Arcanobacterium haemolyticum (31), and Corynebacterium pseu-
dotuberculosis (32). Furthermore, N. gonorrhoeae and A. haemo-
lyticum express a PLD that has specifically been shown to impact
adherence to human epithelial cells (26, 31). To our knowledge, a
role for CLSs in microbial pathogenesis has not been reported.
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Three types of CLSs have been characterized and identified; all
three catalyze the formation of the PL CL, though the substrates
differ. Eukaryotic-type CLSs synthesize CL from one molecule of
CDP-diacylglycerol and one molecule of phosphatidylglycerol
(PG). Though expressed predominantly in eukaryotes, eukaryotic-
type CLSs are also expressed by Streptomyces coelicolor and most
actinobacteria (33). The eukaryotic-type CLS is not a member of
the PLD superfamily, unlike the other two types of CLSs. The first
type, classically referred to as the prokaryotic-type CLS, has been
characterized in several bacteria, including Escherichia coli (34),
Bacillus firmus (35), and Pseudomonas putida (36). This type of
CLS catalyzes the condensation of two molecules of PG to form CL
(37). Recently, a third type of CLS, termed YmdC/ClsC, has been
identified and characterized in E. coli (25). Like the prokaryotic-
type CLS, YmdC/ClsC contains two HKD motifs and is a member
of the PLD superfamily; however, it generates CL from one mol-
ecule of PG and one molecule of phosphatidylethanolamine (PE)
(25). Prior to this study, the presence of ymdC/clsC-like CLSs had
not been confirmed in any bacterial species outside E. coli, though
bioinformatic tools have suggested that YmdC/ClsC-type CLSs
are prevalent (25). Some bacteria, including E. coli, express mul-
tiple types of CLSs. In these organisms, the regulation of CLS
depends on growth conditions (25, 34, 38).

Cardiolipin is an anionic PL present in energy-transducing
membranes, primarily the inner mitochondrial membrane of eu-
karyotes and the plasma membrane of prokaryotes. Along with
PG and PE, CL is a major PL constituent of M. catarrhalis mem-
branes (39). Composed of four acyl chains and a head group with
two negative charges, CL has high intrinsic curvature and is found
predominantly in membrane regions with negative curvature,
such as poles or septa. In fact, studies in E. coli and Bacillus subtilis
have shown that CL localizes to the polar and septal regions of

bacteria, forming microdomains (40, 41). Furthermore, CL is re-
quired for the polar localization of the E. coli osmoregulator ProP,
which may explain why CLS-deficient bacteria are more suscepti-
ble to osmotic stress (42, 43). The presence of CL in bacterial
membranes is required for efficient protein translocation across
the plasma membrane in both Sec-dependent and Sec-indepen-
dent mechanisms (44, 45). In E. coli, the CL content of bacterial
membranes varies depending on growth conditions. Cardiolipin
levels are highest during stationary growth due to the upregula-
tion of both the expression and activity of CLSs (38, 46, 47).

Here we demonstrate that M. catarrhalis expresses a CLS that
impacts adherence to human epithelial cells. Nucleotide sequence
analysis revealed that M. catarrhalis contains a gene predicted to
encode a member of the PLD superfamily displaying significant
similarity to the YmdC/ClsC protein of E. coli. This gene, termed
mclS, for the Moraxella catarrhalis cardiolipin synthase, is highly
conserved throughout M. catarrhalis isolates and is located imme-
diately upstream of a gene predicted to encode a protein with
similarity to ProP of E. coli. An M. catarrhalis isogenic mutant
strain lacking expression of mclS was found to contain no observ-
able levels of CL, thereby confirming that mclS encodes a CLS.
Likewise, a strain of M. catarrhalis with a mutated HKD motif
lacks CL, demonstrating that the intact motif is required for CLS
activity. Both mutant strains exhibit reduced levels of adherence
to human epithelial cell lines, suggesting that the CLS activity and,
subsequently, CL are required for wild-type (WT) levels of adher-
ence. This work documents the first instance in which a CLS con-
tributes to a virulence-associated trait.

MATERIALS AND METHODS
Strains, plasmids, tissue culture cell lines, and growth conditions. The
bacterial strains and plasmids used in this study are listed in Table 1.

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description Selectable marker Source

Strains
M. catarrhalis

O35E WT isolate None 76
O35E.mclS mclS isogenic insertion mutant strain of O35E Spec This study
O35E.mclS repaired Repaired strain of O35E.mclS Stm This study
O35E.mclS.K438R mclS isogenic point mutant strain of O35E Stm This study
O35E.ZCSM hag, uspA1, uspA2, and mcaP isogenic mutant strain of O35E Zeo, Cat, Spec, Kan 17
O35E.SM100 rpsL isogenic mutant strain of O35E Stm 77
O35E.CD1 ompcd isogenic mutant strain of O35E Kan 18
O35E.MhaB mhaB1 and mhaB2 isogenic mutant strain of O35E Spec, Zeo 19
O12E WT isolate None 15
O12E.mclS mclS isogenic insertion mutant strain of O12E Spec This study
O12E.mclS repaired Repaired strain of O35E.mclS Stm This study
O12E.12Hg hag, uspA1, and uspA2 isogenic mutant strain of O12E Zeo, Cat, Spec Unpublished data
McGHS1 WT isolate None 49
McGHS1.mclS mclS isogenic insertion mutant strain of McGHS1 Spec This study
McGHS1.mclS repaired Repaired strain of McGHS1.mclS Stm This study
McGHS1.Hag hag isogenic mutant strain of McGHS1 Spec 49

E. coli EPI300 Cloning strain None Epicentre Illumina

Plasmids
pSPECr Source of Specr cassette Spec 78
pCC1 Cloning vector, replicative in E. coli Cat Epicentre Illumina
pCC1.mclS pCC1 containing mclS from O35E Cat This study
pCC1.mclS.spec pCC1.mclS with Specr cassette inserted into the mclS ORF Cat, Spec This study
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Moraxella catarrhalis was grown at a temperature of 37°C using Todd-
Hewitt (TH) medium (Difco). Where indicated, TH medium was supple-
mented with the following antibiotics at the indicated concentrations:
spectinomycin (Spec; 15 �g/ml), kanamycin (Kan; 20 �g/ml), zeocin
(Zeo; 5 �g/ml), chloramphenicol (Cat; 1 �g/ml), and streptomycin (Stm;
75 �g/ml).

Escherichia coli was grown at a temperature of 37°C using Luria-Ber-
tani (LB) medium (Difco). Where indicated, LB medium was supple-
mented with Cat and/or Spec at concentrations of 15 �g/ml and 200
�g/ml, respectively. To isolate plasmid DNA from TransforMax EPI300
E. coli harboring a pCC1-based plasmid, strains were grown on LB agar
(approximately 20 ml per plate) supplemented with 30 �l of CopyControl
induction solution to induce the transition of plasmid maintenance from
a single copy to multiple copies.

The human cell lines A549 (ATCC CCL-185, type II pneumocytes)
and HEp-2 (ATCC CCL-23, laryngeal epithelium) were cultured in
Ham’s F-12 medium supplemented with 10% (vol/vol) heat-inactivated
fetal bovine serum (Gibco Life Technologies), 0.15% (wt/vol) sodium
bicarbonate (Cellgro), and GlutaMAX-I according to the manufacturer’s
recommendations (Gibco Life Technologies) at a temperature of 37°C
with an atmosphere of 92.5% air and 7.5% CO2. In addition, the medium
for HEp-2 also contained 1 mM sodium pyruvate (Cellgro) and minimal
essential medium nonessential amino acids according to the manufactur-
er’s recommendations (Cellgro).

Recombinant DNA techniques. Standard molecular biology tech-
niques were performed as previously described (48). Genomic DNA was
extracted from M. catarrhalis using an Easy-DNA kit (Invitrogen Life
Technologies) according to the manufacturer’s recommendations. Am-
plicons used for cloning, constructing isogenic mutants, and sequencing
were generated with Platinum Pfx DNA polymerase (Invitrogen Life
Technologies) using genomic DNA extracted from M. catarrhalis. All
other DNA fragments were amplified using Taq DNA polymerase (Invit-
rogen Life Technologies). Plasmids were isolated from bacteria using a
QIAprep Spin miniprep kit (Qiagen) according to the manufacturer’s
recommendations. When necessary, DNA was purified using DNA pre-
cipitation solution (Epicentre Illumina) according to the manufacturer’s
recommendations. For DNA electrophoresis, a 1-kb Plus DNA ladder
(Invitrogen Life Technologies) was loaded as the DNA size marker.

Cloning of M. catarrhalis O35E mclS gene in E. coli. On the basis of
the available sequence data from M. catarrhalis strain ATCC 43617,
oligonucleotide primers P1 and P2 (Table 2) were designed to amplify the
mclS gene from strain O35E, including the upstream region likely con-

taining the regulatory sequence. An amplicon of 1,542 bp was generated
by PCR using the aforementioned primers. To generate blunt ends, the
mclS amplicon was treated with an End-It DNA end repair kit (Epicentre
Illumina). The resulting mclS amplicon was ligated into pCC1 using a
CopyControl PCR cloning kit (Epicentre Illumina), per the manufactur-
er’s instructions, yielding plasmid pCC1.mclS. The construct was se-
quenced to verify that no mutations were introduced during PCR and to
determine the orientation of the mclS gene in vector pCC1.

Construction of M. catarrhalis mutants. Plasmid pSPECr was re-
stricted with the endonuclease PstI, and a 1.2-kb DNA fragment corre-
sponding to the spectinomycin resistance (Specr) cassette was purified
from agarose gel slices using a High Pure PCR product purification kit
(Roche Applied Science). After treatment with the End-It DNA end repair
kit (Epicentre Illumina), the Specr cassette was then ligated into a unique
NsiI site located near the middle of the mclS open reading frame (ORF) in
plasmid pCC1.mclS. The resulting construct, pCC1.mclS.spec, was se-
quenced to verify insertion of the spectinomycin marker at the intended
location.

Plasmid pCC1.mclS.spec was introduced into M. catarrhalis strains
O35E, O12E, and McGHS1 by natural transformation to generate mclS
isogenic mutants via allelic exchange. This pCC1-based construct does
not replicate in M. catarrhalis due to the absence of a suitable origin of
replication. We identified isolates that incorporated the inactivated copy
of mclS in their genomes via homologous recombination by selecting for
transformants resistant to spectinomycin. Proper allelic exchange was
confirmed by PCR with oligonucleotide primers P3 and P4 (Table 2),
which yielded a DNA fragment of 2.3 kb in mutant strains O35E.mclS,
O12E.mclS, and McGHS1.mclS. Of note, the same primers, P3 and P4,
yielded a DNA fragment of 1.1 kb in WT isolates O35E, O12E, and
McGHS1. This 1.2-kb shift in the size of the PCR products is consistent
with disruption of the mclS gene with the Specr cassette in the genome of
M. catarrhalis.

The mclS mutant strains were complemented by reintroducing the
WT copy of the mclS gene in its original locus, yielding strains O35E.mclS
repaired, O12E.mclS repaired, and McGHS1.mclS repaired. This was ac-
complished per the congression procedure described by Balder et al. (19).
Briefly, primers P1 and P2 were used to amplify the 1.5-kb WT copy of
mclS from strain O35E. The purified mclS amplicon was then combined
with an amplicon (generated using primers P13 and P14) containing the
rpsL gene of M. catarrhalis strain O35E.SM100, which specifies resistance
to streptomycin. This mixture was introduced into mutant strains
O35E.mclS, O12E.mclS, and McGHS1.mclS by natural transformation.
Streptomycin-resistant and spectinomycin-sensitive transformants were
screened by PCR to verify that the WT copy of the mclS gene had been
reintroduced in its original location in the M. catarrhalis genome. This
reintroduction was confirmed by sequencing the gene of the comple-
mented strains.

Site-directed mutagenesis of the mclS gene. A QuikChange Lightning
site-directed mutagenesis kit (Agilent Technologies) was utilized to intro-
duce a point mutation in the second HKD motif of the mclS gene cloned in
plasmid pCC1.mclS. To accomplish this, we designed the 30-mer mu-
tagenesis primers P15 and P16 (Table 2) to introduce guanine in place of
adenine at nucleotide position 1313 of the mclS ORF, which changes the
codon AAA (which specifies lysine 438) to AGA (which codes for argi-
nine). Mutagenesis, which was performed as recommended by the man-
ufacturer, produced plasmid pCC1.mclS.K438R. The construct was se-
quenced to verify that only the intended mutation (i.e., the change of the
lysine at position 438 to arginine, K438 ¡ R) was introduced in the mclS
gene. The point mutation was introduced into the O35E.mclS mutant
strain by congression, as described previously (79). Streptomycin-resis-
tant and spectinomycin-sensitive transformants were screened by PCR
and confirmed by sequencing the mclS gene.

Sequence analysis. Plasmids and PCR products were sequenced by the
University of Michigan Sequencing Core. Chromatograms were assem-
bled using the Sequencher program, version 5.0 (Gene Codes Corp.).

TABLE 2 Oligonucleotide primers

Primer Sequence (5=¡ 3=) Gene Direction

P1 ATTTGCCCGATACGCCTCACTTAC mclS Forward
P2 AATCGATAGGCATCAGTCCAGCCA mclS Reverse
P3 TGGGATCCATTTGATAACAATCATCGCC mclS Forward
P4 GGATCTGAGTGACCGTTTAATTT mclS Reverse
P5 GCCAACCAATTACCCAGCCAGCA MCORF 821 Forward
P6 ACCGCCCAAGGGTCTAGCAA MCORF 821 Reverse
P7 ACCAAGCAAGTGGCCAGTGCT MCORF 819 Forward
P8 CCAAAAGCGGGCATTCGGCG MCORF 819 Reverse
P9 TGGCTGGCTGGACTGATGCC mclS Forward
P10 AGGCGTATCGGGCAAATTTTTGCA mclS Reverse
P11 TGCCAATGACCAAGCCAATT mcaP Forward
P12 TCAGATGCTGGGGTAGTTGA mcaP Reverse
P13 CGCGGATCCGCGACTCAAGTGAAAATACGCA rpsL Forward
P14 CCGGAATTCCGGACACGACGTCTTGGCATAA rpsL Reverse
P15 AGTCTACACGCCAGAGCCTTTGCGGTAGAT mclS Forward
P16 ATCTACCGCAAAGGCTCTGGCGTGTAGACT mclS Reverse
P17 CACACTCTGAGCGGTCATTT MCORF 821 Forward
P18 GAAACTCAATTGCTGGCAGA MCORF 821 Reverse
P19 GATGCCAATGATGGAACAAC mcaP Forward
P20 GATTTGGGTTTGTGCTGATG mcaP Reverse
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Sequence analysis was performed using the Vector NTI program, version
10.1 (Invitrogen Life Technologies).

BLASTP (NCBI) was used to compare the predicted amino acid se-
quences of MclS and the gene products of MCORF 819 and MCORF 821
with the sequences of proteins from the online database compiled by
GenBank. Protein domains and structural features of the products of the
mclS, MCORF 819, and MCORF 821 genes were predicted using a variety
of algorithms/programs. The presence of transmembrane helices (TMHs)
was predicted by the TM Pred (ExPASy) or TMHMM (version 2.0; Center
for Biological Sequence Analysis) program. The presence of signal pep-
tides was predicted by the SignalP (version 4.1; Center for Biological Se-
quence Analysis) and TatP (version 1.0; Center for Biological Sequence
Analysis) programs. The Phobius algorithm (Stockholm Bioinformatics
Centre) specifically differentiates between transmembrane topology and
signal peptides. The ProSite program (ExPASy) was utilized to identify a
variety of protein domains, families, and functional sites.

Protein preparation and Western blot analysis. Whole-cell lysates
were prepared and Western blots were performed as previously described
(49). Outer membrane proteins were obtained using the EDTA method
outlined by Murphy and Loeb (50). Equivalent proteins loads were re-
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane (EMD Millipore) for Western blot analysis. A SeeBlue Plus2
prestained standard (Invitrogen Life Technologies) was loaded as the pro-
tein size marker. The membranes were probed with the primary antibod-
ies as described below, followed by goat anti-mouse Ig (H�L)-horserad-
ish peroxidase (HRP) secondary antibody (SouthernBiotech) at 1:10,000.
Signals were detected using Luminata Crescendo Western HRP substrate
(EMD Millipore) and a Foto/Analyst Luminary/FX imaging system (Fo-
todyne Inc.).

Flow cytometry. Flow cytometry was performed as described previ-
ously (51), with slight modification. Briefly, a 50-�l aliquot of a 250-Klett-
unit suspension of M. catarrhalis was incubated with primary antibody for
30 min at 37°C with shaking. After a series of washes and resuspension in
phosphate-buffered saline with 0.15% (wt/vol) gelatin (PBSG), the bac-
teria were incubated with goat anti-mouse Ig (H�L) conjugated with
Alexa Fluor 488 (Invitrogen Life Technologies) at 1:100 in darkness for 30
min at 37°C with shaking. After a series of washes and resuspension in
PBSG, an equal volume of PBSG supplemented with 4% (wt/vol) parafor-
maldehyde was added. Samples were analyzed by a BD LSR II flow cytom-
eter (BD Biosciences) and BD FACSDiva software (BD Biosciences). The
Alexa Fluor 488 fluorescence from the labeled bacteria was measured
through a 525-nm band-pass filter, in which 50,000 events were mea-
sured. The experiments were repeated on two separate occasions.

Antibodies. The Western blot and flow cytometry procedures de-
tected the M. catarrhalis adhesins UspA1 and OMP CD using the murine
monoclonal antibodies (MAbs) 24B5 (52, 53) and 5E8 (54), respectively,
as the primary antibodies. The procedures also detected the following
proteins using the indicated polyclonal antibodies (pAbs) as the primary
antibodies: Hag (mouse serum recognizing the C terminus of Hag [55]),
McaP (mouse serum recognizing the region of McaP consisting of amino
acids [aa] 51 to 650 [51]), and MhaB1/MhaB2 (mouse serum recognizing
a portion of the identical region of MhaB1 and MhaB2, aa 72 to 399 [19]).
For Western blotting, membranes were probed with MAbs at 1:100 and
pAbs at 1:5,000. For flow cytometry, bacteria were incubated with MAbs
at 1:200 and pAbs at 1:5,000.

RNA isolation. Plate-grown M. catarrhalis was used to generate a 230-
Klett-unit suspension in TH broth. RNA from M. catarrhalis was ex-
tracted by mechanical disruption (Mini Beadbeater-1; Biospec Products)
with the RNAprotect bacterial reagent (Qiagen) and an RNeasy minikit
(Qiagen). The procedure was then continued per the manufacturer’s rec-
ommendation. To ensure degradation of genomic DNA, a second DNase
I treatment was performed using a RiboPure-Bacteria kit (Ambion) ac-
cording to the manufacturer’s protocols. The quality and quantity of ex-
tracted RNA were determined by visualization of the 16S and 23S rRNA

bands during gel electrophoresis and spectrophotometric analysis of the
absorbance of the samples at 260 nm (A260) and 280 nm (A280) (Smart-
Spec Plus; Bio-Rad).

RT-PCR and qRT-PCR. For both reverse transcriptase PCR (RT-
PCR) and quantitative RT-PCR (qRT-PCR), RNA was isolated and cDNA
was synthesized using the same procedure. cDNA was synthesized from
extracted RNA using a ThermoScript RT-PCR system (Invitrogen Life
Technologies), as recommended by the manufacturer. The cDNA was
synthesized using the provided random hexamer primer to generate a
cDNA library from M. catarrhalis. Equal amounts of RNA from each
strain were used for cDNA synthesis according to the A260 spectrophoto-
metric readings. In separate parallel reactions, the ThermoScript reverse
transcriptase enzyme was withheld to control for DNA contamination,
and the isolated RNA was withheld to control for contamination of re-
agents.

For RT-PCR experiments, the PCR was performed using Taq DNA
polymerase (Invitrogen Life Technologies). Genomic DNA obtained
from M. catarrhalis served as the template for the positive control for the
PCR. Extension times varied depending on the expected fragment size (1
min per kb). Oligonucleotide primers P5 and P10 (Table 2) were designed
to determine the transcription linkage between mclS and MCORF 819,
while primers P8 and P9 were designed to determine the transcription
linkage between mclS and MCORF 821. Oligonucleotide primers P1 and
P4 were used to monitor the transcription of mclS. Likewise, primers P5
and P6 were used to monitor the transcription of MCORF 819, and prim-
ers P7 and P8 were used to monitor the transcription of MCORF 821. As
a control, transcription of mcaP, which is constitutively expressed in M.
catarrhalis, was monitored using primers P11 and P12. Each RT-PCR
experiment was conducted on two separate occasions.

For qRT-PCR experiments, iQ SYBR green supermix (Bio-Rad) was
utilized for the amplification of the cDNA template, as recommended by
the manufacturer. Gene expression was measured and analyzed by the
Bio-Rad iQ5 optical system and software. Oligonucleotide primers P17
and P18 (Table 2) were designed to monitor the expression of the MCORF
821 gene. The reference control gene mcaP, which is constitutively ex-
pressed in M. catarrhalis and shown to be unaffected in the mclS mutants
(see Fig. S4 and S5G to I in the supplemental material), was monitored
using primers P19 and P20 (Table 2). The qPCRs were performed in
triplicate, and the entire qRT-PCR process was conducted on three indi-
vidual occasions. All primers used for qPCR were validated to ensure
minimal dimerization and nonspecific binding.

Extraction of bacterial PL. Todd-Hewitt broth (30 ml) was seeded
with M. catarrhalis, and the bacteria were grown overnight in a shaker
(200 rpm) at 37°C. Bacterial cultures were then centrifuged for 10 min at
3,500 � g. The supernatant was discarded, and the pellet was resuspended
in 5 ml PBSG. Bacterial suspensions were transferred to polypropylene
copolymer (PPCO) centrifuge tubes (Oak Ridge). Phospholipids were
then extracted by the method of Bligh and Dyer (56). Briefly, the bacterial
suspension was mixed with 18.75 ml of a 1:2 (vol/vol) mixture of chloro-
form-methanol (Acros Organics; Fisher Scientific) and vortexed. Next,
6.25 ml of chloroform was added to the mixture and the mixture was
vortexed. Finally, 6.25 ml of distilled water was added and the mixture
was vortexed. After a 5-min centrifugation at 2,500 � g, the bottom phase
was transferred to a new tube using a Pasteur pipette. The solvent was
evaporated over a stream of nitrogen gas (AirGas). The dried PLs were
resuspended in 200 �l of a 1:2 mixture of methanol-chloroform and
transferred to glass vials (Supelco Analytical). Phospholipid preparations
were stored at �20°C.

TLC. Phospholipid preparations (10 to 40 �l) were spotted on silica
gel high-performance thin-layer chromatography (HP-TLC) plates with
inorganic binder (Analtech). Plates were developed in one dimension
using a mobile phase consisting of a 65:25:10 mixture of chloroform-
methanol-acetic acid (Fisher Scientific). Spots were visualized by spraying
plates with the Molybdenum Blue spray reagent (Sigma Life Science).
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Phospholipid spots were identified by comparison with the following
standards: PE, PG, and CL (Sigma Life Science).

Adherence assays. Quantitative adherence assays were performed as
previously described (16). Briefly, a 24-well plate was seeded with epithe-
lial cells (HEp-2 or A549) on the day before the assay to generate a mono-
layer. On the day of the assay, freshly grown bacteria were resuspended in
PBSG to an optical density (OD) of 230 Klett units (�109 CFU/ml). Por-
tions of the suspension were used to inoculate wells containing epithelial
cells at a multiplicity of infection (MOI) of 100:1. Meanwhile, an aliquot
of the bacterial suspension was diluted and plated to determine the inoc-
ulum. The 24-well plate was centrifuged to facilitate contact between the
bacteria and the epithelial cell monolayer. The plate was then incubated
for 30 min at 37°C. The wells were washed five times with PBSG to remove
nonadherent bacteria. Cells were treated with a saponin solution (5%
[wt/vol] saponin [Acros Organics] and 0.85% [wt/vol] EDTA [Fisher Sci-
entific] in PBSG) for 5 min to release the bacteria from the epithelial cells.
The bacteria were then diluted and plated on TH agar for enumeration
following incubation at 37°C. Percent adherence was calculated by divid-
ing the number of adherent bacteria by the inoculum. Experiments were
performed in duplicate or triplicate on at least three occasions.

Survival in PBSG, TC medium, and saponin solution. Moraxella ca-
tarrhalis strains were first cultured onto TH agar plates supplemented
with the appropriate antibiotics. Bacterial cultures were diluted, and por-
tions were distributed into tubes containing PBSG, tissue culture (TC)
medium (HEp-2 cell culture medium), or saponin solution. Tubes were
incubated at 37°C for 15 min (saponin) or 30 min (PBSG, TC medium),
with the incubation time corresponding to the period in which the bacte-
ria were exposed to the each reagent in the adherence assay procedure.
Aliquots were removed and plated on TH agar to determine survival.
Percent survival was calculated by dividing the number of CFU postincu-
bation by the number of CFU preincubation. Survival experiments were
performed in duplicate on at least three separate occasions.

Growth rate experiments. Moraxella catarrhalis strains were first cul-
tured onto TH agar plates supplemented with the appropriate antibiotics.
These plate-grown bacteria were used to inoculate sidearm flasks contain-
ing 20 ml of TH broth to an OD of 50 Klett units. The cultures were then
incubated with shaking (200 rpm) at a temperature of 37°C for up to 7 h.
The OD of each culture was determined every 60 min using a Klett color-
imeter (Scienceware). To examine the growth of the M. catarrhalis strains
under osmotic stress, TH broth was supplemented with either sodium
chloride (Fisher Scientific) or D-sorbitol (Sigma Life Science). Growth
curves were repeated on at least three separate occasions.

Statistical methods. All statistical analyses were performed using the
Mann-Whitney test and GraphPad Prism (version 4) software (GraphPad
Software). P values of 	0.05 were considered statistically significant.

Nucleotide sequence accession numbers. The nucleotide sequences
of mclS from M. catarrhalis isolates O12E and McGHS1 were deposited in
the GenBank database in February 2013 under the accession numbers
KC692996 and KC692997, respectively.

RESULTS
Identification of an ORF in M. catarrhalis that is predicted to
encode a member of the PLD superfamily of proteins. Analysis
of the published genomic sequence of M. catarrhalis isolate ATCC
43617 (GenBank accession numbers AX067426 to AX067466
[57]) using the NCBI BLASTP algorithm identified a gene,
MCORF 820, predicted to encode a phospholipase D/transphos-
phatidylase. Further investigation revealed that the predicted pro-
tein contains two HXKXDXG(G/S) (HKD) motifs, which sug-
gests that MCORF 820 belongs to the PLD superfamily of
molecules (21). The amino acid residues comprising the HKD
motif are required for activity (21, 25, 58). Most members of the
PLD superfamily contain two HKD motifs, which associate to
form the active site (23, 24). Specifically, the histidine residues

within the active site are crucial, as one serves as the nucleophile
and forms the phosphoenzyme intermediate, while the other acts
as a general acid to cleave the phosphodiester bond (23, 24).

MCORF 820 also displayed significant similarity to the recently
characterized YmdC/ClsC protein of E. coli strain K-12 substrain
W3110 (25) (E value, 9e�113) and CLSs of various bacterial spe-
cies. The greatest identity was to a predicted phospholipase of
Psychrobacter sp. strain PAMC 21119 (WP 010199650.1), with
greater than 50% identity (BLASTP E value, 0.0). Due to the se-
quence similarity of MCORF 820 to bacterial CLSs, the gene was
named the Moraxella catarrhalis cardiolipin synthase (mclS).

The 1,629-bp ORF of mclS is predicted to encode a 542-aa
protein with a molecular mass of 62 kDa. According to the ProSite
algorithm (ExPASy), the N terminus of MclS is predicted to con-
tain a 23-aa signal peptide followed immediately by a cysteine
residue, which serves as a lipid attachment site for either a palmi-
toyl or a diacylglycerol group (score 
 5.000). This is in contrast to
the results from the TM Pred service (ExPASy) that indicated a
possible N-terminal transmembrane domain of 18 to 20 aa in
length (scores 
 1,711 and 1,380). Additionally, there were no Sec
or Tat signal sequences detected within mclS by the SignalP (ver-
sion 4.1) and TatP (version 1.0) programs, respectively (59, 60).
Figure 1 depicts the structural features identified in MclS.

MclS is conserved among M. catarrhalis isolates. In order to
evaluate conservation of the mclS gene product, we sequenced the
ORF from three M. catarrhalis strains commonly used in our lab-
oratory: O35E, O12E, and McGHS1. Additionally, we searched
the genomic sequences of 10 M. catarrhalis isolates available
through the NCBI genomic BLAST service (61) for the mclS gene.
All strains specified a highly conserved mclS gene product. Eight
single nucleotide polymorphisms (SNPs) were identified among
the 14 sequences analyzed, and three were found to specify amino
acid substitutions: C-A at nucleotide (nt) 508 (arginine ¡ serine
substitution), G-A at nt 1081 (valine ¡ isoleucine substitution),
and C-T at nt 1205 (alanine ¡ valine substitution). No missense
SNPs were observed within the HKD motifs, signal sequence, or
lipid attachment site. There were no obvious trends between SNPs
and the geographical, anatomical, and disease sources of these M.
catarrhalis isolates.

Genetic organization of the mclS locus. Examination of the
mclS genetic locus of strain ATCC 43617 revealed that the ORF is
flanked upstream by MCORF 819, which is predicted to encode a
GTP-cyclohydrolase I (GCYH-I; NCBI BLASTP E value, 4e�99),
and downstream by MCORF 821, which is predicted to encode a
protein of the major facilitator superfamily (MFS; NCBI BLASTP

FIG 1 Predicted structure of MclS from M. catarrhalis. Bioinformatic data
predict that MCORF 820 (renamed mclS) encodes a CLS. The presence of two
HKD motifs (aa 186 to 193 and aa 436 to 443) indicates that MclS is a member
of the PLD superfamily. The HKD motifs are thought to associate to form the
active site of the enzyme. A signal peptide (aa 1 to 23) and lipid attachment site
(aa 24) were predicted at the N terminus, thereby characterizing MclS as a
putative lipid-anchored protein.

Moraxella catarrhalis Cardiolipin Synthase

January 2014 Volume 196 Number 1 jb.asm.org 111

http://www.ncbi.nlm.nih.gov/nuccore?term=KC692996
http://www.ncbi.nlm.nih.gov/nuccore?term=KC692997
http://www.ncbi.nlm.nih.gov/nuccore?term=AX067426
http://www.ncbi.nlm.nih.gov/nuccore?term=AX067466
http://jb.asm.org


E value, 1.73e�5), as diagramed in Fig. 2A. The genes correspond-
ing to MCORF 819 and MCORF 821 were also found flanking
mclS in all 12 isolates of M. catarrhalis with sequenced genomes.

In prokaryotes, GCYH-I catalyzes the hydrolysis of GTP in the
first committed step in the biosynthesis of tetrahydrofolate (62).
The 201-aa MCORF 819 gene product is predicted to have a mo-
lecular mass of 22.5 kDa. No signal peptides or TMH were pre-
dicted (SignalP; TatP; Phobius; TMHMM, version 2.0; ProSite).
In E. coli, GCYH-I exists as a decamer (a pentamer of dimers) and
requires zinc for activity (63, 64).

The MFS is a diverse group of secondary transporters that fa-
cilitate transport across cytoplasmic or internal membranes. Sub-
strates can vary but may include ions, sugar phosphates, neu-
rotransmitters, nucleosides, amino acids, and peptides. The
509-aa MCORF 821 gene product is predicted to have a molecular
mass of 56.6 kDa. According to the TMHMM algorithm, the
MCORF 821 gene product possesses six TMHs at the N terminus,
six TMHs at the C terminus, and a cytoplasmic region located
between the two transmembrane domains, thereby indicating that
it is likely an integral membrane protein. Significant similarity to
E. coli ProP (BLASTP E value, 3e�22), an H� osmoprotectant
symporter with the capability of transporting proline and glycine
betaine, was observed. Additionally, ProP has been shown to lo-
calize at the cell poles, a process that is dependent on CL (43, 65).
Due to the relationship between CL and ProP, we examined
whether or not mclS is transcriptionally linked to MCORF 821.
Though no data that propose a functional relationship between

CL and GCYH-I have been published, we also investigated if a
transcriptional linkage exists between mclS and upstream gene
MCORF 819.

RNA was extracted from M. catarrhalis isolate O35E and ana-
lyzed by RT-PCR to determine if the flanking genes were tran-
scriptionally linked to mclS. Primers were specifically designed to
span the intergenic regions between ORFs. The presence of am-
plicons of 475 bp and 487 bp in size is consistent with both
MCORF 819 and MCORF 821, respectively, being transcription-
ally linked to mclS (Fig. 2B). The results demonstrate that mclS is
cotranscribed with both MCORF 819 and MCORF 821.

Construction of M. catarrhalis strains that lack expression of
a WT mclS gene product. To investigate the biological role of
MclS, a mutation was engineered in the mclS gene of M. catarrhalis
WT isolates O35E, O12E, and McGHS1. This was accomplished
by inserting a spectinomycin resistance cassette near the middle of
the ORF and introducing the disrupted mclS gene into the M.
catarrhalis genome via homologous recombination. The ap-
proach yielded isogenic mutant strains O35E.mclS, O12E.mclS,
and McGHS1.mclS (Table 1). To verify that the mutant strains
lacked expression of the mclS gene, RT-PCR was utilized, and the
results of these experiments are shown in Fig. 3. Using oligonucle-
otide primers internal to the mclS transcript (P1 and P4; Fig. 3A),
a DNA fragment of the expected size was amplified in WT isolate
O35E (Fig. 3B, lane 5) but was absent in isogenic mutant strain
O35E.mclS (Fig. 3B, lane 7). Using control primers specific for the
mcaP gene, RT-PCR analysis demonstrated that equivalent

FIG 2 A transcriptional linkage exists between MCORF 819, mclS, and MCORF 821. (A) Schematic representation of the mclS genetic locus, including MCORF
819 and MCORF 821. The primers used in PCR are indicated by arrows. Solid black bars, expected PCR products. (B) An agarose gel displaying the results of
RT-PCR examining the organization of the mclS locus. Primers P7 and P10 were used to amplify the region between MCORF 819 and mclS, while primers P6 and
P9 were used to amplify the region between mclS and MCORF 821. Lane 1, DNA size marker; lanes 2 and 6, PCR products from genomic DNA of M. catarrhalis
isolate O35E; lanes 3 and 7, RT-PCR products from a reaction with no RNA added; lanes 4 and 5 (MCORF 819-mclS) and lanes 8 and 9 (mclS-MCORF821),
RT-PCR products from RNA of M. catarrhalis isolate O35E. During cDNA synthesis, reverse transcriptase enzyme was either added [(�) RT, lanes 4 and 8] or
withheld [(�)RT, lanes 5 and 9].
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amounts of RNA from the WT and mutant strains were analyzed
(Fig. 3B, lanes 14 to 17). Similar results were obtained when ana-
lyzing expression of the mclS gene in M. catarrhalis strains O12E,
O12E.mclS, McGHS1, and McGHS1.mclS (data not shown).
Taken together, the data indicate that our mutagenesis ap-
proach successfully abrogated expression of the mclS gene

product in mutant strains O35E.mclS, O12E.mclS, and
McGHS1.mclS. Each of these mutants was also complemented by
reintroducing the WT copy of the mclS gene into its original
genomic locus, yielding strains O35E.mcls repaired, O12E.mclS
repaired, and McGHS1.mclS repaired (Table 1). Proper allelic ex-
pression was verified by PCR (data not shown) and sequencing of
the mclS gene in the repaired strains. In addition, RT-PCR exper-
iments using internal primers specific for the mclS transcript con-
firmed that the repaired strains expressed the mclS gene (Fig. 3B,
lane 9, for O35E.mclS repaired; data not shown for O12E.mclS
repaired and McGHS1.mclS repaired).

MclS is responsible for the synthesis of CL in M. catarrhalis.
Beebe and Wlodkowski previously reported that CL is a major
component of the M. catarrhalis cell envelope, constituting 5 to
30% of the total membrane PL (39). Since mclS is the only gene in
the genome predicted to encode a CLS, we hypothesized that mclS
is solely responsible for the production of CL in M. catarrhalis. To
address this, PLs were extracted from our panel of M. catarrhalis
WT and mutant strains, separated by high-performance thin-
layer chromatography (HP-TLC), and visualized by staining with
the Molybdenum Blue spray reagent. Purified CL, PG, and PE
were used as standards in these experiments in order to identify
the various PLs present in the cell envelope of the M. catarrhalis
strains. Figure 4A clearly demonstrates that CL was produced by
the WT (lane 1) and repaired (lane 3) strains, while it was missing
from the mutant O35E.mclS (lane 2). Similar results were ob-
tained when analyzing PLs produced by the O12E (Fig. 4B) and
McGHS1 (Fig. 4C) strain sets.

It is possible that the mclS mutation in strains O35E.mclS,
O12E.mclS, and McGHS1.mclS results in polar effects on expres-
sion of the cotranscribed genes MCORF 819 and MCORF 821
(Fig. 2), which in turn abrogate the accumulation of CL in the cell
envelope of M. catarrhalis. To rule out this possibility, we exam-
ined expression of MCORF 819 and MCORF 821 in mutant strain
O35E.mclS by use of RT-PCR. As shown in Fig. 5B, amplicons of
212 bp (lane 3) and 210 bp (lane 12) indicating transcription of
MCORF 819 and MCORF 821, respectively, were generated in the
mclS mutant strain. Furthermore, qRT-PCR analysis confirmed
that the mclS insertion mutant strain expressed MCORF 821 at
levels equal to or even slightly higher than those at which the WT
and repaired strains of O35E expressed the gene (see Fig. S1 in the

FIG 3 RT-PCR validates the M. catarrhalis O35E isogenic mclS mutant
strains. (A) Schematic representation of the mclS genetic locus. Expression of
mclS was examined by RT-PCR using the indicated oligonucleotide primers.
Solid black bar, the expected PCR product in the WT strain of M. catarrhalis
isolate O35E; black triangle, location of the spectinomycin resistance cassette
which interrupts the mclS ORF in the mclS insertion mutants. (B) An agarose
gel displaying the results of RT-PCR examining the transcription of mclS in the
WT, mclS insertion mutant, mclS repaired, and mclS point mutant strains of
M. catarrhalis isolate O35E. Oligonucleotide primers P3 and P4 were used to
amplify a portion of mclS; in the mclS insertion mutant strains, this region was
interrupted by a spectinomycin resistance cassette. Lanes 1 and 13, DNA size
markers; lanes 2 and 3, PCR products from the genomic DNA of the M. ca-
tarrhalis O35E isolate WT strain and the mclS insertion mutant strain, respec-
tively; lane 4, RT-PCR product from a reaction with no RNA added; lanes 5 to
12, RT-PCR products derived from WT M. catarrhalis isolate O35E (lanes 5
and 6), the mclS insertion mutant strain (O35E.mclS; lanes 7 and 8), the mclS
repaired strain (O35E.mclS repaired; lanes 9 and 10), and the mclS point mu-
tant strain (O35E.mclS.K438R; lanes 11 and 12). During cDNA synthesis, re-
verse transcriptase enzyme was either added (lanes 5, 7, 9, and 11) or withheld
(lanes 6, 8, 10, and 12). Lanes 14 to 17, RT-PCR products derived using the
mcaP-specific primers P11 and P12 to ensure that equal amounts of RNA were
analyzed in lanes 5 to 12. Asterisks signify that mcaP-specific primers were used
for PCR amplification of cDNA.

FIG 4 Moraxella catarrhalis requires mclS for synthesis of CL. Analysis of the PL profile of the WT, mclS insertion mutant, mclS repaired, and mclS point mutant
strains of M. catarrhalis isolates O35E (A), O12E (B), and McGHS1 (C) by HP-TLC. Phospholipids were extracted by the method of Bligh and Dyer (56) and
developed in one dimension using a mobile phase of chloroform-methanol-acetic acid (65:25:10). Phospholipid spots were visualized by staining with the
Molybdenum Blue spray reagent. Purified CL, PG, and PE were used as standards to identify the PLs of M. catarrhalis. Arrow, location to which CL migrates upon
HP-TLC analysis.
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supplemental material). These results indicate that transcription
of the flanking genes was not markedly affected by the mutation in
mclS.

Sung et al. previously demonstrated that proteins of the PLD
superfamily require the lysine residue in the C-terminal HKD mo-
tif for enzymatic activity (21). It was reported that even the most
conservative amino acid change, lysine to arginine, abolished its
activity in human PLD. The expression, localization, and protein
conformation of PLD were not affected by the mutation. There-
fore, a point mutation (lysine to arginine at amino acid position
438, K438 ¡ R) was engineered in the C-terminal HKD motif of
the mclS gene product (Fig. 1) of isolate O35E, and the mutated
ORF was reintroduced in its original genomic locus, yielding
strain O35E.mclS.K438R (Table 1). Confirmation that the mu-
tated mclS gene was transcribed at levels equivalent to those for the
WT and repaired strains was attained by RT-PCR (compare lane
11 to lanes 5 and 9 in Fig. 3B) and qRT-PCR (see Fig. S1 in the
supplemental material). The PL profile of strain O35E.mclS.
K438R was examined by HP-TLC, and these experiments revealed
that expression of the mutated mclS gene product abolished accu-
mulation of CL (Fig. 4A, lane 4). Taken together, our data conclu-
sively demonstrate that MclS is a CLS responsible for the produc-
tion of CL in the cell envelope of M. catarrhalis and that this
function is conserved among isolates of various clinical and geo-
graphical origins. Moreover, site-directed mutagenesis of the mclS
gene product demonstrated that the lysine at position 438 is nec-
essary for CLS activity. This is the first study where the enzymatic
activity of a bacterial CLS is abolished due to the generation of a
point mutation. This result further validates the claim by Sung et
al. that mutagenesis of the lysine residue of the second HKD motif

abolishes the enzymatic activity of members of the PLD superfam-
ily (21).

Cardiolipin-deficient M. catarrhalis exhibits WT growth in
complete medium and under osmotic stress. It has previously
been shown that CLS is required for viability/optimal growth in
vitro for some bacterial species, including E. coli (34, 38). There-
fore, we tested whether or not the mclS mutant strains exhibit
growth defects by culturing the bacteria in TH broth and moni-
toring the OD of the cultures over a period of 6 h. As shown in Fig.
6, mutant strains O35E.mclS (Fig. 6A), O12E.mclS (Fig. 6B), and
McGHS1.mclS (Fig. 6C) did not display growth defects compared
to the growth of the WT and repaired strains. Additionally, the M.
catarrhalis strain expressing the lipolytically inactive form of mclS
(O35E.mclS.K438R) grew at WT levels (Fig. 6A). These results
demonstrate that the mclS gene product is not required for opti-
mal growth of M. catarrhalis in vitro.

Previous studies have demonstrated that CL-deficient E. coli
displays reduced viability when grown under conditions of os-
motic stress (42, 43). To see if CL-deficient M. catarrhalis is also
sensitive to osmotic pressure, we examined the growth rates of the
WT and mclS mutant strains of O35E in broth containing high
concentrations of either sodium chloride or sorbitol. There was no
significant difference between WT and CL-deficient M. catarrhalis
strains when grown in medium with a high concentration of so-
dium chloride (see Fig. S2A in the supplemental material). Like-
wise, there was no significant difference between growth rates
when they were grown in media with high concentrations of sor-
bitol (see Fig. S2B in the supplemental material). Therefore, we
conclude that the viability of M. catarrhalis, unlike that of E. coli,

FIG 5 Transcription of MCORF 819 and MCORF 821 is not markedly affected by an mclS insertion mutation in M. catarrhalis. (A) Schematic representation of
the mclS genetic locus, including MCORF 819 and MCORF 821. The primers used in PCR are indicated by arrows. (B) An agarose gel displaying the results of
RT-PCR examining the transcription of MCORF 819 and MCORF 821 in the WT, mclS mutant, and repaired strains of M. catarrhalis isolate O35E. Primers P7
and P8 were used to amplify a portion of MCORF 819, while primers P5 and P6 were used to amplify a portion of MCORF 821. Lane 9, DNA size marker; lanes
1 to 8 and lanes 10 to 17, RT-PCR products of MCORF 819 and MCORF 821, respectively. For RT-PCR, RNA was extracted from M. catarrhalis isolate O35E
(WT; lanes 1, 2, 10, 11) and the mclS insertion mutant (O35E.mclS; lanes 3, 4, 12, 13) and mclS repaired (O35E.mclS repaired; lanes 5, 6, 14, 15) strains. During
cDNA synthesis, reverse transcriptase enzyme was either added (lanes 1, 3, 5, 10, 12, 14) or withheld (lanes 2, 4, 6, 11, 13, 15). Lanes 7 and 16, PCR products from
the genomic DNA of M. catarrhalis isolate O35E; lanes 8 and 17, RT-PCR products from a reaction with no RNA added.
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does not depend on the presence of CL under conditions of high
osmotic stress.

M. catarrhalis lacking CL exhibits reduced levels of adher-
ence to human epithelial cells. Some members of the PLD super-
family have been shown to affect bacterial adherence to epithelial
cells (26, 66). Alteration of the levels of PLs, specifically, PE, has
been shown to result in a reduction in virulence-associated traits
(67, 68). To date, no CLS has been associated with adherence or
virulence in general. For these reasons, we tested our panel of M.
catarrhalis strains for adherence to cells of the HEp-2 (laryngeal
epithelium) and A549 (type II pneumocytes) human epithelial cell
lines. For isolate O35E, adherence to HEp-2 cells was reduced by
76% for the mclS insertion mutant strain compared to that for the
WT strain (Fig. 7A). The level of adherence for the mclS insertion
mutant was nearly reduced to that for the O35E.ZCSM strain,
which lacks expression of three known M. catarrhalis adhesins
(UspA1, Hag, and McaP). Adherence to A549 cells by the mclS
insertion mutant strain was also significantly reduced (62%) (Fig.
7B). Furthermore, the mclS mutant strains of isolates O12E and
McGHS1 displayed comparable reductions in adherence (Fig. 7C
to F), except for McGHS1.mclS, which adhered to HEp-2 cells at a

WT level. For each isolate, adherence of the repaired strains was
restored to WT levels (Fig. 7A to F). To ensure that the adherence
defect of the mclS mutant strains was authentic and not simply an
artifact of the adherence assay procedure, we monitored the sur-
vival of the O35E strains in the reagents used in the procedure:
PBSG, tissue culture (TC) medium, and saponin solution. There
was no difference in survival between the WT and mclS mutant
strains of O35E, therefore demonstrating that the adherence de-
fect is genuine (see Fig. S3 in the supplemental material).

Taken together, our data indicate that expression of the mclS
gene product impacts the adherence of M. catarrhalis to human
epithelial cells. The results, however, do not specify if MclS is an
adhesin that directly mediates binding to the surface of epithelial
cells. It is possible that the effect of mclS expression on M. ca-
tarrhalis adherence is indirect. The absence of CL in the M. ca-
tarrhalis membrane may perturb the proper surface display of
adhesins, which in turn reduces binding to epithelial cells. To
address this, we examined the adherence of strain O35E.mclS.
K438R, which expresses a mutated mclS gene product that is lipo-
lytically inactive and does not support the accumulation of CL in
the M. catarrhalis membrane (Fig. 4A, lane 4). These experiments
revealed that the binding of O35E.mclS.K438R to cells of the
HEp-2 and A549 cell lines was equivalent to that of mutant strain
O35E.mclS, which lacks expression of the CLS (Fig. 7A). Hence,
the data support the hypothesis that the contribution of mclS to
adherence is indirect, possibly by modulating the proper surface
display of M. catarrhalis adhesins on the bacterial surface through
its CLS activity.

To determine if the expression and/or localization of a known
adhesin is affected by the absence of CL, we examined whole-cell
lysates and outer membrane preparations of the CL-deficient
strains of O35E by Western blotting. The following adhesins were
expressed at WT levels in the CL-deficient strains of O35E and
detected in the whole-cell lysates: Hag, UspA1, McaP, OMP CD,
and MhaB1/MhaB2 (see Fig. S4A in the supplemental material).
Furthermore, the adhesins were localized to the outer membrane
(see Fig. S4B in the supplemental material), as shown by detection
of the proteins in the outer membrane preparations. Analysis of
the strains by flow cytometry further confirmed not only that the
adhesins UspA1, Hag, and McaP are expressed at WT levels in the
mclS mutant strains but also that they are localized and displayed
on the outer membrane (see Fig. S5 in the supplemental material).
By using monoclonal antibody (MAb) 24B5, we were able to de-
tect a single epitope of UspA1 in both O35E and O35E.mclS, sug-
gesting that UspA1 is folded and displayed correctly (see Fig. S5A
to C in the supplemental material). Flow cytometry using poly-
clonal antibodies (pAbs) also detected Hag and McaP in both
O35E and O35E.mclS (see Fig. S5D to I in the supplemental ma-
terial). The negative control, O35E.ZCSM, which lacks Hag,
UspA1, and McaP, displayed considerably reduced fluorescence
for each of the antibodies (see Fig. S5C, F, and I in the supplemen-
tal material). Combined, the results demonstrate that the CL-de-
ficient strains express and display five major M. catarrhalis ad-
hesins (Hag, UspA1, McaP, OMP CD, and MhaB1/MhaB2) on the
outer membrane at WT levels.

DISCUSSION

In this study, we have shown that M. catarrhalis expresses a CLS,
termed MclS, that contributes to the ability of the bacterium to
adhere to human epithelial cells. The mclS gene is predicted to

FIG 6 The mclS mutant strains do not exhibit growth defects in vitro. Growth
curves of the WT, mclS insertion mutant, mclS repaired, and mclS point mu-
tant strains of M. catarrhalis isolates O35E (A), O12E (B), and McGHS1 (C) are
shown.
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encode a member of the PLD superfamily and displays significant
similarity to ymdC/clsC of E. coli. Sequence analysis of numerous
M. catarrhalis isolates revealed that mclS is highly conserved
throughout the species at both the nucleotide and amino acid
levels. Mutant strains of M. catarrhalis isolates O35E, O12E, and
McGHS1 that lacked expression of the mclS gene product were
constructed. In addition, a mutant strain of isolate O35E that con-
tained a point mutation in one of the two signature HKD motifs of
mclS was generated. The mclS insertion and point mutant strains
were unable to synthesis CL, thus verifying that MclS is a CLS. The
mclS mutant strains also displayed significantly reduced levels of
adherence to human epithelial cells compared to their WT coun-
terparts. As expected, the adherence of the mclS-repaired strains
was restored to WT levels. The reduction in adherence was attrib-
uted to the absence of endogenous CL, as both the mclS insertion
mutant strain and the mclS point mutant strain adhered at similar
levels. We hypothesize that the absence of CL from the mem-
branes of M. catarrhalis results in altered expression and/or dis-
play of adhesins on the outer membrane, thereby contributing to
the reduction in adherence to epithelial cells.

The sequence and role of mclS appear to be conserved among
M. catarrhalis isolates. The mclS gene was present in all 14 M.
catarrhalis isolates examined. Within the 1.6-kb ORF of mclS, only
eight SNPs were identified. Three of these SNPs resulted in amino
acid changes, none of which occurred in the signal peptide, lipid
attachment site, or HKD motifs (Fig. 1). In addition, mutation of

mclS in three isolates of M. catarrhalis (O35E, O12E, and
McGHS1) yielded strains that were unable to produce CL and
displayed reduced levels of adherence to human epithelial cell
lines compared to WT strains (Fig. 4 and 7). These data lead us to
conclude that the sequence and role of mclS are conserved among
M. catarrhalis species.

MclS appears to be unique among CLSs, in that it is predicted
to be a lipoprotein, and this property may aid in determining the
subcellular localization of the protein within M. catarrhalis. The
ProSite algorithm predicts the mclS gene product to be a lipid-
anchored protein consisting of an N-terminal signal peptide fol-
lowed by a cysteine residue at amino acid position 24 serving as the
lipid attachment site (Fig. 1). The YmdC/ClsC protein, which has
significant similarity with MclS, is not predicted to be a lipopro-
tein. Instead, YmdC/ClsC contains an N-terminal signal peptide
and requires expression of a second protein, YmdB, in order to
exhibit phospholipolytic activity (25). Yamaguchi et al. have
shown that the amino acid residue immediately following the lipid
attachment site is a strong indicator of the localization of lipopro-
teins in E. coli (69). An aspartic acid at this position targets the
lipoprotein for the plasma membrane, while the presence of any
other amino acid results in localization at the outer membrane
(69). The BRO �-lactamases of M. catarrhalis (BRO-1 and
BRO-2) are expressed as lipoproteins and are localized to the
periplasmic leaflet of the outer membrane (70). Like BRO-1 and
BRO-2, MclS possesses a lysine residue following the lipidated

FIG 7 Moraxella catarrhalis requires CL to exhibit WT levels of adherence to human epithelial cells. Shown are the results of the quantitative adherence assays
of M. catarrhalis isolates O35E (A, B), O12E (C, D), and McGHS1 (E, F). The results are expressed as the mean percentage (� standard error) of inoculated
bacteria binding to HEp-2 (A, C, E) or A549 (B, D, F) epithelial cell monolayers after 30 min incubation. Asterisks, the reduction in adherence, compared to that
of the WT, was found to be statistically significant (P 	 0.05, Mann-Whitney test).
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cysteine residue, suggesting outer membrane localization (70).
However, a prior study demonstrated that ClsA of E. coli is local-
ized to the periplasmic leaflet of the plasma membrane (71). Car-
diolipin, the PL product of CLS, is predominantly found in the
plasma membrane of bacteria, though it has been detected in
smaller amounts in the outer membrane of E. coli (72). Moraxella
catarrhalis does contain higher levels of CL than most bacteria, so
it is possible that CL is present at comparatively higher levels in the
outer membrane (39, 72). Further experiments must be con-
ducted to determine the subcellular localization of both CL and
MclS within M. catarrhalis.

Examination of the genetic organization of the mclS locus by
RT-PCR revealed that mclS is transcriptionally linked to both
MCORF 819 upstream and MCORF 821 downstream (Fig. 2).
Interestingly, the downstream gene MCORF 821 is predicted to
encode a protein of the MFS with similarity to ProP, an osmosen-
sory transporter that requires CL for polar localization in E. coli
(43, 65). In the E. coli genome, however, proP is not located near
any of the three CLS genes. Under conditions of osmotic stress,
CL-deficient B. subtilis suffers reduced viability, suggesting a role
for CL (direct or indirect) in the regulation of osmotic pressure
(42). We found that CL-deficient M. catarrhalis does not display
reduced viability when grown in broth with high concentrations
of sodium chloride or sorbitol (see Fig. S2 in the supplemental
material). This may be due to the possibility that MCORF 821
does not encode a protein that is a functional homolog of ProP. It
is also likely that M. catarrhalis expresses multiple osmoregulators
whose functions may be unaffected by CL, thereby allowing CL-
deficient strains to display WT viability under osmotic pressure.
While no functional relationship between the products of the mclS
and MCORF 819 genes is apparent, we are currently investigating
how the transcriptional linkage between the two genes may impact
their roles in M. catarrhalis.

The impact of CL on viability is one example of how the char-
acteristics of CL-deficient bacteria differ between M. catarrhalis
and E. coli. As demonstrated by the growth curves of isolates
O35E, O12E, and McGHS1 (Fig. 6), there were no significant dif-
ferences in viability between the WT and CL-deficient strains of
M. catarrhalis. The growth curves were extended for several days
to include stationary phase, and still no significant differences
were observed between the WT and mclS mutant strains (data not
shown). In contrast, clsA is required by E. coli to achieve WT
growth rates during long-term incubation in stationary phase
(38). However, the role of clsB and ymdC/clsC under such condi-
tions has not been investigated, to our knowledge.

Our data indicate that MclS is the only CLS expressed by M.
catarrhalis. As shown in Fig. 4, the mclS mutant strains of M.
catarrhalis did not contain detectable levels of CL. Moreover, a
BLASTP search yielded no additional CLS homologs in the M.
catarrhalis genome. Interestingly, previous reports have shown
that other bacteria, including E. coli and B. subtilis, express up to
three CLSs, which differentially contribute to CL synthesis, de-
pending on the growth phase of the bacteria (25, 38, 41). It has
been documented that the CL content of several bacteria, includ-
ing E. coli, is the highest during stationary phase (38, 73). We did
not observe any significant changes in CL content, despite the use
of various conditions and evaluations in different growth phases
(data not shown). Our data agree with the initial findings by Beebe
and Wlodkowski that CL levels in M. catarrhalis remain constant
throughout logarithmic and stationary growth (39). However, it is

possible that our detection system (HP-TLC with the Molybde-
num Blue spray reagent for visualization) was not sensitive
enough to perceive relatively small changes in CL content. In con-
trast to the levels in E. coli, CL levels in M. catarrhalis remained
constant throughout exponential and stationary growth and were
dependent on only a single CLS enzyme.

Recently, Tan et al. found that not all prokaryotic-type CLSs
utilize PG as the sole substrate for CL synthesis, prompting us to
examine the substrates of MclS (25). On the basis of the results of
the HP-TLC experiments (Fig. 4), it is not apparent whether or
not PG and PE levels are altered in the mclS mutant strains com-
pared to those in WT isolates in each instance. Again, it is possible
that the detection methods are not sensitive enough to detect rel-
atively small changes in PL levels. It did appear that the intensity of
the spot corresponding to PG was increased in the mclS insertion
mutant strain compared to that in the WT and repaired strains of
O12E (Fig. 4B, lanes 1 to 3). However, this observation alone
cannot allow us to conclude which substrates that MclS utilizes for
CL synthesis. Based on the similarity of MclS to YmdC/ClsC, we
sought to determine if PE is a substrate for MclS by generating
strains of M. catarrhalis which lack enzymes specific to the PE
synthetic pathway. A BLASTP search of the genome of M. ca-
tarrhalis isolate ATCC 43617 identified genes (MCORF 174 and
MCORF 700) predicted to encode a phosphatidylserine synthase
(PssA) and a phosphatidylserine decarboxylase (Psd), respec-
tively. Generation of pssA and psd mutant strains of M. catarrhalis
is under way. We plan to utilize HP-TLC to determine if CL is
present in these mutant strains.

This study established that the lysine residue within the HKD
motif is required for CLS activity. Site-directed mutagenesis of the
lysine residue in the C-terminal HKD motif rendered MclS enzy-
matically inactive and unable to catalyze the synthesis of CL (Fig.
4). Previously, Tan et al. generated a point mutation in the histi-
dine residues of both HKD motifs of YmdC/ClsC that abolished
the phospholipolytic activity of the CLS (25). Together, it appears
that the amino acid residues in HKD motifs of CLSs are crucial for
activity. This appears to be true for all members of the PLD super-
family, considering that human PLD, yeast PLD, and a vaccinia
viral protein were rendered catalytically inactive through mu-
tagenesis of the HKD motif. The lysine-to-arginine mutation
within the HKD motif was originally described by Sung et al. using
human PLD. The mutation, however, did not alter the expression
or localization of the protein (21).

We also conclude that M. catarrhalis requires CL to exhibit WT
levels of adherence to human epithelial cells (Fig. 7) and that MclS
itself is not an adhesin. Adherence to cells of both the A549 and
HEp-2 human epithelial cell lines was significantly reduced in the
mclS mutant strains of isolates O35E, O12E, and McGHS1 com-
pared to the WT and repaired strains (Fig. 7). In O35E, adherence
to human epithelial cells was reduced when MclS was knocked out
(mclS insertion mutant) and rendered enzymatically inactive
(mclS point mutant). These results suggest that MclS is not an
adhesin itself. The one instance in which adherence was not re-
duced in the CL-deficient strain (the adherence of McGHS1 to
HEp-2 cells; Fig. 7E) may be explained by variation in the usage,
expression, or composition of adhesins in different isolates of M.
catarrhalis.

The adherence phenotype of the mclS mutant strains may be
explained by specific interactions between CL and proteins within
M. catarrhalis membranes. In E. coli, CL is known to impact the
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localization and activity of several proteins, including the SecYEG
and SecA components of the Sec translocon. Researchers have
shown that CL associates with and stimulates the SecYEG compo-
nents of the Sec translocon and is required for the proper subcel-
lular distribution of the SecYEG complex (45). It is conceivable
that, as in E. coli, M. catarrhalis requires CL for the proper local-
ization and activity of many proteins, including ProP and the Sec
translocon. In the absence of CL, the Sec translocon may no longer
efficiently transport proteins, including adhesins, through the in-
ner membrane. It is possible that the expression, localization, or
display of a known adhesin is altered in the CL-deficient strains,
thereby causing the adherence phenotype. According to data ob-
tained by Western blotting and flow cytometry, the adhesins Hag,
UspA1, McaP, OMP CD, and MhaB1/MhaB2 are all expressed
and localized to the outer membrane. Adherence is a multifacto-
rial process that involves many adhesins, so it is possible that the
expression or localization of other adhesins not examined in this
study (e.g., lipooligosaccharide) is altered in the CL-deficient
strains (15–19, 74, 75). A better understanding of the relationship
between CL and these proteins will require characterization of the
Sec translocon in M. catarrhalis.

In summary, we discovered that M. catarrhalis expresses a sin-
gle CLS, MclS, which contributes to the ability of the bacterium to
adhere to human epithelial cells. The mclS gene is present in all M.
catarrhalis isolates and conserved at greater than 99% identity.
The mclS gene product is predicted to be lipid modified, likely
promoting an association with the membrane. While MclS dis-
plays significant similarity to YmdC/ClsC of E. coli, we have yet to
determine if it utilizes PE, in addition to PG, as a substrate for CL
synthesis. Like other members of the PLD superfamily, MclS re-
quires intact HKD motifs for catalytic activity. The reduction in
adherence observed in the mclS mutant strains can be attributed to
the absence of CL. The MclS protein itself is not an adhesin but
instead may be necessary for the expression, localization, and dis-
play of other M. catarrhalis adhesins. This study marks the first
instance in which CL is shown to contribute to virulence-associ-
ated traits.
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