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Abstract

Moraxella catarrhalis 1s a significant cause of otitis media and exacerbations of chronic obstructive
pulmonary disease. Here we characterize a phase variable DNA methyltransferase (ModM), which
contains 5’-CAAC-3’ repeats in its open reading frame that mediate high frequency mutation
resulting in reversible ON/OFF switching of ModM expression. Three modM alleles have been
identified (modM1-3) with modM?2 being the most commonly found allele. Using single molecule,
real-time (SMRT) genome sequencing and methylome analysis, we have determined that the
ModM2 methylation target is 5’-GAR™AC-3, and 100% of these sites are methylated in the
genome of the M. catarrhalis 25239 ModM2 ON strain. Proteomic analysis of ModM2 ON and
OFF variants revealed that ModM2 regulates expression of multiple genes that have potential roles
in colonization, infection and protection against host defenses. Investigation of the distribution of
modM alleles in a panel of M. catarrhalis strains, isolated from the nasopharynx of healthy children
or middle ear effusions from patients with otitis media, revealed a statistically significant
association of modM3 with otitis media isolates. The modulation of gene expression via the ModM
phasevarion (phase variable regulon), and the significant association of the modM3 allele with otitis

media, suggests a key role for ModM phasevarions in the pathogenesis of this organism.

Keywords:
epigenetic regulation; middle ear infection; phase variation; single molecule, real-time (SMRT)

genome sequencing
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Introduction

Moraxella catarrhalis is a Gram-negative diplococcus and a human-restricted respiratory tract
pathogen. It is the third most common cause of childhood otitis media (OM), after non-typeable
Haemophilus influenzae and Streptococcus pneumoniae, being associated with approximately 25%
of acute OM cases and 46% of chronic middle ear effusions (1-3). M. catarrhalis is also commonly
isolated from the upper respiratory tract of apparently asymptomatic children, with more than 70%
of children colonized at least once by the age of 1, and the frequency of colonization being
associated with development of OM (4-7). OM is the most common bacterial infectious disease in
childhood, and is the main cause of pediatric antibiotic usage and visits to healthcare providers in
the developed world (8-10). M. catarrhalis is the second most common cause of exacerbations of
chronic obstructive pulmonary disease (COPD) after H. influenzae, being responsible for 10-15% of
exacerbations (~2-4 million episodes per year in the United States) (11, 12). COPD is a chronic
debilitating disease that is one of the top five causes of death worldwide (13).

Due to the importance of M. catarrhalis as a human pathogen and the finding that the
frequency of colonization with M. catarrhalis is rising in certain regions where pneumococcal
conjugate vaccines are widely used (14), it is increasingly important to understand its mechanisms
of pathogenesis. Phase variation, the high frequency ON/OFF or graded switching of gene
expression, is a common feature of host adapted bacterial pathogens such as M. catarrhalis, H.
influenzae and Neisseria meningitidis, which enables them to adapt to changing host
microenvironments and evade host immune responses (15). Phase variation is typically mediated by
simple DNA repeats, within the open reading frame (ORF) of a gene, that exhibit reversible
loss/gain of repeat units during replication, resulting in frame shift mutations. We have reported that
phase variation of N®-adenosine DNA methyltransferases (Mod) in several pathogens results in
global changes in gene expression coincident with variations in methylation of the genome in the
Mod ON and OFF states (reviewed in 16). These phase variable regulons, known as phasevarions,
have been studied in H. influenzae (ModA) (17, 18), the pathogenic Neisseria (ModA, ModB,
ModD) (19, 20) and Helicobacter pylori (ModC)(21). In these pathogens, phase variable Mods
control expression of surface antigens and virulence factors, leading to altered phenotypes between
Mod ON and OFF variants. The ModA-D proteins have different alleles based on amino acid
differences in their central DNA recognition domain (19, 20, 22), and each allele methylates
different DNA sequences (23). DNA methylation mediates epigenetic regulation by altering the
interaction of DNA-binding regulatory proteins with their cognate DNA sequence (24).

We have previously identified two potentially phase variable DNA methyltransferases in
M. catarrhalis (25). Here we describe the distribution of modM1-3 alleles, identify the ModM?2

DNA methylation sequence using single molecule, real-time (SMRT) methylome analysis,
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characterize the ModM2 phasevarion using proteomic analysis, and examine potential for

association of the modM alleles with OM disease.

Materials and Methods

Bacterial strains and growth conditions

M. catarrhalis strains used in this study include ATCC 8193, ATCC 25239, ATCC 23246, CCUG
26404, CCUG 3292, 4223, 26297 and 17 middle ear isolates from OM-prone children, 9
nasopharyngeal isolates from children with OM, and 55 nasopharyngeal isolates from "normal
healthy children" (supplied by Dr. Lauren O. Bakaletz (Centre for Microbial Pathogenesis, The
Research Institute at Nationwide Children’s, Columbus, Ohio, USA)). For some patients, samples
were obtained from two distinct anatomical sites; the middle ear and nasopharynx of the same
patient. M. catarrhalis strains were grown on Brain Heart Infusion Agar (BHI, Oxoid, Hampshire,
UK) at 37°C with 5% CO,, with kanamycin (20 pg/ml) as required. Escherichia coli strains were
cultured with Luria-Bertani medium (Difco, Franklin Lakes, NJ, USA), with ampicillin (100 pg/ml)

or kanamycin (20 pg/ml) as required.

Generation of modM mutant strain

To generate the modM?2 knockout mutant of 25239, the pMcrepl plasmid (25) was subjected to
inverse PCR with primers SWF (5’-TACCCGGGCAATACTGATAAATATCACGCCATC-3’;
Restriction enzyme sites added for cloning purposes are underlined) and SWG (5°-
TAGGATCCGCAGGTTCGGCAACCACC-3’) to remove the central DNA recognition domain
and to introduce a BamHI restriction enzyme site. The kanamycin-resistance gene was excised from
pUC4K (Pharmacia, Piscataway, NJ, USA) using BamHI (New England Biolabs, (NEB), Ipswich,
MA, USA) and inserted into the BamHI site in modM. The pMcrepl::kan plasmid was linearized
with Bsal and used to transform 25239, as previously described (26).

Analysis of ModM expression

The length of the 5’~-CAAC-3’ repeat tract in modM, and the percentage of each fragment length,
were determined by GeneScan fragment analysis (Applied Biosystems, Grand Island, NY, USA)
(19, 20). The primer pair Mcmod2F-6FAM (5’-[6FAM]TTACTTGACACTCTGAATGGA-3’)
and McmodrepR2 (5-GTATTATGGGCAGTTTTTAAG-3) was used to amplify the repeat region
of modM?2. 25239 modM2 ON and OFF colonies were isolated and quantified using GeneScan
fragment length analysis as previously described (20). The strains described as ModM ON and
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ModM OFF in all experiments had >90% homogeneity with respect to the ON/OFF status of
ModM2.

Western blot analysis of ModM expression in whole cell lysates of M. catarrhalis strains
was performed as previously described (27). Cell lysates were prepared after overnight growth on
agar plates, and 10 pl (equivalent to a final optimal density at 600nm of 5) loaded on a 4-12% Bis-
Tris NuPAGEe polyacrylamide gel. A polyclonal anti-Mod antibody (20) that cross reacts with
ModM was used.

Distribution analysis and typing of modM alleles

Basic Local Alignment Search Tool (blastn and blastp; http://blast.ncbi.nlm.nih.gov/Blast.cgi)
searches were used to identify and characterize mod alleles in available M. catarrhalis genomes,
using the modM1 and modN1 sequences of M. catarrhalis strain 23246 (GenBank Accession

AY 049056 and AY049057, respectively). The modM alleles were aligned using ClustalW.

For subsequent typing of modM alleles from M. catarrhalis isolates, the modM DNA recognition
domain was amplified by PCR using primers SWD (5’-GATGGCGTGATATTTATCAGTATTG-
3”) and SWE (5’-GGTGGTTGCCGAACCTGC-3"). PCR products were digested separately with
the restriction endonucleases Alul, Asel and EcoRI (NEB) and the resulting digest products were

resolved by electrophoresis on a 2% agarose gel.

Methylome determination by SMRT

The 23259 modM?2 ON (21 repeats), OFF (20 repeats) and the modM?2::kan mutant strains were
grown overnight on BHI agar, and genomic DNA extracted using the QIAGEN (Hilden, Germany)
Genomic-tip 20/G kit as per manufacturer’s instructions. SMRTbell libraries were prepared as
previously described (28). Briefly, genomic DNA was sheared to an average length of 1.5 kb using
adaptive focused acoustics (Covaris, Woburn, MA, USA) for short insert libraries, and
approximately 10 kb using g-TUBEs (Covaris) for long insert libraries. Libraries were then
damaged repaired, end repaired, and ligated to hairpin adapters. Incompletely formed SMRTbell
templates were digested using Exonuclease III (NEB) and Exonuclease VII (Affymetrix, Cleveland,
OH, USA). Sequencing was carried out on the PacBio RS II (Menlo Park, CA, USA) using

standard protocols for short and long insert libraries.

Bioinformatic analysis
The whole genome sequence determined by SMRT were annotated using the Prokka bacterial
genome annotation tools and the prepared file submitted to GenBank (accession number

CP007669). modM alleles were aligned using ClustalW and visualized with JalView, and
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phylogenetic reconstruction was performed using a neighbor-joining uncorrected (“p”) distance

matrix.

Restriction inhibition assays
Genomic DNA was extracted from the 23259 modM?2 ON (21 repeats), OFF (20 repeats) and the
modM?2::kan mutant strains and digested for 1hr with BsmBI or HindIII (NEB), according to the

manufacturer’s instructions.

iITRAQ analysis

M. catarrhalis strain 25239 ModM2 ON and ModM?2 OFF were grown on BHI agar for 4 hr.
Bacteria were harvested in PBS and duplicate plates pooled, washed, and bacteria were lysed by 4
cycles of freezing at -80°C and thawing on ice. 1D Isobaric tags for relative and absolute
quantitation (iTRAQ) was performed on the whole cell lysates of 2 biological replicates (of pooled
duplicates) of ModM2 ON and OFF by Australian Proteome Analysis Facility (APAF, Melbourne,
VIC, Australia) as previously described (29). For protein preparation, 0.1% SDS was added to cell
lysates, and sonic probed on ice (2 cycles, 30 sec). Samples were then buffer exchanged into 0.25 M
triethyl ammonium bicarbonate (TEAB), 0.05% SDS (using Viva2, 5 kDa spin filters). Protein
concentrations were determined using Direct Detect system (Merck-Millipore, Darmstadt,
Germany). A total of 100 pg of protein was reduced with 5 mM Tris (2-carboxyethyl) phosphine
(TCEP) for 1 hr at 60 °C, alkylated with 10 mM s-methylmethanethiosulfonate (MMTYS) at room
temperature for 10 min and digested overnight with trypsin at 37°C (1:25 ratio, trypsin to protein).
Digested samples were labeled with the iTRAQ reagents following the protocol provided by the
vendor (AB Sciex, Foster City, CA, USA). Briefly, one vial of iTRAQ labeling reagent was used
for every 100 pg of protein. The iTRAQ reagent was solubilized with ethanol then added to the
peptide sample. After 1 h of iTRAQ labeling, the reaction was quenched by adding 70 pL of water.
The samples were then mixed at equal ratios (10 pL each) and dried by centrifugal evaporation. The
iTRAQ labelled pooled sample was re-suspended in 25 mM TEAB, passed through a detergent
removal spin column (Thermo Fisher Scientific, Waltham, MA USA) and then dried by centrifugal

evaporation.

Mass Spectrometry (MS) analysis

In-gel trypsin digestion was performed based published methods (30). The coomassie-stained band
was excised and destained by washing with 100 mM ammonium bicarbonate/acetonitrile (ACN)
(1:1). The in-gel protein was reduced and alkylated by 50 mM dithiothreitol and 100 mM
iodoacetamide, respectively. Trypsin was then added to the gel for digestion at 37 °C for 16 hr. In-
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gel trypsin digested peptides were finally extracted out from the gel by sonicating in 50% ACN/5%
TFA buffer. The trypsin digested sample was concentrated in a Freeze Dryer to remove ACN, and
resuspended in 5% ACN/0.1% TFA to 20 pl total volume and run on Shimadzu Prominence
nanoHPLC system and ABSCIEX 5600 Triple TOF Mass Spectrometer. Data was processed and
analyzed by ProteinPilof™ Software.

Results

Phase variable DNA methyltransferases in M. catarrhalis
Two putative phase variable DNA methyltransferases were previously identified in M. catarrhalis
ATCC 23246 (25) and have been renamed as ModM1 (M.McaM1) and ModN1 (M.McaN1), in
keeping with nomenclature for DNA methyltransferases and phasevarions (16, 23) (renamed from
M.McaRI and M.McaRII (GenBank Accession AY049056 and AY049057, respectively). The
modM 1 and modN1 genes contain a 5’-CAAC-3’ repeat tract in the 5’ end of their ORFs (Fig. 1A),
which is predicted to mediate phase variation. These genes share 46% identity over their coding
sequence. The modM1 gene is predicted to encode a protein of 636 amino acids (MW 72.7 kDa).
However modN1 in ATCC 23246 contains a poly A tract that is the site of a frameshift resulting in
early termination of translation. Bioinformatic analysis of these methyltransferase genes in 13
available genomes (Table 1) as well as analysis of 7 other strains indicated that modM is present in
all strains while the modN gene is only present in ATCC 23246, the strain originally examined (25)
(based on >90% identity to modM 1 or modN1 along the length of the deduced amino acid sequence,
excluding the DNA recognition domain). Sequence analysis of the putative DNA-recognition
domain of the modM gene revealed the presence of 3 different alleles (modM1-3; Fig. 1A-C). Strain
ATCC 23246 is unique in being the only strain from 20 investigated to contain modM1, while 17
strains contain modM?2, and 2 strains contain modM3. ModM1-3 share 91-93% identity and 93-96%
similarity along the length of the deduced amino acid sequence, excluding the central variable
DNA-recognition domain, which shares only 13-31% identity and 30-48% similarity between the
alleles (Fig. 1B-C). A strain was defined as having the modM 1, modM?2 or modM3 allele if the
DNA recognition domain was >95% identical at the nucleotide level to the modM gene of
M. catarrhalis strain 23246, 25239 or BC1, respectively (see Table 1 and Figure 1 for details).
Figure 1D shows the clustering of the modM alleles into three groups.

The number of 5’-CAAC-3’ repeat units present ranged from 13 to 34 between strains,
suggesting that the modM gene has phase variable expression. In addition, the region upstream of
the tetranucleotide CAAC repeats contains homopolymeric A and T tracts, which also vary in

length between strains, as well as a 16bp sequence that is directly repeated in some strains (Fig.
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2A). The modM gene has potential initiation codons in two frames, and the homopolymeric tracts
may also mediate phase variable expression of ModM at the transcriptional and/or translation level
depending on which ATG is the actual start site.

M. catarrhalis strain 25239 was selected for further analysis of the predominant modM
allele, modM?2. Due to the complexity of the multiple repeats, it was impossible to predict the actual
ATG in silico, as expression could initiate from either frame 1 or 3 (one ATG in frame 1 (distal)
and two ATGs in frame 3 (proximal); Fig. 2A-B) depending on the number of different repeat units
present. Frame 2 (OFF) has no candidate ATG upstream of the 5’-CAAC-3’ repeats. In order to
investigate ModM expression in the three frames, single colonies of M. catarrhalis strain 25239
were screened by DNA sequencing and GeneScan fragment length analysis to isolate modM?2 with
19, 20 or 21 repeat tracts. During this screening, modM?2 repeat tracts ranging from 18-22 were
observed, demonstrating phase variation of modM?2 (Fig. 3A). The length of the repeats, and the
percentage of the population containing each length, in each sample were determined by GeneScan
fragment length analysis using primers Mcmod2F-6Fam/McmodR2 (Fig. 3A). Western blot
analysis of samples with a high proportion (>90%) of each repeat length confirmed the expression
of ModM2 in the sample containing 21 repeats and the absence of detectable expression in the
samples containing 19 or 20 repeats (Fig. 3B). Translation therefore initiates from one of the ATGs
proximal to the 5’-CAAC-3’ repeats (Fig. 2 and 3C). An isogenic mutant that does not express the
modM?2 gene was generated by insertion of a kanamycin resistance cassette into the open reading

frame of the gene and the absence of ModM2 was confirmed by Western blot analysis (Fig. 3B).

SMRT methylome analysis: ModM2 methylates 5>-GAR™°AC-3’
M. catarrhalis 25239 modM?2 ON (21 repeats), modM2 OFF (20 repeats) and mod: :kan knockout
strains were subjected to SMRT genome sequencing, assembly and methylome analysis (28). This
process involved complete de novo sequencing of strain 25239, and the closed genome sequence is
deposited in GenBank (accession number CP007669). The 6-methyladenine ("°A) and 5-
methylcytosine ("°C) bases in the genomes were identified by their kinetic signatures, and these
were then aligned and clustered to identify the consensus recognition sequences for the active
methyltransferases in these strains. Three distinct methylation patterns were detected in 25239
modM2 ON; 5°-GAR™AC-3, 5’-AC™ ANsCTTG-3" (where T represents ™A methylation on the
opposite strand) and 5’-GCNG™C-3" (where G represents ™C methylation on the opposite strand)
(Fig. 4).

From comparison of the modM2 ON to the modM2 OFF and the modM?2::kan strains, it is
clear that ModM2 is active and forms ™A residues in the sequence 5°-GAR™®AC-3" (Fig. 4A, Fig.
S1). 100% of the 3321 5°-GARAC-3’ sites present in the genome were detected as methylated, with

9
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35.6% (1183) of these sites being 5’-GAGAC-3 and 64.4% (2138) being 5’-GAAAC-3’. To
confirm the ModM2 DNA methylation site, genomic DNA isolated from modM2 ON, modM?2 OFF
and modM?2::kan was digested with the methylation-sensitive restriction enzyme BsmBI. Numerous
BsmBI sites in the genome overlap with the 5’-GAR™®AC-3’ ModM2 methylation site (Fig. 4B)
and DNA digestion by BsmBI is inhibited in the modM2 ON strain (Fig. 3C). The methylation-
insensitive enzyme HindIII was used as a control and is able to digest all three samples.

All of these data and evidence supporting the identification of the ModM2 specificities have
been reported to REBASE (31). The methyltransferases responsible for methylating the other
sequences in the genome have not been experimentally determined. However, the 5’-GCNG™C-3’
site has been assigned to the DNA methyltransferase encoded by 25239 00017, based on 100%
sequence homology to M.McaRHORF1876P from M. catarrhalis strain BBH18 that is annotated in
REBASE as predicted to methylate this site (REBASE Enzyme Number 25867).

The ModM2 Phasevarion; analysis of differentially expressed proteins in modM2 ON and
modM?2 OFF variants

To determine whether phase-variable expression of modM?2 leads to alteration in global gene
expression via epigenetic regulation, M. catarrhalis modM2 ON and modM?2 OFF variants were
compared by 1D iTRAQ proteomic analysis. A total of 34 genes had an expression ratio of >1.3
fold between the ModM2 ON and OFF variants (p-value < 0.05). Specifically, 19 genes had
increased expression in M0579 ModM?2 ON, while 15 genes had decreased expression (Table 2),
confirming that ModM2 phase variation influences expression of multiple genes, consistent with its
definition as a phasevarion (17). The ModM2 phasevarion includes proteins involved in
colonization, infection, resistance to host defenses, or other experimental conditions that may mimic

those encountered in a human host (see discussion for details).

modM allele distribution; modM3 is associated with middle ear isolates

To investigate the distribution of modM alleles in a large panel of M. catarrhalis strains, PCR and
restriction digest analysis of the DNA recognition domain was performed. Overall, 81

M. catarrhalis isolates were examined, consisting of 64 nasopharyngeal isolates and 17 middle ear
effusion isolates. Of these, 10 isolates were available from both middle ear and nasopharynx of the
same patient. A modM gene was present in all isolates investigated, with modM?2 being the most
common allele (83% of isolates), followed by allele 3 (16% of isolates), with allele 1 present in
only one additional isolate (1%) (Table 3). Interestingly, a statistically significant association was
found between modM3 and middle ear isolates, with 47% of middle ear isolates containing modM3

compared to 11% of nasopharyngeal isolates, and 53% of middle ear isolates containing modM?2

10
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compared to 87.5% of nasopharyngeal isolates (Table 3; Fisher’s exact p-value = 0.0194).
Furthermore, 2 of the 7 modM3 nasopharyngeal isolates were obtained from patients who also had a
modM3 isolate from their middle ear. The complete list of isolates, their site of isolation and their
modM allele, is shown in Table S1.

To investigate whether the nasopharyngeal and middle ear isolates from the same child were
the same strain of M. catarrhalis, the total protein profiles from whole-cell lysates were compared
by SDS-PAGE. Size differences between an abundant high molecular weight protein were
particularly evident, suggesting that the over-representation of modM3 strains in middle ear isolates
was not due to a single predominating virulent strain. This major protein was identified as UspA2
by mass spectrometry. For 7 of the 9 pairs, the isolates had the same modM allele, suggesting the
same strain was isolated (Fig. 5). For patients 150 and 159, however, strains containing different
modM alleles were isolated from the different anatomic sites. It is notable that in each of these
cases, a modM3 isolate was in the middle ear rather than in the nasopharyngeal site. Additionally,
patients 101 and 207 had the same modM allele from their respective middle ear and
nasopharyngeal sites. However, protein profiles of nasopharyngeal and middle ear isolates indicated
that for these 2 patients, despite the fact that both isolates had the same modM allele, they were

nonetheless distinct strains of M. catarrhalis (Fig. 5).

Discussion

M. catarrhalis is a significant cause of otitis media in children, and exacerbations of chronic
obstructive pulmonary disease in adults. These diseases have significant morbidity, with OM being
the most common childhood bacterial infection and the main cause of pediatric antibiotic usage and
visits to healthcare providers in the developed world (9, 10), and COPD the 5™ leading cause of
death worldwide (13). Currently, there is no M. catarrhalis vaccine available (32). Antibiotic
resistance is common in M. catarrhalis (33) and antibiotic treatment is not able to deal with
reinfection and the recurrent nature of M. catarrhalis associated disease. Understanding the biology
of nasopharyngeal colonization, and the molecular mechanisms that underlie M. catarrhalis induced
disease may enable the development of novel methods of treatment and prevention. Processes
leading from asymptomatic colonization to overt disease are multifactorial, and may be both host-
and microbe-dependent (34). Additionally, viral or bacterial co-infection is believed to play a role
(reviewed in 35). For M. catarrhalis, however, there is no clear correlation between strains that
cause specific disease and presence or expression of a particular virulence factor. Several adhesins
and virulence factors have been identified in M. catarrhalis (reviewed in 2), including the phase

variable outer membrane proteins UspA1l (36), UspA2H (37) and Hag/MID (38). Phase variation is

11
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known to mediate bacterial adaptability and virulence (15). Phase variable DNA methyltransferases,
which control the coordinated switching of expression of multiple genes (i.e., a phase variable
regulon, or phasevarion) (16), further enhance this adaptability. Phasevarions are increasingly being
recognized as playing an important role in host-adapted pathogens. Phasevarions in H. influenzae
(ModA) (17), the pathogenic Neisseria (ModA, ModB, ModD) (19, 20) and H. pylori (ModC) (21)
control expression of surface antigens and virulence factors, leading to altered phenotypes between
Mod ON and OFF variants. For example, the gonococcal ModA 13 ON/OFF variants have distinct
phenotypes for biofilm formation, resistance to antimicrobials, and survival in primary human
cervical epithelial cells (19), the meningococcal ModA 11 and ModA12 ON/OFF variants have
altered susceptibility to certain antibiotics (39) and the meningococcal ModD1 ON / OFF variants
have altered resistance to oxidative stress (20). Here we have characterized the ModM phase
variable DNA methyltransferase of M. catarrhalis.

We identified three modM alleles in M. catarrhalis. Each allele differs most extensively
within the putative DNA recognition domain. The presence of different alleles suggests that
multiple phasevarions exist within M. catarrhalis, with each modM allele regulating a different set
of genes. The allele most commonly observed in isolates, modM2, was characterized in
M. catarrhalis strain 25239. Phase variation of modM?2 via the 5’-(CAAC)n-3’ tetranucleotide
repeats was confirmed, with variations in the 5’-CAAC-3 tract correlating with variable ModM2
expression. From a sample containing a mixed population of repeat lengths (18-22 repeats),
screening of single colonies enabled the enrichment of three M. catarrhalis samples each containing
a majority of either 19, 20 or 21 repeat tracts. ModM2 is expressed (ON) when 21 repeats are
present, but not 19 or 20 repeats (OFF) due to a translational frameshift and the presence of
premature stop codons in these frames. Homopolymeric A and T tracts are also present in the
predicted promoter region, which vary in length between strains, suggesting the potential for phase
variation. Therefore, in addition to the translational phase variation afforded by the 5’-(CAAC)n-3’,
M. catarrhalis may have evolved two additional mechanisms to phase vary expression of ModM at
the transcriptional level. Further analysis is required to determine intra-strain variability of these
homopolymeric tracts and their potential to modulate modM transcript levels.

Proteomic analysis revealed that 34 proteins were differentially expressed in M. catarrhalis
grown on BHI media when ModM is ON compared to OFF, indicating that modM phase variation is
involved in epigenetic regulation of proteins and mediates the coordinated switching of a
phasevarion. The ModM2 phasevarion includes proteins involved in colonization and infection,
including infection of the chinchilla nasopharynx and attachment to airway epithelial cells.
Specifically, the following genes in the ModM phasevarion are differentially regulated or directly
involved in: [1] infection of the chinchilla nasopharynx compared to growth in broth (25239 1211

12
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(miaE), 25239 1678 (hypothetical), 25239 0666 (fbpA), 25239 1617 (lebB), 25239 1419 (nqrC),
25239 1611 (typA)) (40); [2] attachment to pharyngeal cells or alveolar cells (25239 0579 (rpmG),
25239 0666 (ahcY)) (41); [3] oxidative stress responses after exposure to H,O, (25239 0666
(fbpA), 25239 0311(hypothetical), 25239 1095 (gred) and 25239 1027 (bfrA)) (42); and [4]
growth in low iron conditions (25239 0666 (fbpA), 252399 0219 (fixC)) (43). The hypothetical
protein encoded by 25239 1678 had decreased expression in M. catarrhalis 25239 ModM2 ON
compared to ModM2 OFF. Interestingly its homologue in strain ATCC 43617 (MCORF1550) has a
significant impact on infection potential in the chinchilla model, with the mutant having decreased
fitness in a competitive chinchilla infection (40). MCORF1550 also has increased expression
during attachment to human bronchial epithelial (HBE) cells (44). The combined effect of altered
gene expression via the ModM phasevarion is predicted to have considerable effects on

M. catarrhalis colonization and virulence in the human host, with the fittest subpopulation of
ModM ON or OFF variants surviving as the bacteria transition through different host
microenvironments. The expression profile analysis of the ModM2 phasevarion presented was only
performed under one culture condition. However, there are expected to be niche specific differences
in phasevarion gene expression. A difference in gene expression between ModM ON and OFF can
only be detected if the genes in question are being expressed (e.g., activated or de-repressed by
regulatory proteins under specific conditions), and growth under different physiologically relevant
conditions may reveal further virulence-associated genes under the control of the ModM?2
phasevarion.

Whole genome SMRT sequencing and methylome analysis demonstrated that ModM2 is a
functional m6A (N6-methyladenosine) methyltransferase that methylates the second adenine in
100% of 5’-GAR™AC-3" sequences in the genome. SMRT methylome analysis is a rapid method
to identify methylation sites in genomes which is increasingly being used to study bacterial
methylomes (28, 45, 46). ModM2 inhibition of digestion of genomic DNA was tested, and the
expected inhibition of digestion with BsmBI was seen for ModM2 ON but not the ModM2 OFF and
mutant strains, validating the SMRT identification of 5>-<GAR™ AC-3’ as the substrate for ModM2
methylation. The precise mechanisms by which ModM2 methylation of DNA regulates differential
gene transcription remain unclear but the phenomenon of epigenetic regulation in bacteria is well
described, and DNA methylation can alter interaction of regulatory proteins with DNA-binding
sites, which directly regulates transcription (24). The modified 5’-GARAC-3' site was identified
upstream of several genes controlled by the ModM?2 phasevarion (Fig. S2), and this information
will facilitate investigations of the molecular mechanism of regulation by ModM2. However,
epigenetic regulation may also be indirect and multifactorial, with expression of a regulator or a

protein in a tightly regulated system being altered (e.g., the ferric uptake regulator Fur or a protein

13



394  involved in iron homeostasis, respectively) resulting in altered expression of another protein in the
395  same regulon. The level of differential expression seen for specific genes is also expected to vary
396  based on the location of the methylation site and the transcription factor being affected.

397  Furthermore, the percent ModM2 ON vs. OFF in the sample (>90% for the samples in this study)
398  would affect the level of expression as measured for the population as a whole.

399 In terms of distribution, all M. catarrhalis strains examined to date contain a modM gene.
400  Three modM alleles were identified (modM1-3) based on sequence analysis of the putative DNA-
401  recognition domain. The modM?2 allele was found in 80% of strains, while modM3 was present in
402  19% of strains investigated. modM 1 was first identified in strain ATCC 23246 (25), but was only
403  found in one additional strain in this study. Furthermore, ATCC 23246 has been described as

404  atypical and as being more closely related to Moraxella canis than M. catarrhalis (47).

405 Interestingly, a difference was found between the site of isolation (middle ear or

406  nasopharynx) and the modM allele present. There is a statistically significant association between
407  modM3 and middle ear isolates. Despite only representing 19% of all isolates, modM3 was over
408 represented in middle ear isolates (47% of middle ear isolates). Conversely, only 11% of

409 nasopharyngeal isolates were modM3 strains (and of these 7 isolates, 2 were from the nasopharynx
410  of children where a modM3 was also isolated from the middle ear). We have subsequently

411  determined that the ModM3 methylation site is 5’~AC™ATC-3", which is distinct to the

412  methylation site of ModM2 suggesting that the ModM3 phasevarion comprises a different set of
413  genes. Phasevarions have the potential to impact virulence via epigenetic regulation, and ModM3 is
414  the only M. catarrhalis factor identified to date that is strongly associated with otitis media

415  compared to nasopharyngeal carriage. We have reported a similar association in an independent
416  study on N. meningitidis phasevarions, where the ModD1 DNA methyltransferase is almost

417  exclusively found in the hypervirulent meningococcal clonal complex 41/44 (20). The proteins
418  regulated and the phenotypes of ModM2 and ModM3 ON vs. OFF variants in different infection
419  and virulence models are under investigation.

420 In summary, we have confirmed modulation of gene expression through the random

421  ON/OFF switching of the ModM2 phasevarion, including several genes with demonstrated

422  expression changes or effects in virulence models. This modulation of expression could aid

423 M. catarrhalis adaptation to changing host environments, potentially contributing to increased
424  fitness for transmission and/or ability to cause disease. The significant association between modM3
425 and middle ear isolates requires further investigation, but suggests a role in pathogenesis.

426

427
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586
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TABLES AND FIGURES

Table 1: Distribution of modM alleles in M. catarrhalis genome strains

S Clinical details of Accession number CAAC modM
train
original isolate [coordinates]” (ref) repeatsb allele’
ATCC AY049056
NA 20 1
23246 [1755-3665] (25)
ATCC .
NA CP007669 (this study) 21 2
25239
Sinus Wash, Sinusitis; | AERJ0100020.1
BC8 _ 22 2
Child [28061-30020] (48)
Middle ear fluid AERKO01000020.1/ AERK0100005.1
CO72 ND 2
(OME); Child [27689-87834/ 1-1971] (48)
) AERL0100013.1
O35E OME; Child 30 2
[27809-29743] (48)
COPD Exacerbation; | AERE01000085.1/AERE01000006.1
103P14B1 ND 2
Adult [27451-27518/ 273821-275740] (48)
Middle Ear, OME; AERI01000013.1
BC7 _ 13 2
Child [306295-308218] (48)
COPD Exacerbation; | AERG01000018.1/AERG01000016.1
12P80B1 ND 2
Adult [1-46 /73283-75176] (48)
COPD Exacerbation; | AERF0100013.1/ AERF0100018.1
46P47B1 ND 2
Adult [27564-27619/ 219077-220982] (48)
. AERC01000018.1/ AERC01000019.1
7169 OME; Child ND 2
[53144-53185/ 1-1878] (48)
sputum of a patient
BBHI18 ) ) CP002005.1
with COPD during an 30 2
‘ [375514-377490] (49)
exacerbation
Transtracheal aspirate,
ATCC ) o AX067463
chronic bronchitis; 19 2
43617 [54028-52979] (World patent WO0078968)
Coal miner
NC 014147.1
RH4 Blood - 30 2
[375514-377490] (50)
Tracheal Aspirate, AERHO0100007.1
BCl1 31 3
Bronchiolitis; Child [27691-29656] (48)
101P30B1 | COPD Exacerbation; | AEPC01000023.1/ AEPC01000009.1 ND 3
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589
590
591
592
593
594

Adult

[53095-53191/ 305329-307249] (48)

* Genome accession number is shown followed by the coordinates of the modM gene.

®Number of 5’~(CAAC)-3’ repeats within the modM gene. ND, repeat number not determined due

to a gap between contigs in the genome sequence.

“modM alleles determined based on >95% identity of the DNA recognition domain (see Fig.

1B/C for strains and sequences that define the modM alleles).

NA, not available.
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Table 2. Differentially expressed proteins from iTRAQ studies of M. catarrhalis 25239 ModM?2
ON and OFF strains

Role Fold
Gene
symbol * Name categ.oryb change .
(location)” | ON:OFF
Increased expression in ModM2 ON
0380 |DNA methyltransferase 1 (C) 4.4
1724 | Acyl-CoA thioesterase 2 2 (O) 1.5
0454 |Penicillin-binding protein 1A, pbplA 3 (IM/P) 1.4
1430 |Hypothetical protein 4 (C) 1.4
1390 |Hypothetical protein 5 (IM/P) 1.4
1486 |50S ribosomal protein L32, rpmF 6 (C) 1.4
1201 | Cytochrome c biogenesis protein Ccm@G, dsbE 4 (IM/P) 1.4
0563 |LemA family protein 7 (OM) 1.4
putative binding protein component of ABC iron transporter, 8 (IM/P)
0316 1.4
fbpA
0382 |L-2,4-diaminobutyrate decarboxylase 9 (O 1.4
0219 |Electron transfer flavoprotein-ubiquinone oxidoreductase, fixC 10 (C) 1.4
1617 |Signal peptidase I, lepB 4 (IM) 1.3
1419 |Na(+)-translocating NADH-quinone reductase subunit C, ngrc 8 (OM) 1.3
1531 |30S ribosomal protein S21, rspu 6 (O) 1.3
0039 |OxalEc, yidC 4 (IM) 1.3
0128 |Chaperone protein, dnaJ 4 (O) 1.3
0666 | Adenosylhomocysteinase, ahcY 10 (C) 1.3
1493 |30S ribosomal protein S11, rpsK 6 (C) 1.3
0579 |50S ribosomal protein L33, rpmG 6 (O) 1.3
Decreased expression in ModM2 ON OFF:ON
0826 |Putative chromosome-partitioning protein, parB 7 (C) 1.3
1451 |Hypothetical protein 5 (EO) 1.3
1244 | Glycine cleavage system H protein, gcvH 10 (C) 1.3
1027  |Bacterioferritin, bfird 8 (O) 1.3
0374 |Guanylate kinase, gmk 11 (C) 1.3
0311 |Hypothetical protein 5(©) 1.3
1611 |Tyrosine phosphorylated protein A, #ypA 12 (C) 1.3
1095 | Transcript cleavage factor, greA 13 (C) 1.4
1677 |Hypothetical protein, rbf4 13 (C) 1.4
0995 |Hypothetical protein 5 (IM) 1.4
1312 |Glucose-inhibited division protein A, gidA 6 (C) 1.4
181  |23S rRNA (uracil(1939)-C(5))-methyltransferase RImD, rumA 6 (O) 1.5
1211  [tRNA-(MS[2]IO[6]A)-hydroxylase, miaE 6 (O) 1.5
1678 |Hypothetical protein 5(©) 1.7
1483 | Acyl carrier protein 5 (0) 1.9

* Gene symbols are gene annotations from M. catarrhalis strain 25239 (GenBank accession number

CP007669).
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600
601
602
603
604
605
606
607

® Assigned role category and predicted protein location from de Vries et al., (49). Role categories:
(1) DNA metabolism; (2) Fatty acid and phospholipid metabolism; (3) Cell envelope; (4) Protein
fate; (5) Hypothetical proteins; (6) Protein synthesis; (7) Unknown function; (8) Transport and
binding proteins; (9) Central intermediary metabolism; (10) Energy metabolism; (11) Purines.

pyrimidines. nucleosides and nucleotides; (12) Cellular processes; (13) Transcription.

Predicted location: (C) cytoplasm; (IM) inner membrane; (IM/P) inner membrane/periplasm; (OM)

outer membrane; (EC) extracellular.

“Expression ratio of > 1.3-fold between the ModM2-ON/OFF variants, with a P-value of <0.05.
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608  Table 3: Distribution of modM alleles in a panel of 81 M. catarrhalis isolates from the

609  nasopharynx or middle ear of children.

Allele Overall Nasopharyngeal Middle Ear
% (n) % (n) % (n)
modM1 I @1 I 1 0 (0
modM?2 80 (65) 88 (56) 53 (9
modM3 19 (15) 11 () 47 (8)*
Total 100 (81) 100 (64) 100 (17)

610  * Association of modM3 with middle ear isolates. Fisher exact p value= 0.0194
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612

613
614
615
616
617
618
619
620
621
622
623
624
625

DNA
a) (CAAC) n Recognition
Repeats Domain

b) T T .. d

“HI |

c) ;
ModM1 250 VAD—F—IWN—NKYTVSNDTDVSYQHEHIVCFCKNRDI-F—-ELN—LLPRTEKQNKS-YKNRDNDPNGAWK‘E:T
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Figure 1. M. catarrhalis modM alleles. (A) Schematic representation of the methyltransferase

(modM) gene showing the 5°-(CAAC),-3’ DNA repeat tract responsible for phase variable

expression, and the variable central DNA recognition domain (DRD). (B) modM1-3 alleles were

aligned in ClustalW and visualized with JalView [identical nucleotides are shown as vertical lines,

with identity over a run of nucleotides shown as dark gray (>80% identity), light gray (>50%), or

white (<50% identity or a gap)]. M. catarrhalis strains that define the modM alleles are ATCC
23246 (M1), ATCC 25239 (M2) and BC1 (M3), with a strain’s modM allele is classified based on

>95% nucleotide identity of the DNA recognition domain to one of these sequences (see Table 1).

(C) The predicted amino acid sequences of the DRD of ModM1-3 are shown, as well as two

conserved amino acids shown in bold on each side of the variable region. (D) Homology between

the modM alleles is shown, using a phylogenetic reconstruction based on a neighbor-joining

distance matrix.

26



626
627

628
629
630
631
632
633
634
635
636
637
638

“ x% modM

VT | /A >

| = -
- 1 185 bp —-—__

1 bp n=7-8 n=1-2 n=5-7
[T],ATAAGACAAACCGG[CTTTATGTTTATCAAA ] AAATTTGTTAAAAT[A ],

TTTTACTTGACACTCTGAATGGAATTTTGCAAAATGGAC [ CAAC] AGCCTA

n=13-34 185 bp
b Frame 1 Frame 2 Frame 3
(Distal) (OFF) (Proximal)
64 bp

TGACACTCTGAATGGAATTTTGCAAAATGGAC [CAAC] g
* H S E W N F A K W [QPTN] \

26 bp
ATGTTTATC. . .GACACTCTGAATGGAATTTTGCAAAATGGAC [CAAC] 20° AGCCTA>
M ¥ I...D T UL N G I L QO N G [@QgpTN] S L >

75 bp /
ATGGAATTTTGCAAAATGGAC [CAAC],
M E F C K M D [QPTN]

Figure 2. DNA repeats present in the modM locus. (A) Schematic of the modM methyltransferase

showing the location of the 3 potential ATG translational start sites (red/asterisk) and the DNA
repeats in the intergenic region and open reading frame; poly T tract (purple), direct repeats

(orange), poly A tract (light blue), and tetranucleotide 5’-(CAAC),-3’ repeats (green/diagonal

lines). Below, the nucleotide sequence of this region is shown. The range of repeats seen between

strains is shown above each repeat unit. The numbering, 1-185 bp, refers to M. catarrhalis strain
25239, starting from the poly T tract. (B) Schematic of the modM?2 locus from strain 25239
showing that translation of the mod gene could be initiated from two of three frames (Distal or

Proximal, but not OFF) depending on the number of 5’-CAAC-3’ repeats. Asterisk indicates stop

codon. Numbering is as described above.
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Figure 3. Phase variable expression of modM?2. (A) Fluorescent peaks observed in GeneScan
fragment length analysis of a heterogeneous M. catarrhalis sample containing 18-22 repeats, with
the fragment length, its relative percentages within the sample, and corresponding number of 5°-
(CAAC),-3’ tetranucleotide repeats indicated below. (B) Western blot analysis confirming ModM2
expression in whole cell lysates of samples, isolated from screening single colonies, containing 21
CAAC repeats (but not 19 or 20) and the absence of ModM2 expression in the modM?2::kan
knockout (ko) strain. Results of GeneScan fragment length analysis of the DNA repeat region in the
samples used in the Western blot is shown below, confirming >90% of each population contained
either 19, 20 or 21 repeats. (C) Putative ModM translation is shown for 19 (OFF), 20 (OFF), and 21

(ON) repeat units from the proximal initiation codons. Asterisk indicates stop codon.
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Specificity Base ON OFF KO
M.McaM2
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= ’ ° | (Modm2)
5-ACANgCTTG-3’ 6A 100% 100% 94.5% ND
3-TGTNsGAAC-5' | 100% 99.7% 90.7%
5-GCNGC-3’ M5C . . . M.Mca
3’-CGNCG-5’ 25239 00017
b) ModM2
1
GAR™ACG
. BsmBl .-
25239 T
gerame H—- -
' 1t 1 —
methylated digested
ModM2 ON
unmeth;llllz:lted.ul " éligest;d =
ModM2 OFF
652
653

654  Figure 4: Methylome analysis of M. catarrhalis 25239 and ModM2 methylation of 5’-

655 GAR™AC-3’. (A) SMRT methylome analysis of M. catarrhalis 25239 modM?2 ON, OFF and
656  modM?2::kan mutant strains. The % of recognition sites that are detected as methylated in the

657  genome is shown for m6A methylation. * Due to the weak SMRT kinetic signal of SmC

658  methylation, % of sites methylated has not been calculated. “Assignment is based on direct evidence
659 (M.McaM2 (ModM2)) or homology (M.Mca25239 00017). ND, not determined; no

660 methyltransferase could be reliably assigned as responsible for methylation of this site. (B)

661  Schematic of the restriction-inhibition assay. An example is shown of one of the many ModM?2
662  methylation sites (5’-GAR™AC-3) that overlaps the methyl-sensitive BsmBI restriction enzyme
663  site (5’-GARACG-3’) in the genome of M. catarrhalis 25239, and below are diagrammatical

664  representations of the methylated and unmethylated genomes. BsmBI does not cut if the adenosine
665 is methylated in the overlapping ModM2 methylation site (‘methylated’ represents ModM2 ON
666  digested DNA), but will digest DNA that is not methylated at this site (‘unmethylated’ represents
667 ModM2 OFF digested DNA). Approximately 35% of BsmBI sites overlap with the ModM2 site in
668  the 25239 genome. (C) DNA agarose gel of uncut, BsmBI and HindIII digested genomic DNA
669  from ModM2 ON, ModM2 OFF and AmodM?2::kan (ko) strains, where methylated DNA in the
670  ModM2 ON strain is protected from BsmBI digestion. HindIII was used as an unrelated positive
671  control for DNA digestion.
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Figure 5: SDS-PAGE of whole cell lysates of paired M. catarrhalis isolates.

The isolate number and site of isolation (NP, nasopharynx; ME, middle ear) of paired isolate (i.e.,
isolates from the same child) is shown above the coomassie stained polyacrylamide gel, and the
modM allele present is shown below the gel. The predominant high molecular weight protein was

identified by mass spectrometry as UspA2.
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682  Supplementary data.
683  Table S1. ModM alleles in M. catarrhalis strains investigated

Strain Site of modM Strain Site of modM
number isolation * allele number isolation * allele
8 NPL 2 157 NPR 2
9 NPR 2 159 NPR 1
12 NPL 2 159 MEL 3
18 NPL 2 166 NPR 2
24 NPL 2 171 NPL 3
27 NPR 2 172 NPL 2
30 NPR 2 173 NPR 2
31 NPR 2 174 NPL 2
37 NPR 2 176 NPR 2
45 NPR 2 181 MER 2
46 NPL 2 181 NPL 2
50 MER 2 185 NPR 2
55 NPR 3 194 NPL 2
56 NPR 2 194 MER 2
60 NPR 2 195 NPR 3
70 NPR 2 195 MER 3
73 NPL 2 199 NPL 2
74 NPL 2 205 NPR 2
86 NPL 2 207 NPR 2
89 NPL 2 207 MER 2
92 NPR 2 210 NP 2
96 NPL 2 210 MER 2
96 MER 2 304 NPL 2
97 NPR 2 352 NPR 2
99 NPL 2 363 NPR 2
101 NPR 3 367 NPL 2
101 MER 3 380 NPR 2
103 NPR 3 383 NPR 2
117 NPL 2 396 NPR 2
122 NPL 2 397 NPR 2
123 NPR 2 398 NPR 3
133 NPR 2 401 NPR 3
141 NPR 2 405 NPL 2
143 MER 3 411 NPR 2
147 MER 2 417 NPL 2
148 NPL 2 42 ME 3
150 NPR 2 1857 ME 3
150 MER 3 1879 ME 2
153 NPL 2 1889 ME 3
155 NPR 2 87069 MEL 2
156 NPR 2

684
685  * NP, nasopharynx; ME, middle ear; L, left; R, right. ME isolates are shown in bold italics, and

686  paired isolates are shown in bold.



687
688

689
690
691
692
693
694

6.7l modM2 ON
5-GAR™AC-3’ ™A peak
1 I | forward strand

IPD 0=e—s_|a*e-
Ratio g 6 6 LTonALCATmEN G

1 reverse strand
6.7
40| modM2::kan
5-GARAC-3’
— e e — forward strand
IPD i
. B S S-S S S R S A ] G
Ratio © * ?
1 — — —
reverse strand
4.0
! y 1
362,038 362,050 362,064

Genome Position
Figure S1. SMRT Kinetic variation analysis and ModM2 methylation determination. Example
trace of SMRT kinetic variation, showing the interpulse duration (IPD), which yields information
regarding DNA methylation. The region of the M. catarrhalis 25239 genome shown is upstream of
fbpA, which is differentially expressed between modM2 ON and OFF. The 5’-GAR™AC-3’ site (on
the reverse strand) is methylated in modM2 ON but not the OFF or modM?2::kan mutant strain.
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Figure S2. The position of ModM2 recognition sites with respect to a selection of genes

encoding regulated proteins in the ModM2 phasevarion. Genes regulated in ModM2 ON vs.

OFF strains are shaded. Methylated 5°-GAR™ AC-3" sites are shown within the gene or within 1kb

flanking regions of the regulated gene. The fold change in protein expression between ModM2 ON

vs. OFF, as determined by iTRAQ), is shown on the right.
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