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A Novel Group of Moraxella catarrhalis UspA Proteins
Mediates Cellular Adhesion via CEACAMs and Vitronectin
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Abstract

Moraxella catarrhalis (Mx) is a common cause of otitis media and exacerbation of chronic obstructive pulmonary disease, an
increasing worldwide problem. Surface proteins UspA1 and UspA2 of Mx bind to a number of human receptors and may
function in pathogenesis. Genetic recombination events in the pathogen can generate hybrid proteins termed UspA2H.
However, whether certain key functions (e.g. UspA1-specific CEACAM binding) can be exchanged between these adhesin
families remains unknown. In this study, we have shown that Mx can incorporate the UspA1 CEACAM1-binding region not
only into rare UspA1 proteins devoid of CEACAM-binding ability, but also into UspA2 which normally lack this capacity.
Further, a screen of Mx isolates revealed the presence of novel UspA2 Variant proteins (UspA2V) in ~14% of the CEACAM-
binding population. We demonstrate that the expression of UspA2/2V with the CEACAM-binding domain enable Mx to bind
both to cell surface CEACAMs and to integrins, the latter via vitronectin. Such properties of UspA2/2V have not been
reported to date. The studies demonstrate that the UspA family is much more heterogeneous than previously believed and
illustrate the in vivo potential for exchange of functional regions between UspA proteins which could convey novel adhesive

functions whilst enhancing immune evasion.
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Introduction

Moraxella catarrhalis (Mx), a human specific acapsulate bacteri-
um, has the capacity to cause a range of pathologies including
localised infections of the upper and lower respiratory tract as well
as disseminated infections such as meningitis and septicaemia in
susceptible individuals [1]. However, it is most commonly
associated with two pathologies: first, inflammation of the middle
ear, otitis media (OM) which affects the majority of children under
the age of 5 in the UK [2]; and second, exacerbation of chronic
obstructive pulmonary disease (COPD) [3], which is a significant
burden to human health affecting over 210 million people world
wide. COPD is currently the fifth leading cause of death globally
[4]. In spite of its burden to human health no vaccine is currently
available to protect against Mx infection. However, a more rapid
advance in this area may now be facilitated following publication
of the first complete fully annotated genome of Mx [5].

A number of adhesins produced by Mx have been identified
(Reviewed in [6]). Amongst the most studied adhesins of Mx are
the ubiquitous surface proteins (UspAl and UspA2), members of
the trimeric autotransporter adhesin family [7]. Since the early
descriptions of UspA proteins [8,9], much work has been
performed elucidating the varying functional characteristics of
these proteins. Studies relating to UspAl proteins have defined
their ability to bind to a range of human epithelial cell lines
including Chang [10], HEp-2 [11] and A549 cells [12]. UspAl-
cellular interactions occur via members of the Carcinoembryonic
antigen related cell adhesion molecule (CEACAM) subfamily
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[12,13] which are also targeted by several other respiratory
pathogens including Neisseria menmingitidis (Nm) and Haemophilus
influenzae (Hi) [14,15]. Human CEACAMI is widely distributed on
epithelial cells of the respiratory tract [16]. Other epithelial
CEACAM family members such as CEA and CEACAMS6 also
bind to UspAl [13], although these interactions are less well
studied. In addition to CEACAMSs, cellular interactions mediated
by UspAl have been shown to involve fibronectin and subsequent
engagement of fibronectin-binding integrins [17]. UspAl proteins
have also been shown to interact with laminin [18], although no
cell-mediated interaction has been reported for UspAl via
laminin. The other targets of UspAl reported are the serum
enzyme inhibitor, o-anti-chymotrypsin [19], the complement
factor C3 [20] and the complement regulator (C4 binding protein
(C4bp) [21]). For UspA2 proteins interactions with fibronectin
[11,17], vitronectin [11] and a range of complement factors
including C3 and C4bp [20,21] have been reported. Whereas the
UspAl proteins are generally associated with an adhesive function
[22,23], UspA2 proteins are more commonly associated with a
substantial level of resistance to complement-mediated killing via
their interaction with C4bp and vitronectin, whilst the low levels of
C4bp binding to UspAl appear to contribute to serum resistance
to a lesser extent [21,24].

Initial studies on UspAl and UspA2 reported that proteins of
the four isolates examined shared a region of commonality of 140
amino acids with 93% identity [9]. The common region contained
the epitope for the protective antibody 17C7 tentatively assigned
to the presence of the NINNY motif [8,25]; although other studies
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Fig. 1. CEACAM1 binding properties of M. catarrhalis strain 035E and its derivatives. A) Western blot of Mx strains from right to left MX2
(used for comparison), 035E and 035E D2 and D1 overlaid with CEACAM1-Fc (CC1) or SIGLEC10-Fc (SIGLEC) as described in the methods. As expected,
MX2 UspA1 bound to CEACAM1-Fc. No CEACAM binding protein was observed for 035E while its transformants D1 and D2 both bound to CEACAM1.
Of these proteins, D2 migrated at a much higher molecular weight than expected for UspA1. B) SDS-PAGE gels stained with Coomassie (Gel) and
corresponding Western blots (CC1 and CD33) overlaid with CEACAM1-Fc and CD33-Fc respectively. Bacterial lysates of 035E D1 and D2 were
preincubated without (—FA) or with 70% formic acid (+FA) and then heated at 100°C for 5 min. In the case of D1, a high molecular weight band (*) is
no longer seen in the gel after formic acid treatment and one prominent CEACAM-binding band was observed in the Western blot with or without
prior formic acid treatment. Thus heat alone (—FA) appears to be sufficient to induce a level of dissociation of the protein and so affect the migration
of the protein, whereas formic acid treatment results in its complete dissociation (+FA). In the case of D2, formic acid treatment was required for the
dissociation of the D2 high molecular weight band in the gel and correlated with the appearance of a lower molecular weight CEACAM binding band
(>). Note the laddering effect on the D2 CEACAM-binding blot in the absence of formic acid is characteristic of some oligomeric coiled coil adhesins.

Whilst regions of interest are presented here, full gel and blot images are shown in Fig. S1.

doi:10.1371/journal.pone.0045452.g001

have identified that not all UspA proteins possess this epitope [26].
Further investigations on the molecular nature of UspA proteins
identified a number of modules or motifs, the presence of which
varies between different UspA proteins. For example, modules that
mediate CEACAM-binding have only been identified within
UspAl proteins sequenced thus far; whilst the repetitive motif Ser-
Ile-Glu (SIE), appeared to be restricted to UspA2 proteins [26,27].
Our studies have previously demonstrated that CEACAMs are
bound by Mx via UspAl proteins [12,13]. Further, the region
responsible for CEACAM binding was located within amino acids
578-597 of strain MX2 [27] within the so called rD-7 region [13].
Strains that lack the region responsible for CEACAM binding i.e.
035E and TTA37 fail to bind CEACAMI1 [27]. This was
confirmed in other studies that showed no CEACAMI1 binding
by the Mx strain ATCC43617 that lacked the sequence equivalent
to rD-7 [28]. As a relatively small number of UspA proteins have
been sequenced to date, we examined the distribution of
CEACAMI-binding ability across a range of Mx isolates. In
addition, we investigated if key functions such as CEACAM
binding may be transferred between UspAl/UspA2 proteins
through recombination, such an event has not been recorded
previously.

Here we report that the CEACAM-binding region of MX2
uspAl can recombine into the uspA genes of strain 035E conveying
CEACAM binding to both UspAl and UspA2 proteins within this
strain. In addition, a screen of Mx isolates revealed the presence of
a novel group of UspA proteins with UspA2-like properties in
~14% of CEACAMI1 binding strains tested. These proteins
possessed the capacity to bind to CEACAMs as well as vitronectin.
Additionally, and for the first time, we have demonstrated that
vitronectin can mediate adhesion of Mx to human epithelial cells.
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The implications of these findings relating to our understanding of
the UspA protein family and vaccine design are discussed.

Results

Transformation with a CEACAM binding uspA1 gene
leads to acquisition of CEACAM binding function by M.
catarrhalis

Repetitive sequences present within uspd genes of Mx suggests
inter- and intra- genomic recombination events could occur
between uspAd genes leading to the expression of novel UspA
proteins possessing altered functional properties. In order to test
this hypothesis, the uspAI gene from strain MX2 (which possesses
the rD-7 region shown to mediate binding to CEACAMs; [13])
was used to transform 035E (the UspAl of which lacks the
majority of the rD-7 region; [27]). Following transformation,
bacteria were grown on HBHI agar and colony blotted. Blots were
overlaid with CEACAMI-Fc and the colonies that bound
CEACAMI-Fc were selected for further analysis. When whole
bacterial cell lysates of CEACAMI binding colonies were
subjected to SDS-PAGE and Western blots of the gels overlaid
with CEACAMI-Fc, no CEACAMI1 binding protein was observed
for the parental strain 035E as reported previously [27,28].
However, of the CEACAM-binding 035E variants, two different
CEACAMI binding variants were apparent (Fig. 1A, Fig. S1).
One derivative (termed 035E D1) possessed a CEACAM binding
protein at ~120 kDa, the second (termed 035E D2) possessed a
higher molecular weight CEACAMI1 binding profile and several
bands could be observed >250 kDa (035E D2 Fig. 1A). These
data suggested that the motif encoding the CEACAMI1 binding
region of MX2 uspAI had recombined within the genome of 035E
leading the functional expression of the CEACAM-binding motif.
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In addition, it would appear that two independent recombination
events have occurred within the strain 035E. This is the first time
the functional domain responsible for CEACAM binding has been
shown to be transferred between strains of M. catarrhalis.

Nature of the novel CEACAM binding proteins within
035E

We have previously shown heating to be sufficient to allow the
oligomeric UspAl proteins carrying the CEACAM binding motifs
to dissociate into monomers [12,13]; a property well recognised for
the UspAl proteins [11]. Accordingly, the CEACAM1-binding
protein of D1 of the strain 035E was heat modifiable (Fig. 1A) and
its monomers migrated with an apparent molecular weight of
~120 kDa (Fig. 1B). However, D2 behaved in a different manner
as it did not dissociate into monomers on heating and migrated as
a high molecular weight oligomer, a behaviour typically associated
with UspA2 (Fig. 1A) [11].

On the other hand, formic acid treatment of Mx can be used to
dissociate UspA proteins into monomers [29]. In order to confirm
the UspA2-like nature of the D2 CEACAM binding phenotype,
bacterial lysates were solubilised with 70% formic acid prior to
electrophoresis. This treatment resulted in dissociation of D2 into
monomers that migrated at approximately 80 kDa and bound to
CEACAMI (Fig. 1B). Based on the treatment required for the
dissociation of D1 and D2 and their relative monomer size (UspA2
proteins are typically smaller than UspAl, [25]) the data suggest
integration of the CEACAM binding domain from MX2 uspAdl
into uspAlgene for D1 of 035E, and unexpectedly, the uspA2 gene
of D2.

Sequencing the uspA variant genes

In order to confirm if the CEACAM binding motif had indeed
integrated into both UspAl and UspA2 of strain 035E, and if so
the position of integration, uspAI, and uspA2 genes were amplified
from MX2, 035E, D1 and D2 by PCR using conserved primer
pairs (Fig. 2). For the Mx strain MX2 gene products of ~2.6 kb
and 1.8 kb were obtained which corresponded to uspA! and uspA2
respectively and for 035E, gene products of ~2.5 kb and 1.6 kb
were obtained for uspAl and uspA2 respectively. All four gene
products were of the expected sizes for these strains based on the
primer positions and available sequences for the genes. On the
other hand, for D1, uspAl was ~2.8 kb, which is larger than the
parental 035E uspAI (~2.5 kb), whilst uspA2 remained unaltered in
size at ~1.6 kb. For D2 uspAl was the same size as 035E parental
uspAl at ~2.5 kb. However, uspA2 was ~1.8 kb, which is larger
than the parental 035E uspd2 (~1.6 kb). The data suggested that
two different insertions had occurred in 035E, one of ~300 bp in
uspAI tfor D1 and another of ~200 bp in uspA42 for D2.

In order to determine the positions of the insertions, uspA/ and
uspA2 from D1 and D2 were sequenced. An alignment of the
sequence translations confirmed that for D1 the CEACAM
binding domain integrated into uspAl of 035E whereas for D2 it
had integrated into the uspA2 gene and both of these events led to
the gain of CEACAMI1 binding function of the previously non-
binding 035E proteins (Fig. 1). Given overall homology between
the uspAl genes, it is not surprising that such recombination would
be possible and from sequencing, it was observed that recombi-
nation introduced the amino acid 391-617 coding region of MX2
uspAl within uspAl of 035E at the expense of some of this gene
(Fig. 3A). Overall the recombination appeared to lead to a net gain
of 99 amino acids which correlates with the increase in PCR
product observed (Fig. 2).

For D2, it was clear that recombination had resulted in the
introduction of a region of MX2 uspA1 encoding amino acids 445—

PLOS ONE | www.plosone.org

Novel UspA Proteins Bind CEACAM1 and Vitronectin

035ED1

035E D2 035E MX2

3 kbp

uspA1
2.5 kbp

2.0 kbp
uspAz2

1.5 kbp

Fig. 2. Identification of uspA genes from M. catarrhalis CEACAM-
binding variants. PCR of Mx D1, D2, 035E and MX2 for uspal (upper
panel) and uspA2 (lower panel). Compared to 035E, uspAT showed an
increase in size in D1, whilst uspA2 of D2 was larger than the parental
035E. Note uspAT of D1was larger than both 035E and MX2 genes. Data
are representative of PCR products obtained on several occasions.
doi:10.1371/journal.pone.0045452.9002

653 into 035E uspA2 again at the expense of some of the original
035E gene resulting in a net gain of 70 amino acids (Fig. 3B). In
the case of both D1 and D2, the entire minimal CEACAM1
binding region identified within UspA1l of MX2 (amino acids 578—
597, TNLGILHSMVARAVGNNTQG; [27]) has been inserted
in either UspAl, or UspA2 of 035E. Outside this region a point
mutation resulted in a N601S substitution suggesting this may
have been present in the MX2 uspA/ PCR product. However, and
as expected, since this amino acid (S601) falls outside the known
CEACAM binding region both derivatives are still able to bind to
CEACAMI (Fig. 1). This is the first time a functional domain has
been shown to move between distinct autotransporter adhesins of
M. catarrhalis by in vitro transformation highlighting the potential for
rapid development of heterogeneity amongst clinical isolates whilst
maintaining functionality needed for colonisation and/or viru-
lence.

CEACAM binding variants within the Mx population

Given that the CEACAMI binding region of UspAl integrates
into UspA2 un vitro without any selective pressure, it is possible that
such variants occur i vivo. To address this possibility, a panel of
100 1solates were screened for CEACAM binding by soluble
receptor overlay of Western blots. Of the 100 isolates, 71 bound to
CEACAMI. Whilst the majority of isolates possessed CEACAM1-
binding proteins which dissociated into monomeric form by
heating, suggestive of UspAl (not shown), 10 of the CEACAMI1-
binding isolates (14%) possessed higher molecular weight CEA-
CAM binding proteins similar to the CEACAM1-binding protein
of 035E D2 (representative isolates are shown in Fig. 4A, B). As
observed previously no CEACAM binding to 035E was observed
within this region of the blot (Fig. 4A, B).

Analysis of CEACAM binding variant proteins

In order to confirm if the CEACAM1-binding proteins within
these isolates were like UspA2 in biochemical nature, represen-
tative novel CEACAMI binding isolates (S1:4, S1IN:1, S36:1,
S43:4 and S45:5) were treated with 70% formic prior to
electrophoresis and Western blotting. One Mx isolate (MX1)
was previously demonstrated to possess a high molecular weight
CEACAMLI binding protein [12]. At that time, this protein was
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Fig. 3. Alignment of UspA variant proteins obtained in strain 035E on transformation with the MX2 uspA7 gene. Sequences were
aligned by pairwise alignment using the ClustalW method within MegAlign DNASTAR software. The overall consensus (Con) strength is shown by
coloured histograms above each aligned amino acid; increasing height and colour (light blue-red) indicates increased consensus strength. Sections
of alignments are indicated for 035E UspA1 amino acids 447-664 against D1 UspA1 (A). Alignment of 035E UspA2 amino acids 249-412 against D2
UspA2 (B). Note in both cases the insertion of amino acids equivalent to UspA1 of MX2 (defined in the results section) indicated by continuous runs of
light blue histogram in each sequence. For reference the amino acid number corresponding to UspA1 (A) and UspA2 (B) from 035E are indicated on
the left hand side of each respective alignment. The minimal CEACAM1 binding sequence of UspA1 from MX2 (TNLGILHSMVARAVGNNTQG) is

highlighted in yellow.
doi:10.1371/journal.pone.0045452.9g003

considered an anomalous UspAl protein. In order to assess
whether this protein was similar in nature to those under
investigation, MX1 was also included within these studies. In
contrast to the pattern observed on heating in the absence of
formic acid (Fig. 4B), following formic acid treatment, a single
CEACAMI1 binding protein was observed in each case, the
smallest being ~83 kDa (S45:5 and MX1) and the largest being
~117 kDa (S11IN:1; Fig. 4D). No CEACAMI binding was
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observed to the negative control strains 035E and MXI3.
However, for strain MX2 a ~100 kDa band was observed
binding to CEACAMI which corresponded to UspAl (Fig. 4D).
The specificity of binding was confirmed using CD33-Fc and
SIGLEC1-Fc constructs; which did not bind to any of the
CEACAM binding proteins of these strains (Fig. S2). All protein
sizes are larger than reported for some previously identified UspA2
proteins with one even larger than expected for some UspAl
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CEACAM1-Fc (B). As observed with 035E D2, the novel CEACAM-binding proteins migrate with a higher apparent molecular weight compared to
UspAT1 monomers (even after heating of bacterial lysates normally sufficient to dissociate UspA1 into its monomeric form). No CEACAM binding was
observed to parental 035E. The laddering effect observed on the CEACAM-binding blot (B) is characteristic of some oligomeric coiled coil adhesins
but is not detected by the less sensitive Coomassie Stain (A). (C-E) Several Mx strains were treated with formic acid prior to electrophoresis and the
gel after electrophoresis was stained with Coomassie Blue (C) and the corresponding Western blots overlaid with CEACAM1-Fc (D) or anti-rD-7
polyclonal antiserum (E). Following treatment with formic acid, the CEACAM1-binding proteins migrate with higher Mr and react with the antiserum
raised against the recombinant polypeptide rD-7 encompassing the UspA1 CEACAM-binding region of Mx strain MX2. No binding of either
CEACAM1-Fc or anti-rD-7 was observed to MX13 lacking expression of both UspA1 and UspA2. (F) Western blot showing binding of anti-rD-7
antiserum to the protein co-precipitated using CEACAM1 (+CC1) compared to the control co-precipitation which used protein A- sepharose alone
(—CC1). Bands were observed at ~83 kDa and 90 kDa for MX1 and S43:4 respectively. UspA1 co-precipitated from MX2 migrated at ~100 kDa and
was detected by anti-rD-7 however, no protein detected by anti-rD-7 was co-precipitated from strain 035E. No CEACAM1 co-precipitated proteins
were detected by the control antiserum (Control). Whilst regions of interest are presented here, full gel and blot images including Fc and antibody
controls are shown in Fig. S2.

doi:10.1371/journal.pone.0045452.9g004

proteins (sequencing data to date give a predicted molecular
weight range of~83-96 kDa for mature UspAl and 60-76 kDa
for mature UspA2) [25,26]. There was an absolute correlation
between the binding of CEACAMI1-Fc by strains MX1, S1:4,
SIIN:1, S36:1, S43:4 and S45:5 and that of mouse antiserum
raised against rD-7, a recombinant containing the CEACAMI1-
binding region of MX2 UspAl (IFig. 4E). In addition, UspAl of
MX2 also bound CEACAMI1 and anti-rD-7 (Fig. 4E). Due to the
sequence similarity between UspA2 and the non-CEACAM
binding region for rD-7, UspA2 of both MX2 and 035E were
also detected by anti-rD-7. However, no CEACAMI1 or anti-rD-7
binding was observed to MX13 which lacks expression of both
UspAl and UspA2. Further, a protein could be co-precipitated
from octyl glucoside extracts of both S43: 4 and MXI1 using
CEACAMI-Fc (but not from controls lacking CEACAMI) and
this ligand was detected using anti-rD-7 antiserum (Fig. 4F) but not
control antiserum. UspAl co-precipitated from MX2 using
CEACAMI-Fc was also detected using anti-rD-7; however, no
protein detectable by anti rD-7 was co-precipitated from 035E
(Fig. 4F). The migration properties of the CEACAM binding
variants indicate that UspA2-like proteins possess the CEACAMI1
binding motif previously identified only in UspAl [13]. No strains
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of Mx appeared to express two bands simultaneously exhibiting
CEACAMI-binding, suggesting that strains tested to date either
express CEACAMI1 binding UspAl or the novel UspA2-like
protein described above but not both.

Sequence analysis of the variant CEACAM binding
proteins

Using the same conserved uspAl and uspA2 primers pairs used
above, genes were amplified from genomic DNA of strains S1:4,
ST1IN:1, S36:1, S43:4, S45:5 and MXI1. For strains S1:4, S36:1
and S43:4 no product was obtained using wuspAl primer pairs.
However, a larger than expected band was obtained for S11N:1
and S45:5 and MXI1 at ~4 kb (Fig. 5). This product is
considerably larger than previously identified uspAl genes (up to
3.2 kb [26]). Partial sequencing of the uspAl-like gene product
from MX1 did not identify the known CEACAM binding motif
present in UspAl proteins. However, further studies are underway
to obtain the complete sequence of the uspA-like gene from strains
MXI1 and S1IN:1 to ascertain if the known CEACAM binding
motif is present. Sequencing will be followed by functional analyses
to identify if these uspAdl-like genes are expressed or not. In the
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current study, products were obtained for all isolates using the
uspA2 primer pairs (Fig. 5). The relative sizes of the genes
correlated well with the relative size of CEACAMI binding
proteins observed in Western blot for each isolate (Iig. 4D). Again,
the largest gene product obtained was for STIN:1 (~2.8 kb) and
the smallest was for S45:5 (~2.1 kb). Given that the novel
CEACAMI-binding proteins migrate in a similar fashion to
UspA2, and genes of corresponding sizes can be amplified by
uspA2 primer pairs, these novel CEACAMI-binding variant
proteins are hereafter referred to as UspA2V (uspA2V gene).

Five of the uspA2V genes (S1:4, S36:1, S43:4, S45:5 and MX1)
were sequenced in order to verify the presence of the CEACAMI-
binding sequence further. An incomplete sequence for UspA2V
from S1IN:1 was obtained and therefore this strain was not
studied further. UspA2V from MXI and S45:5 were 99.7%
identical at the amino acid level. S1:4 and S36:1 were also 99.7%
identical, whilst S43:4 shared the least identity with the other
UspA2V proteins (67.0%—-76.3%). Thus three distinct sequence
types were observed in the five sequences obtained, all of which
contained the known CEACAM-binding sequence (Fig. 6). Of the
20 residue region identified spanning amino acids 578-597 of
UspAl from strain MX2 (ATCC25238), the majority were
conserved within UspA2V; the exceptions being T>N, N>A
and T>K in all sequences (equivalent to T578N, N593A and
T595K in UspAl of MX2). In addition, an S>T (S585T
equivalent) was present in strains S1:4, S36:1 and S43:4. Further,
QO>T and G>A are present in SI:4, S36:1 and S43:4. Whilst
O>D and G>R replacements are present in MX1 and S45:5
(equivalent to Q596T/D and Q597G/A of MX2, amino acids
differing from the CEACAMI binding domain in UspAl are
underlined in Fig. 6). Whilst not all usp42V genes were sequenced,
the presence of the CEACAMI-binding motif in other strains
within the UspA2V was shown using the anti-rD-7 antibody
overlay of Western blots and by PCR (using the uspA42 forward
primer and a reverse primer located within the CEACAMI-
binding coding region of the gene; Fig. S3). Anti-rD-7 bound to a
protein of size identical to that bound by CEACAMI and
appropriate PCR products could be obtained for these strains.
However, no PCR product was obtained using strains lacking

uspA2V such as MX2, S39:3 and S13M:3. Thus all UspA2V
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Fig. 5. Identification of uspA genes from Mx CEACAM-binding
variants. PCR of Mx S11N:1, S1:4, S36:1, S43:4, S45:5 and MX1 as
indicated for uspA1 (upper panel) and uspA2 (lower panel). uspAT PCR
gave no bands for uspA1 in strains S1:4, S36:1 and S43:4 whereas larger
than expected bands were observed for S11N:1, S45:5 and MX1. PCR
products were obtained for uspA2 for all strains tested. Data are
representative of PCR products obtained on several occasions.
doi:10.1371/journal.pone.0045452.9005
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proteins sequenced possessed the CEACAMI1 binding region
previously identified and in addition, in each case the key residues
identified by previous mutagenesis analyses (i.e. L1583, M586,
A588 and A590) were absolutely conserved.

Modular nature of UspA2V

Previous studies of the UspA proteins of Mx have identified
numerous repeat motifs within the UspAl, UspA2 and UspA2H
[25,26,30]. Although the UspA2V proteins were shown above to
possess the CEACAM binding motif, the genes could be amplified
using conserved uspA2 primers. We therefore compared their
sequences to identify which motifs the A2V proteins possessed
(Fig. 7A). All binding functions of the UspA proteins have been
attributed to the extracellular domains of the proteins thus the
reverse primer used in these studies binds upstream of the region
encoding the B-barrel and so this region was not included in this
analysis. The N-terminal region of the UspA2V has been trimmed
to the first amino acid of the mature protein identified using
SignalP. The three distinct A2V proteins share a similar C-
terminal region distinct from other UspA proteins in that they
contain three FET/FET like regions (Fig. 7A). Upstream of the
FET repeat region lie SIE/YEAN regions preceded by the
CEACAM binding domain in MX1, S$45:5, S36:1 and S1:4. S43:4
is an exception to this in that it possesses an NINNY and KASS
motif downstream of the CEACAM binding region. The NINNY
motif is present at least once and most commonly twice in all full
length UspA proteins described to date [26]. All UspA2V proteins
sequenced contain multiple SIE/YEAN motifs in the N-terminal
half of the molecule whilst there is a variation in the presence of
KASS, LAAY, FET and VEDL motifs between the three different
UspA2V protein types sequenced (Fig. 7B). The UspA2V proteins
contain domains previously only identified in UspA2 such as SIE,
and besides the CEACAM binding region, some contain domains
previously only identified in UspAl (VEDL observed in S36:1 and
S1:4). Overall the N-terminal region of UspA2V appears more
UspA2-like than UspAl-like, which is also the reason for the
successful amplification of the gene with the conserved uspa2
primer pairs used. It should be noted that UspA2V, whilst
possessing known UspA modules, appear to be distinct in modular
arrangement compared to previously identified arrangements of
UspA proteins in general. An alignment of UspA2V with complete
UspA protein sequences deposited in the NCBI protein database
revealed that the UspA2V proteins lie in a distinct cluster, further
removed from UspAl, UspA2 and UpsA2H than they are from
cach other. Thus the UspA2V appear to be a distinct and novel
group of UspA proteins.

Cellular interactions of Mx strains expressing novel

CEACAM binding UspA proteins

The above studies identified the potential of UspA2V to bind to
CEACAMs. However, an important function of UspA2 proteins
previously identified is that of vitronectin binding. The latter serves
to promote resistance to complement-mediated killing through
interference with MAC insertion into the bacterial membranes
[24]. It may also be possible that through vitronectin binding, Mx
may adhere to host cells by interaction with appropriate integrins.
Such a phenomenon has previously been reported for fibronectin
interaction with UspA1/A2 [17] but not for vitronectin-mediated
binding to integrins. In order to assess if the UspA2V proteins can
bind to human epithelial cells via both CEACAMs and integrins, a
series of experiments were carried out and are described below.

Cellular CEACAM binding: First we used 035E D2 and UspA2V-
expressing Mx strains and studied bacterial adhesion to A549 cells
by immunofluorescence microscopy. In this case A549 cells were
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Sequences were aligned by pairwise alignment using the Clustalw
shown to increase on A549 and colonic cells [33,34] and
unpublished observations. Mx were added to A549 cells either
alone, or preincubated with the CEACAM-binding polyclonal

expression of CEACAMI1, CEA and CEACAMSG6 has also been
antibody AO0115, which by binding to the N-domain of

isolates of Mx.
alignment method within MegAlign DNASTAR software. Strains are labelled at the right hand side of each sequence line. The top line below the

ive

ignment of UspA2V proteins of representat
aligned amino acid; increasing height and colour indicates increased consensus strength (dark blue<green<red). The CEACAM-binding regions of

UspA2V are highlighted in yellow and, within these regions, amino acids differing from the previous sequences identified in UspA1 are underlined.

and the numbers to the left hand side refer to the individual sequences. The overall consensus strength is shown by coloured histograms above each
doi:10.1371/journal.pone.0045452.g006

histogram boxes indicates the consensus sequence (Con). The numbering above the alignment indicates positions within the consensus sequence

pre-treated with IFN-y for the following reasons. Inflammatory

cytokines, especially IFN-v, levels increase in patients with COPD
[31,32] and hence target cells treated with IFN-y mimic the

inflammatory state in which COPD lung epithelial cells exist, to
some extent. In addition, following such challenge with IFN-y the

PLOS ONE | www.plosone.org
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Fig. 7. Modular arrangement and phylogenetic relationship of UspA2V proteins. The modular arrangements of UspA2V sequence type
obtained are shown for MX1, S36:1 and S43:4 (A). Modules are largely based on those identified in previous work on UspA proteins [25,26]. Where
possible, colour coding has been maintained with previous publications, with the exception that the minimal CEACAM binding domain identified is
now included as a distinct refined module [27]. Domains are scaled to indicate relative position and size within each protein sequence shown in
Figure 6. Note that all protein sequences identified contain the CEACAM-binding domain as indicated. In addition, schematics for UspA2 of strain
035E and UspA1 of strain MX2 have been included for comparative purposes. B) Phylogenetic relationship of UspA2V proteins. A Phylip Tree file was
generated by sequence alignments of UspA2V sequences against all complete UspA proteins in the NCBI protein database using MegAlign software.
An unrooted phylogenetic tree was generated by viewing the Phylip Tree file in TreeView software. The UspA2V proteins appear to be distinct from
UspA1 and UspA2/H proteins previously sequenced. Clusters of UspA1 and UspA2/H are labelled as indicated rather than individual sequences for
clarity of the figure. Scale bar represents nucleotide substitutions per site.

doi:10.1371/journal.pone.0045452.9007

CEACAMI1 (and also CEA and CEACAMS6) should block
CEACAM-mediated binding of Mx to A549 cells. Note that all
incubations were performed in the absence of serum to prevent
any serum protein (i.e. vitronectin and fibronectin) -mediated
integrin binding to the target cells to first define CEACAMI-
dependent interactions. Due to the high levels of agglutination
afforded by the Hag protein, to facilitate adhesion studies, Hag-
mutants of 035E, and D2 were used for the adhesion assays (no
Hag mutants could be obtained for clinical isolates in these
studies).

Several observations were made from these experiments. Firstly,
Mx 035E Hag- D2, possessing CEACAMI1 binding motif in
UspA2, showed higher levels of binding to A549 cells than
observed for the parental UspA2-containing 035E Hag- (Fig. 8).

PLOS ONE | www.plosone.org

Thus the presence of the CEACAM binding domain in UspA2
conferred improved binding to CEACAM-expressing A549 cells.
Secondly, the presence of A0115 did not inhibit 035E Hag-
binding to A549 cells, indicating residual CEACAM-independent
interaction of 035E Hag- (Fig. 8). Thirdly, for 035E Hag- D2,
binding to A549 cells was reduced in the presence of AO115, and
the resultant level was similar to that observed for 035E Hag-
parental strain. As we have observed previously [12], A549
binding by MX1 (now known to express an UspA2V protein) was
reduced in the presence of A0115. In addition, A0115 reduced the
binding of UspA2V-expressing S36:1 and S43:4 to A549 cells.
Thus the presence of the CEACAM-binding domain, UspA2
(035E D2) or the novel UspA2V (MX1, S36:1 and S43:4) enables
Mx to interact with CEACAMSs expressed on epithelial cells.

8 September 2012 | Volume 7 | Issue 9 | e45452
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Control A0115

035E Hag-

035E Hag - D2

MX1

S36:1

543:4

Fig. 8. Adherence of the Mx strains expressing CEACAM-binding variant UspA2 proteins to CEACAM1 expressed on A549 human
lung epithelial cells. A549 cells were pretreated with IFN-y for 24 h prior to infection previously shown to upregulate CEACAM1 expression [34].
Cells were infected with 035E Hag-, Hag- derivative of 035E D2 and clinical isolates MX1, S36:1 and S43:4 at an MOI of 100 for 1 hr at RT in medium
199 without serum. Infections were performed without (column 1), or with A0115 (anti-CEACAM binding polyclonal antibody; column 2). Following
infection, monolayers were fixed, blocked, and incubated with antisera as described in experimental procedures and rhodamine conjugated
secondary antibodies. As can be seen in the right columns, a dramatic reduction in Mx binding in the presence of A0115 occurred in all cases except
the Hag- mutant of the 035E parental strain which lacks CEACAM-binding properties. Antibodies not directed against the N-domain of CEACAM:s fail
to inhibit the interaction of Mx with A549 cells (not shown here; [12]). Data are representative of duplicate infections performed on at least two
separate occasions. Scale bar is 20 um.

doi:10.1371/journal.pone.0045452.g008
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Similar results were observed using A549 cells not-stimulated with
IFN-vy, although the bacterial binding levels were lower (Data
shown in Figure S4, left two columns).

Vitronectin-mediated cellular integrin binding

Vitronectin has been shown to exist as folded (native; nVn) and
open (activated; aVn) conformation within serum [35] and
previous studies have shown specific interactions of Neisseria
meningitidis proteins Opc and Msf (an autotransporter) with aVn
[36,37]. It has been suggested in a recent review that Mx may bind
to aVn to a similar extent as nVn [38]. However, their relative
roles in UspA2 binding and supporting cellular adhesion are not
entirely clear. We also wished to examine if Mx expressing novel
UspA proteins with CEACAM binding ability are able to utilise
nVn or aVn to adhere to A549 cells. As above, Mx adhesion to
IFN-y-stimulated A549 cells was assessed but the infection
medium 199 contained either nVn or aVn. To prevent
CEACAM-mediated binding, the antibody A0115 was incorpo-
rated in the medium (Fig. 9). The Mx strain 035E Hag- with
parental UspA2 demonstrated increased binding to A549 in the
presence of aVn but not nVn (Fig. 9). Similar binding levels were
observed for D2 in the presence of aVn indicating that acquisition
of the CEACAM-binding motif in UspA2 of D2 did not interfere
with vitronectin interaction (Fig. 9). The clinical strains expressing
UspA2V (MX1, S36:1 and S43:4) in similar fashion, did not show
an obvious increase in binding in the presence of nVn. However,
increased binding was apparent in the presence of aVn (Fig. 9).
The strong agglutination properties of the clinical isolates made
quantification of binding difficult, however, the apparent increase
in binding supported by aVn was quantified for strain S43:4 by
viable colony counting (Fig. S5). For all strains used, inhibition of
the aVn-mediated binding was observed in the presence of the
integrin-binding tetrapeptide RGDS but not the control peptide
RGES suggesting that integrins are involved in mediating Mx
interaction with A549 cells via aVn (Fig. 9). Note no inhibitory
effect of RGDS alone or in combination with A0115 was observed
in the absence of vitronectin (i.e. medium 199 with or without
AO0115, not shown). In addition, similar results were observed
using A549 cells not stimulated with IFN-y (shown in Fig. S4).
Overall the data suggest that Mx strains with novel CEACAM-
binding variant UspA2 proteins are able to sustain binding to
vitronectin and that activated vitronectin may be favoured and
convey a binding advantage over native vitronectin. This is the
first time to our knowledge vitronectin has been shown to mediate
cellular adherence of Mx. In addition, the binding via vitronectin
appears to involve integrins on the surface of epithelial cells as the
interaction can be inhibited in the presence of RGDS. Whilst the
apparent reduction of binding in the presence of RGDS implicates
integrins in mediating Mx adhesion via vitronectin, further studies
using specific anti-integrin antibodies are required to elucidate the
precise integrins involved in this process. Although the antibody
AO115 was used in this instance to fully observe the role of
integrins in adhesion, increased aVn-mediated binding of Mx to
A549 cells was also observed in the absence of AO115 (Fig. S6).
The greater role of aVn versus nVn in supporting adhesion was
also verified by assessing if the variant UspA2 expressing Mx
bound to aVn to higher levels than nVn (direct binding ELISA
shown in Fig. S7). The presence of both CEACAM and
vitronectin binding motifs on the same molecule does not appear
to impede the binding of Mx to either host protein. Thus, such
novel proteins appear to convey an adhesive advantage to the
organism and in addition may contribute to serum resistance of
these Mx strains.

PLOS ONE | www.plosone.org
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Discussion

In this study we have demonstrated that in the absence of
selective pressures, the CEACAM-binding region of MX2 uspAl
can recombine into the uspAl gene of strain 035E following i vitro
transformation conveying the ability to the strain to bind to
cellular CEACAMLI. Interestingly, the CEACAM binding domain
was also shown to be incorporated into UspA2 of 035E. This is the
first time this region has been shown to be incorporated into
UspA2 and to be present in a variant family UspA2V; the resultant
CEACAMI-binding function could be demonstrated in such
UspA2 proteins.

These findings suggest that regions of uspd genes could be
transferred between different usp4 family genes within the same
Mx strain, or following lysis of bacteria i viwo which may occur
through natural turnover of bacterial cells, the use of antibiotics or
through attack by the hosts immune defences. Such domain
switching would allow variation amongst the protein family which
could serve to aid the avoidance of acquired immunity of the host
against other regions of the UspA protein whilst at the same time
conserving adhesive and serum resistance functions.

A screen of 100 isolates of Mx identified 14% of CEACAMI
binding isolates tested to possess a CEACAMI binding protein
with UspA2-like properties. Sequencing and phylogenetic analyses
also revealed that such proteins not only contained a conserved
CEACAM binding motif, but also belonged to a distinct group of
UspA proteins which we have termed UspA2V. The discovery of
this novel group of proteins raises a number of questions. Firstly,
do these proteins represent a truly distinct subgroup of UspA
proteins? Based on our detailed analysis of five isolates, this would
seem to be the case. However, only a much broader sequencing
screen of UspA proteins would reveal the true population structure
of the UspA protein without bias that is naturally introduced while
using selective screens. Secondly, what are the implications for
vaccine design? Phase variation of UspA proteins has been
described previously [23,39]. Such on/off switching could affect
the efficacy of any vaccine based on these proteins. Studies have
identified the uspA! gene/UspAl protein expression to be present
in the majority of strains belonging to phylogenetic group 1 but
generally absent in strains identified belonging to group 2 or 3
[22,23]. The phylogenetic differences identified in these studies
also positively correlated with the ability of Mx to adhere to cells
(commensurate with high levels of UspAl expression) and to resist
complement-mediated killing which may be linked to UspA2
(group 1) compared to strains that lack adherence (low level of
UspAl expression) and serum sensitivity of group 2 and 3 strains
[22]. In this study, vitronectin binding was not examined and there
was no correlation of the presence or absence of the uspd2 gene
between serum resistant and serum-sensitive groups; although it
should be noted that protein expression was not examined.
MLST-based analyses found higher rates of recombination and
mutation within house keeping genes of the serum resistant group
compared to the serum-sensitive group suggesting that recombi-
nant events in general may well be higher in Mx strains belonging
to group 1 [40]. This study also acknowledged that the dichotomy
was not perfect with 86% of serum-sensitive isolates being assigned
to the serum-sensitive group [40]. Of the isolates shown in our
current study to possess UspA2V, 16S rRNA sequencing revealed
them to belong to phylogenetic groups 2/3 (data not shown).
However, it is possible that these isolates could represent a
minority proportion within these phylogenetic grouping and a
further screen would be required to prove otherwise. The findings
of this study demonstrate that despite belonging to phylogenetic
groups 2 and 3, the strains expressing UspA2V are able to interact
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aVn + RGES

Fig. 9. Evaluation of vitronectin-mediated adherence of Mx strains expressing CEACAM-binding UspA2 variant proteins to A549
human lung epithelial cells. A549 cells were pretreated with IFN-y for 24 h prior to infection to mimic epithelial inflammation. Cells were infected
with 035E Hag-, Hag- derivative of 035E D2 and clinical isolates MX1, S36:1 and S43:4 at an MOI of 100 for 1 hr at RT. Infections were performed in
medium 199 in the absence of serum but in the presence of A0115 to inhibit CEACAM-mediated interactions (see right column Figure 8 for binding in
the absence of A0115). In addition, media contained from the left, native vitronectin (nVn; column 1), activated vitronectin (aVn; column 2), aVn and
RGDS (column 3) and aVn and RGES (column 4). Following infection, fixed monolayers were treated as described in the legend to Figure 8. Higher
levels of Mx binding in the presence of aVn compared to nVn could be seen in all cases. In addition, a reduction of aVn-mediated Mx binding to A549
cells was observed in the presence of RGDS but not the control tetrapeptide RGES. Data are representative of duplicate infections performed on at

least two separate occasions. Scale bar is 20 um.
doi:10.1371/journal.pone.0045452.g009

not only with cell-expressed CEACAMs but also mediate cell
attachment via interaction with vitronectin. Although without a
knockout of UspA2V, we cannot state categorically that
CEACAM and vitronectin binding are solely due to UspA2V
expression by the strains examined, we have other evidence which
suggests this may be the case. A recombinant protein of UspA2V
derived from strain S43:4 showed binding to both CEACAM1 and
vitronectin in a dose dependent manner (Fig. S8). Thus it appears
that UspA2V is able to mediate both CEACAMI1 and vitronectin
binding. As the group 2/3 strains are thought to be older than the
group 1 strains in evolutionary terms and less virulent [40], our

PLOS ONE | www.plosone.org

findings suggest that strains expressing UspA2V could be a link in
the evolution of the more virulent group 1 Mx. Alternatively, they
could represent a separate branch that may have arisen from
recombinant events between group 1 and group 2/3 strains. It is
therefore interesting to note that despite belonging to group 2/3 a
number of strains, from which uspA42V was sequenced in this study,
were isolated from patients rather than from asymptomatic
carriers, indicating that they can be virulent. In the current study
we were unable to knock out either Aag or uspA2V using constructs
which we have successfully used for 035E in this study for Hag and
other studies for UspA2 (Hill and Virji unpublished observations).
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Knockouts were attempted using both natural transformation or
electroporation techniques. Whilst the precise reason for the lack
of transformants remains to be determined, this may be due to
sequence differences between existing knockout constructs and the
sequences within and flanking the genes in question. Whole
genome sequencing of strains expressing UspA2V may not only
address this matter, but also yield information regarding the
relationship of these strains with other MX isolates. For example,
previous studies have identified that strains of Mx express either
UspA2 or UspA2H but not both proteins [30]. Whilst only a single
gene product was obtained using uspA2 primers from clinical
isolates used in the current study, whole genome sequencing will
identify the presence of other uspAd-related genes or pseudogenes
within these strains.

To our knowledge, this is the first report of Mx interaction with
cellular integrins via vitronectin and of a clear preference for
binding to activated form of vitronectin. Previously, binding to
vitronectin has been shown to enhance serum resistance [24,38].
Thus the UspA2V proteins not only convey two independent
means of Mx adhesion to epithelial cells (to CEACAMs and to
integrins via aVn), but via vitronectin binding they also have the
potential to control a critical stage of complement function by
inhibiting the complement membrane attack complex.

Interestingly, previous studies have identified distinct cluster of
uspA2 genes belonging to group 2/3 [23], however, further
functional investigations on such gene products have not been
reported. The discovery of this novel group of UspA proteins
indicates the need for further studies in order to understand the
population dynamics relating to UspA proteins. It is interesting to
speculate that variation among the UspA proteins is driven by the
immune challenges faced by Mx during colonisation and
pathogenesis. Studies on H. influenzae have identified antigenic
variation in the outer membrane protein P5 (also known to bind to
CEACAMs) in prolonged carriage during chronic bronchitis.
[14,41]. Such variation within P5 clearly shows a selective
advantage within these bacteria. Individual residues within
autotransporters are also subject to immune pressure. For
example, individual amino acids have been identified within the
autotransporter adhesin pertactin of Bordetella species which are
subject to positive selective pressure, leading to changes which may
influence antibody recognition and immune evasion [42].
Although in both cases the studies identify antigenic drift within
strains rather than switching of whole functional domains between
strains/related proteins. Similar to H. nfluenzae, longitudinal
carriage of Mx has been demonstrated [43,44] and variation of
UspAl and UspA2/H proteins in different carriage isolates from
children have been reported [45]. However, no studies appear to
have examined i viwo variation of UspA proteins, either by
antigenic drift or domain switching, during continuous longitudi-
nal carriage or in disease conditions such as COPD exacerbation,
the current study highlights the potential for rapid homologous
recombination to occur during multiple strain carriage.

Considering i wviwo situations, it is pertinent to examine
environmental factors that alter bacterial phenotype. For example,
UspAl expression has been shown to increase following exposure
of Mx to temperatures mimicking those of the nasopharynx in
colder climates/seasons irrespective of phylogenetic group [46]. In
addition, to UspAl, RecA, the enzyme responsible for homologous
recombination within the Mx genome, is also upregulated at such
temperatures [47]. Thus bacterial ability to recombine and
produce adhesive specificities for targeting novel host tissues may
be enhanced. In vivo, the host target tissues may also present a
greater density of cell surface receptors, such situations arise
following inflammation. Increased production of inflammatory
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cytokines such as IFN-y (often observed following viral infection
[48]) can upregulate CEACAM expression on epithelial cells and
lead to increased bacterial adhesion and invasion [34,48]. Whilst
the latter study examined adhesion and invasion of Nesseria
meningitidis, it is possible that a similar scenario exists for other
CEACAM-binding pathogens such as Mx and Hi, both of which
also show increased carriage rates during winter months and
increased propensity to cause disease [49]. Increased carriage,
however, may also enhance the probability of increased transfor-
mation i vivo, and exchange of virulence properties within the
carriage population. Thus both environmental factors (such as
temperature) and host factors (such as prior inflammation) are
likely to drive antigenic variation of UspA proteins i vivo, leading
to new emergent phenotypes with heightened pathogenic poten-
tial. Whilst our studies have focussed on autotransporter proteins
from Mx; it is possible that similar recombination events leading to
the transfer of functional motifs between related autotransporter
family members could occur in other species. For example
Bartonella quintana expresses up to 4 members of the variably
expressed outer membrane protein (Vomp) family of autotran-
sporters. These autotransporter proteins are associated with
adhesion to host cells and extracellular matrix proteins. However,
not all Vomps function as ECM adhesins suggesting the
acquisition or loss of functional domains by proteins within this
family [50].

Autotransporters have proven successful as vaccine components,
with pertactin showing the highest correlation with protection
against Bordetella pertussis [51]. UspA proteins have long been
considered potential vaccine candidates and a common motif has
been described which leads to protection against Mx infection
[11]. Thus bacterial adhesins, including autotransporters, present
the bacteria with a “double edged sword” whereby maintaining
adhesion needs to be balanced against immune evasion during
evolution [52]. The current study identifies a functional motif
previously thought only to be present in UspAl proteins, to be
present also in a novel variant of UspA2 (UspA2V). Targeting
conserved motifs of known function present in multiple proteins
such as the CEACAM binding domain or domains responsible for
interaction with matrix proteins such as vitronectin and fibronec-
tin, may prove a useful strategy for vaccination; particularly as
certain functional domains may be necessary/contribute to
pathogenesis and colonisation and without which organisms would
be less likely to cause disease. We have previously shown the
CEACAM binding motif of UspA proteins to be immunogenic
and have adhesive blocking functions [13]. Overall, these studies
identify the need for further investigation into the vaccine potential
of UspA protein regions such as the CEACAM binding domain.
In addition, broader phylogenetic analyses of the UspA proteins
are required to further our understanding of the antigenic
variation within this protein family in order to inform future
therapeutic strategies.

Experimental Procedures

Bacterial isolates and culture

Mx isolates were grown on brain heart infusion (BHI) agar
(Oxoid Ltd, UK) supplemented with 10% heated horse blood
(TCS Biosciences Ltd, UK). All bacteria were cultured at 37°C for
1620 h in a 5% COy incubator unless otherwise indicated. To
screen clinical and carriage isolates for CEACAM binding strains,
obtained from either healthy volunteers or patients presenting with
cases of otitis media and COPD (approximately two thirds of the
1solates used were from patients). Isolates were obtained from
several contributors including Dr Anges Wold and Miss Susann
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Table 1. Otitis media or COPD-associated isolates of Mx
strains used in this study.

Strain Name Site of isolation

035E Middle ear fluid

MX2 ATCC25238 (type strain)
MX1 Sputum

STIN:1 Nasopharynx

S1:4 Nasopharynx

S36:1 Nasopharynx

S43:4 Nasopharynx

S45:5 Nasopharynx

doi:10.1371/journal.pone.0045452.t001

Skovjberg, Sahlgrenska University Hospital, Goteborg, Sweden.
Professor Mark Achtman University of Cork, Ireland [40] (see
http://mlst.ucc.ie/ for MLST data) and Professor Tone Tonjum
Oslo University Hospital, Oslo, Norway. Other strains including
MX1, MX2 and 035E have been described in previous studies
[12,27]. MX13 is a variant derived from ATCC25240 lacking
expression of both UspAl and UspA2. Further information on the
strains used for more detailed analyses in this study is provided in
Table 1.

Antibodies

Polyclonal antiserum against Mx was raised in rabbits using
standard protocols and whole cell lysates of multiple strains as
antigens. Anti-rD-7 antiserum was generated in mice by immu-
nisation with unconjugated polypeptide [(rD-7) 25-50 pg per
immunisation)]. All antisera were generated as a service within the
University of Bristol under a home office granted antibody service
project license. A0115 raised against human CEA (also binds to
CEACAMI and CEACAMSG6) was obtained from Dako (code
no. A0115). The antibody has been shown to inhibit Mx
interactions with CEACAMI1 previously [12].

Soluble receptor constructs and cell lines

Soluble CEACAM1-Fc has been described previously [53].
A549 human lung carcinoma cells (Flow laboratories) were
cultured in F12 Ham medium containing 10% foetal calf serum
(FCS; Lonza, UK).

Bacterial transformation with uspA1

Genomic DNA was purified from MX2 using a DNeasy Tissue
Kit (Qiagen) and uspal amplified by polymerase chain reaction
(PCR) using uspalF-uspalR primer pair. The resulting product
was cloned in pGEMTeasy (Clonetech). Purified pGEMTeasy-
uspAl was linearised with Psd and used to transform naturally
competent 035E according to previously described methods [54]
with the exception that 1ug of DNA was used in the
transformation.

Colony blotting

Colonies of 035E following transformation were plated onto
HBHI agar at ~1000-2000 colony forming units (cfu) per plate
and grown overnight at 37°C for 16-20 h in a 5% COy incubator.
Colonies were lifted onto nitrocellulose and nonspecific binding
sites blocked with 5% milk in phosphate buffered saline containing
0.05% Tween-20 (PBS-T). Colony blots were overlaid with
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CEACAMI-Fc (1 ug. ml™") and CEACAM binding detected
using anti-human-Fc alkaline phosphatase conjugated antibodies.

035E Hag knockout mutants

In order to reduce bacterial autoagglutination during cell
adhesion assays, Hag was knocked out of 035E and variants D1
and D2 by the following method. The /ag gene was amplified by
PCR using Hagl-HagR primer pairs (Table 2) and cloned into
pGEMTeasy. PGEMTeasy-hag was digested with AMfel and ligated
with the Kanamyecin resistance cassette excised by EcoRI digestion
of pUC4K. Insertion of kanamycin cassette at this position will
disrupt Hag beyond amino acid 69 of the gene product. The Hag
knockout construct was used to transform naturally competent Mx
as described above. Hag knock out mutants were selected by
growth on HBHI containing 20 ug. ml™' kanamycin. Hag
knockout was confirmed by SDS-PAGE and spectrophotometric
agglutination assay (data not shown). Although variable aggrega-
tion was observed for the other clinical isolates used within this
study no Hag knockout mutants could be generated using the
same construct by either natural transformation or electropora-
tion.

Immunoprecipitation of the ligand with CEACAM1-Fc

To capture the bacterial CEACAM-binding ligand, 100 pl of
protein A (50% slurry) coupled to sepharose CL-4B (Sigma) was
incubated with 20 ug of CEACAMI-Fc overnight at 4°C and
subsequently washed three times with PBSB (Dulbecco’s complete
PBS) to remove any unbound receptor. Simultaneously, overnight
cultures of bacteria were suspended in 100 mM octyl-B-p-
glucopyranoside (OG; final concentration) in PBSB containing
protease inhibitor cocktail (PIC). Samples were mixed end-over-
end overnight at 4°C.. Insoluble bacterial material was removed by
centrifugation at 10,000 g for 15 min. Soluble supernatant was
divided in two 500 ul aliquots and incubated with either
CEACAMI-Fc—Protein A sepharose complex or the control
(protein A-sepharose alone) for 3 h at 4°C. After washing 3 times
with 50 mM OG and PBSB, samples were dissociated with Formic
acid as described below prior to electrophoresis and Western
blotting.

SDS-PAGE and Western blotting

Bacterial lysates were prepared in SDS-PAGE dissociation
buffer and heated at 100°C for 10 min. Where indicated, bacterial
lysates were pretreated with 70% formic acid (v/v) and incubated
overnight at room temperature in the dark. The sample was then

freeze dried, resuspended in an appropriate volume of sample
buffer and either heated at 100°C or left at RT for 10 min. Whole-

Table 2. Primer names and sequences used in this study.
Primer

Name Sequence (3'-5')

uspalF  5'-AATGCCGCAGGTCACTTG-3'

uspalR  5-'TTTCCAGCGGTAACTGCC-3'

uspa2F  5-’GAAAACCATGAAACTTCTCC-3'

uspa2R  5-’ATAAGGCTGGAATAGACC-3'

D-7R 5-'GTGTGTTATTTCCTACCTGTCTTGCAACCATGCTGTGAAGG-3’
HagF 5-'AATCACATCTATAAAGTC-3'

HagR 5-'AAAGTGAAAACCTGCACC-3'
doi:10.1371/journal.pone.0045452.t002
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cell lysates of Mx (~3x10” per lane) were applied to 7.5% Tris-
Glycine polyacrylamide gels and run under standard conditions.
Proteins from the gels were transferred to nitrocellulose mem-
branes, and the membranes were overlaid with CEACAM1-Fc
(1 ug. mlI™!) to assess receptor binding which was detected as
described under colony blotting. Alternatively, blots were overlaid
with anti-rD-7 antiserum to detect the presence of the CEACAM-
binding motif and its binding detected with anti-mouse-alkaline
phosphatase conjugated secondary antibodies.

PCR and sequencing

Genomic DNA was extracted from Mx isolates using a DNeasy
Tissue Kit (Qiagen) according to the manufacturer’s instructions.
Genes were amplified using uspal and uspa2 primer pairs (Table 2)
purified using a PCR cleanup kit (Qiagen). Genes were sequenced
through the DNA sequencing service (http://www.dnaseq.co.uk),
using appropriate forward and reverse primers, as well as primer
D7R to ensure coverage. Sequence analysis and alignment was
performed using Lasergene EditSeq, SeqBuilder and MegAlign
software. Phylogenetic relationships were viewed using TreeView
following alignment in MegAlign. Sequence data have been
submitted to the GenBank database under accession numbers
JF706365 (MX1), JF706366 (S1:4), JF706367 (S36:1), JF706368
(S45:5) and JF706369 (S43:4).

Bacterial adherence to A549 cells

Confluent monolayers of A549 cells were, where indicated,
preincubated with IFN-y (100 U. ml™"; Sigma) in Medium 199
(Sigma) for 24 h. Prior to infection, cells were preincubated with
A0115 (100 pg. ml™" total Ig purified from rabbit serum) for
30 min at 37°C in medium 199 where indicated. Subsequently,
monolayers were incubated with ~100 bacteria per cell in
medium 199 without FCS (Lonza, UK). For studies on the role
of vitronectin, the infection medium 199 was supplemented with
nVn (10 pg. ml™! Molecular Innovations) or aVn (10 ug. ml™"
Sigma). For inhibition of integrin binding, monolayers were
preincubated with the peptide RGDS, RGES was used as a
negative control (both 0.25 mM) for 30 min at 37°C in medium
199 prior to infection. Non-adherent bacteria were removed by
washing 4 times with medium 199 and for immunofluorescence
microscopy, monolayers were fixed with 2% paraformaldehyde.
The monolayers were subsequently washed and blocked with 3%
bovine serum albumin in PBS containing 0.05% Tween 20 for
1 h. Adherent bacteria were detected using either specific antisera
raised against Mx or using normal human serum which proved
suitable for the detection of most of the isolates. Finally,
rhodamine conjugated secondary antibodies were used and
monolayers were examined using an Olympus IX70 microscope,
with x400 magnification.

ELISA and immunodotblot assays

ELISA plates (96 well, Dynex) were coated with whole cell
bacterial lysates of Mx by overnight incubation in carbonate buffer
pH 9.5 (~1x10? bacteria. ml™"). Either aVn or nVn (both 2 pg.
ml ™" in PBS) were incubated with immobilised bacterial lysates for
1 h at RT. Vitronectin binding was detected using polyclonal
antiserum raised against Vn, followed by AP-conjugated second-
ary antibody. All antibodies were incubated for 1 h at room
temperature in 1% BSA-PBS. ELISA plates were developed using
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SigmaFast p-Nitrophenyl phosphate substrate and absorbance was
measured at 405 nm (A405).

For immunodotblot overlay, Mx lysates were immobilised onto
nitrocellulose membrane, blocked with 3% BSA in PBS and
overlaid with aVn or nVn (2 pug. ml™"). To remove any aVn from
nVn preparations, samples were pre-incubated for 1 h with
heparin-agarose (heparin depleted nVn). To activate nVn by
unfolding, nVn preparations were heated at 56°C for 30 min
(heated nVn). Vitronectin binding was detected with rabbit
polyclonal antisera and AP-conjugated secondary antibodies.
Relative levels of antibody binding were ascertained by densitom-
etry using Scion Image software (Scion Corporation, Maryland

USA).
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