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ABSTRACT

Bacteria communicate with their hosts in part via surface, secreted and transmembrane
proteins (collectively the secretome) resulting in probiotic (beneficial) or pathogenic
(harmful) outcomes to the host. Therapeutic benefits of probiotic bacteria have been shown
previously, but the molecular mechanisms and the health-promoting effector components
involved are still being elucidated. Some evidence suggests that probiotic bacteria can
competitively adhere to intestinal mucus and displace pathogens. The adherence of probiotic
bacteria to human intestinal mucus and cells appears to be mediated, at least in part, by

secretome proteins.

Secretome proteins-encoding open reading frames can be identified in bacterial genome
sequences using bioinformatics. However, functional analysis of the translated secretome is
possible only if many secretome proteins are expressed and purified individually. Phage
display technology offers a very efficient way to purify and functionally characterise proteins
by displaying them on the surface of the bacteriophage. While a phage display system for
cloning secretome proteins has been previously reported it is not efficient for enrichment and

display of Gram-positive secretome proteins.

In this study a new phage display system has been developed and applied in direct selection,
identification, expression and purification of Gram-positive Lactobacillus rhamnosus strain
HNOO1 secretome proteins. The new phage display system is based on the requirement of a
signal sequence for assembly of sarcosyl-resistant filamentous phage virions. Using this
system 89 secretome open reading frames were identified from a library of only 10° clones,
performing at least 20-fold more efficiently than the previously reported enrichment method.

Seven of the identified secretome proteins are unique for L. rhamnosus HNOO1.

A L. rhamnosus HNOO1 shot-gun phage display library was also constructed to capture
proteins that mediate adhesion or aggregation, initial steps in establishing host-microbe
contact or forming multicellular aggregates, both of which may lead to beneficial effects —
colonisation of the gastro-intestinal tract and exclusion of pathogens. In search for proteins
involved in adhesion, a L. rhamnosus HNOO1 shot-gun phage display library was screened

against the human extracellular matrix component fibronectin commonly used as binding
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target by bacteria that colonise diverse tissues. This screen selected, instead of a fibronectin-

binding protein, a protein that binds to avidin, used to immobilise biotinylated fibronectin.

Affinity screening of the shot-gun library for binding to L. rhamnosus HNOO1 cells identified
a secretome protein, Lrh33, as an HNOO1-cell surface binding protein. This protein contains
two bacterial immunoglobulin-like domains type 3. Analysis of phage-displayed nested
deletions of Lrh33 determined that the proximal (N-terminal) immunoglobulin-like domain is
not sufficient for binding; only the constructs displaying both domains demonstrated binding
to HNOO1. Lrh33 does not have any similarity to previously identified Lactobacillus-binding
proteins and no match in the NCBI database (at a cutoff value of > e™*), hence it represents

potentially a new type of bacterial auto-aggregation protein.
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1.1 Probiotic bacteria

The human gastrointestinal tract (GIT) contains a complex, dynamic, and diverse society of
between 300 and 1000 microbial species and some 10** microorganisms in total [1, 2]. This
indigenous microbial ecosystem is essential to the overall health of the host by performing
important physiological functions, including protection against pathogens, nutrient
processing, stimulation of angiogenesis, development of the immune system during neonatal
life and regulation of host fat storage [3-6]. The microbial consortia are acquired at birth and
the process of re-colonisation occurs throughout life. The climax population of commensal
bacteria is dependent on environmental and genetic factors, whereas the influence of factors
including mode of infant delivery and diet remain controversial [7-9]. Thus this make-up of
the GIT microbial community is unique to each individual, in terms of the actual species

present and their relative proportions.

In the normal physiological state, the mucosal surface of the intestine must remain
immunologically hyporesponsive to commensal bacteria while retaining its capacity to
respond to a pathogenic challenge [10]. This homeostatic balance between tolerance and
immunity is exemplified by evidence that dysregulation of the balance can contribute to the
pathogenesis of numerous inflammatory conditions, including food allergies, inflammatory
bowel diseases (IBD) and intestinal cancer [11-15]. Given that over the past 50 years in
societies with improved medical care and hygiene, the steady increase of these diseases was
reported, the search for biotherapeutic agents that can ameliorate these pathological
conditions has been initiated. During the last two decades several studies have shown that
supplementation with preparations of “mono- or mixed cultures of live microorganisms
which, when applied to animal or man, beneficially affect host by improving the properties of
the indigenous microflora” [16]. Such microorganisms, collectively named probiotics (from
Greek “pro” and “biota” —“for life”’) may not necessarily be constant inhabitants of the GIT
but should be viable and have beneficial effects on the host. Although in recent years, it was
demonstrated that some cell wall components or DNA derived from a few probiotic strains

duplicated beneficial effects to the host by live bacteria [17, 18].

The health benefits attributed to probiotics are either nutritional or therapeutic in nature.

Enhanced bio-availability of minerals [19] and vitamins and increased digestibility of proteins
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in yoghurt are just some of the nutritional benefits that probiotic bacteria contribute to the
well-being of the host [20]. Numerous therapeutic benefits have been proposed, ranging from
treatment of conditions including gastrointestinal disorders, hyper-cholesterolaemia, lactose
intolerance, to suppression of pro-carcinogenic enzymes, immunomodulation and treatment of
food-related allergies [21, 22]. However, despite a vast literature on efficacy of probiotics
(e.g. >200 articles on probiotic efficacy of Lactobacillus rhamnosus GG [23, 24]), the precise

mechanistic basis of probiotic action remains a major research goal [25].
1.1.2  Selection of probiotic strains

Bacterial strains selected as probiotic candidates are often of human origin or are those
utilized in the food industry. The potential probiotic organism should not be contaminated
with pathogenic organisms and it should have GRAS status (Generally Recognised As Safe)
[26]. Some additional requirements have been proposed that successful probiotic strain needs
to have in order to be able to exert its beneficial effects. These includes the ability to (i)
adhere to host intestinal epithelial cells; (ii) exclude or reduce pathogenic adherence; (iii)
persist and multiply; (iv) coaggregate and form a normal, balanced flora [4]. However the
probiotics used today have not been selected on the basis of all these criteria but just several
of them. Though the efficacy of probiotics ultimately needs to be demonstrated in controlled
clinical trials to justify their use in specific disease prophylaxis, their primary selection is
based on a series of well-defined in vitro and in vivo tests aimed to demonstrate some of the

requirements mentioned above. [27].

Most probiotic bacteria fall into the group of microorganisms known as lactic-acid producing
bacteria, with majority belonging to two bacterial genera: Lactobacillus and Bifidobacterium.
A detailed description of probiotic activity of Bifidobacterium is beyond the scope of this

introduction and is covered by recent reviews [28, 29].

1.2 Lactic Acid Bacteria

1.21 General characteristics of lactic acid bacteria

Lactic acid bacteria (LAB) consist of a number of bacterial genera within the phylum

Firmicutes. The genera Aerococcus, Alloiococcus, Carnobacterium, Dolosigranulum,
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Enterococcus, Globicatella, Lactobacillus, Lactococcus, Lactosphaera, Leuconostoc,
Oenococcus, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus and Weissella are
recognised as LAB (Figure 1.1). Lactic acid-producing Gram-positive bacteria which are
often considered in the same context as LAB even though they are phylogenetically distinct
from the phylum Firmicutes are genera Microbacterium, Propionibacterium and
Bifidobacterium of the phylum Actinobacteria [30]. LAB are Gram-positive, non-sporulating
bacteria that ferment carbohydrates to lactic acid. Depending on the organism, metabolic
pathways differ when glucose is the main carbon source: homofermentative genera such as
Lactococcus and Streptococcus yield two moles of lactic acid from one glucose molecule,
whereas the heterofermentative genera (e.g. Leuconostoc) catabolise glucose into 1 mole of
lactic acid and additional products such as ethanol, carbon dioxide, acetate, formate and

succinate.

LAB are widely used in food fermentation for two reasons: to improve the aroma and texture
of food and to act as a preservative, inhibiting the growth of spoilage bacteria. However, LAB
are also found naturally associated with foods of animal origin such as dairy and meat, fresh
vegetables and natural plant environments, where fermentation can occur. Another important
type of niche occupied by LAB are animal and human cavities, including gastrointestinal
tract, the oral cavity and the vaginal cavity. LAB are present throughout the GIT in variable
amounts. For instance, species of Lactobacillus genus are among the dominant bacteria in the
small intestine (duodenum and jejunum) while in the colon they represent about 1% of the

microorganisms per gram of luminal content [31].
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Oenococcus

Streptococeus

Lactococcus
Leuconostoc
Enterococcus,
Melissococcus,
Tetragenococcus
Vagococcus
Carnobacterium
Lactosphaera

Weissella
Lactobacillus

Aerococcus

Alloiococcus

Dolosigranulum

Propionibacterium

Bifidobacterium

Figure 1.1.  Consensus tree of major phylogenetic groups of lactic acid bacteria

The tree is based on comparative sequence analysis of 16S rRNA, showing major
phylogenetic groups of lactic acid bacteria with low mol% G+C in DNA and the nonrelated
Gram-positive genera Bifidobacterium and Propionibacterium. The bar indicates 10%
expected sequence divergence; the size of the triangle indicates a number of species in the

genus. Adopted from [30] with permission.

1.2.2 Lactobacilli

1.2.2.1 General characteristics

Lactobacillus is the most numerous genus of LAB. It belongs to the class Bacilli, order
Lactobacillales and family Lactobacillaceae. About one hundred species of genus
Lactobacillus have been identified thus far [32], subdivided by 16S rRNA analysis, DNA-
DNA hybridisation and other phylogenetic methods, into three major subgroups:
Lactobacillus delbrueckii group, Lactobacillus casei-Pediococcus group and Leuconostoc

group [33]. Recently, complete genomes of all major branches of the order Lactobacillales
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have become available, enabling a more definitive analysis of evolutionary relationships
within this order [34]. Phylogenetic analysis of multiple ribosomal protein sequences showed
that the Pediococcus group is a sister to the Leuconostoc group, while Lactobacillus casei is
placed at the base of the L. delbruckii group, which contradicts the earlier classification, in

which L. casei and Pediococcus belong to the same phylogeny (Figure 1.2).

L. delbrueckii

'.':) oemn

L. gasseri

Leuconostocaceae L johnsonii

L. casei

1aes

L. mesentero

Lactobacillaceae

P. pentosaceus

S. thermophilus
Lactobacillaceae

L. brevis Streptococcaceae

L. plantarum L. lactis ssp. cremoris
L. lactis ssp. lactis

B.subtilis
(outgroup)

Figure 1.2.  Phylogenetic tree of Lactobacillales based on concatenated alignments of
ribosomal proteins.

All branches are supported at >75% bootstrap values. Species are colored according to the
current taxonomy: Lactobacillaceae, blue; Leuconostocaceae, magenta; Streptococcaceae,

red. Adopted from [34] with permission.

The cells of lactobacilli are mostly rod-shaped, varying in dimensions from 0.5x1.0 to
1.2x10.0 um. Lactobacilli are chain-forming and usually non-motile, although some are
motile with peritrichious flagella. A few strictly anaerobic species of lactobacilli exist, but the
majority are facultative anaerobes and anaerobic growth is generally enhanced by 5% CO..
The optimum growth temperature for lactobacilli is between 30 and 40°C. Each species
within the Lactobacillus genus has its own characteristic nutritional requirements. Using

glucose as a carbon source, lactobacilli may be either homofermentative or hemofermentative.
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Generally, at least half of the carbon-based end product is lactic acid [35]. Lactobacilli are
aciduric or acidophilic, with an optimal pH for growth at less than 5.5. Lactobacilli are thus
particularly well-adapted to habitats where fermentation occurs which are characterised by

low pH.

Lactobacilli are important in the production of foods that require lactic acid fermentation,
notably dairy products, fermented meats and breads. Their use in the food industry has a long
history, and the functions of these bacteria in the industrial setting have been well studied.
However, Lactobacillus species that inhabit the mucosal surfaces of animals and humans and
mechanisms of their action are much less known, despite an almost 100-year long research

interest.
1.2.2.2 General features of the Lactobacillus genomes

In recent years the rapidly growing wealth of Lactobacillus (and other LAB) genome
sequence data has shone not only a new light on their evolution but also on their
conserved/varying biosynthetic and metabolic capabilities. Lactobacillus genomes sequenced
to date range between 1.8 and 3.3 Mbp in size, with a G+C content ranging from 33% to 52%.
Plasmids were found in most Lactobacillus isolates. Some of these episomes are essential for
growth in specific environments and these carry genes encoding proteins involved in

metabolic pathways, membrane transport, and bacteriocin production [36].

The comparison of the number of predicted protein-coding genes between Lactobacillus
species and the most recent common ancestor revealed substantial gene loss and metabolic
simplification but also acquisitions of unique genes and a considerable number of lineage-
specific duplications [34]. Substantial gene loss manifests in smaller genomes with a
proportionally large number of pseudogenes and reduction of enzymes for biosynthesis of
amino acids. Compensating for this latter group of deficiencies, the Lactobacillus genomes
generally encode a large number of peptidases, permeases and transporters that allow use of
available extracellular protein as a source of amino acids. This trait occurred in species which
are adapted to life in nutritionally rich mediums such as milk and human GIT (e.g. L.
delbruckii group). For example, 1.86 Mbp genome of L. delbruckii spp. bulgaricus (hereafter
referred to as a L. bulgaricus) contains a very high number of pseudogenes (12% of the total
number of genes) and has extremely narrow biosynthetic repertoire for amino acids,

indicating an active and ongoing process of genome degeneration due to specialisation for life
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in the protein-rich milk environment [37]. In the species with larger genomes such as L.
plantarum (3.3 Mbp) and L. casei (2.9 Mbp), it is proposed that the loss of the ancestral genes
was compensated by emergence of many new genes via duplication and horizontal gene
transfer. Interestingly, the number of pseudogenes in these species is significantly lower (1.3-
3% of total number of genes) than in L. delbruckii group [34, 38]. Consistently, these two
species have broader adaptation that includes less nutritionally rich habitats such as plants and
vegetables, in addition to protein-rich environments such as meat, dairy products and the

human oral cavity and GIT.

Transposable elements and, particularly, IS elements as potential means of gene transfer are
present in all Lactobacillus genomes. They occupy from 0.2% of the genome in L. gasseri to
3.25% in L. casei genome [34]. With exception of L. bulgaricus, the similar trend was
observed for prophage-like elements and prophage remnants which contribute significantly

to bacterial interstrain variability [37, 39].

Promoter mapping by primer-extension analysis showed that lactobacilli -35 and -10 regions
closely resembled those of Escherichia coli and Bacillus subtilis. The region upstream of the
-35 motif, the AT-rich UP element present in E. coli and B. subtilis, is also conserved in

Lactobacillus species [40, 41].

1.2.2.3 Cell surface of Lactobacilli

The surface properties of lactobacilli are of major importance in fermentation technology.
For example, in dairy product manufacturing, adhesion of lactobacilli to a material is a first
step leading to biofilm formation, which allows continuous inoculation in yogurt or cheese.
The cell surface of lactobacilli also has an important role in host-microbe and microbe-
microbe interaction in the GIT. The Gram-positive cell wall of Lactobacillus consists mainly
of peptidoglycan, (lipo)teichoic acids, proteins and polysaccharides. The peptidoglycan layer
is composed of linear chains of alternating N-acetylglucosamine and N-acetyl-muramic acid
units, which are themselves connected by a B—(1,4)-glycosidic bond, and short peptide chains
of three to five amino acids attached to the N-acetylmuramic acid [42]. A variety of
molecules cover or are embedded in the peptidoglycan layer. Lipoteichoic acids (LTA) are
anchored in the cytoplasmic membrane by their lipidic tail whereas teichoic acids are
covalently attached to the peptidoglycan. Both polymers are potent immunogens and can be

regarded as the Gram-positive equivalent of Gram-negative lipopolysaccharides. LTA was
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also found to act as an adhesion factor in some lactobacilli [43]. Neutral polysaccharides can
be covalently or loosely bound to the cell wall, or as in case of extracellular polysaccharide
(EPS) they can be released into the medium. In some Gram-positive bacteria
polysaccharides/EPS form a thick capsular shell while in others they only decorate the cell
envelope. EPS and polysaccharides in general differ in various Gram-positive bacteria not
only in the nature of sugar monomers, but also in their mode of linkage, branching and
substitutions (noncarbohydrate substances). These polysaccharides are extensively studied in
pathogens as they contribute to their virulence. A few examples of immunomodulatory
activity of the surface polysaccharide from commensal and probiotic bacteria have also been
reported (e.g. Bacterioides fragilis, L. bulgaricus and Lactobacillus rhamnosus RW-9595M)
[21, 44, 45].

The most abundant surface proteins (10-15% of the proteome) in several Lactobacillus
species are the S-layer proteins [46]. They are noncovalently bound to the cell wall and
assemble into surface layers often completely covering the cell wall. S-layers of some
lactobacilli, such as L. brevis ATCC 8287, L. crispatus and L. helveticus, were shown to be
involved in adhesion to different host surfaces and competitive exclusion of enteropathogens
[18, 47, 48]. However, for many other species of the Lactobacillus genus specific functions of

the S-layer are still unknown.



Chapter IA 9

Neutral polysaccharide Teichoic acid

Lipoteichoic acid

Cell wall
proteins

'-‘-—-d-é‘.q l, -
.-‘r e 3 ‘; e 1))
.;-.‘f@ s i i

oo oco;;.o’ {. m

1“‘
5
I

uea|Bopndad

BUR IGUUISLL
ewse|d

Figure 1.3.  The cell wall of a Gram-positive bacterium.

The bilipidic plasma membrane with embedded proteins is covered by a multilayered
peptidoglycan shell decorated with neutral polysaccharides, cell wall-associated proteins,
lipoteichoic acids and teichoic acids, surrounded by an outer envelope of S-layer proteins.
Non-flagellar appendages, pili, are built of covalently linked pilin subunits which are after
assembly attached to the cell wall by a transpeptidase called housekeeping sortase. Adapted

from [42] with permission (not to scale).

Another complex structure allegedly present on Lactobacillus cell surface are pili [49]. In
pathogenic bacteria pili play key roles in the adhesion and invasion processes and in
pathogenesis in general. Emerging evidence suggests that pili of commensal bacteria have a
role in enhancing adhesion and subsequent colonisation of the GIT [50]. Components and
mechanisms of pilus assembly differ between Gram-positive and Gram-negative bacteria. For
example, subunits of Gram-negative type | or P pili are assembled by donor strand exchange
mechanism, in which incomplete immunoglobulin-like fold of each subunit is complemented
by a B strand of the neighbouring subunit [51]. In Gram-positive bacteria, major (or shaft)
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pilin subunits and tip are covalently cross-linked one to another as well as to the cell-wall by
the action of the house-keeping sortase (pilus attachment to the peptidoglycan) and pilin
polymerase (subunit polymerisation) [52, 53]. Individual proteins displayed on the cell
surface of lactobacilli are attached either to the cytoplasmic membrane or cell wall
components of the cell wall envelope. Chapter IB, section 1.4, describes in detail cell surface

anchoring and roles of these proteins.

1.3 Lactobacillus rhamnosus HNOO1

1.3.1  History

In the mid-1990’s a large culture collection (of over 2000 strains) of Lactic Acid Bacteria
(LAB) held at Fonterra Research Centre was subjected to a series of assays to identify strains
with functional characteristics typical of probiotic bacteria. Following an initial screening of
strains for withstanding GIT environment and colonisation, four strains were identified as
putative probiotic strains [54]. Three of the selected strains were of dairy origin and one was
of human origin. Further on, these strains were subjected to a “health” screen in animal
models to establish some of their probiotic properties and test their safety. Through these
tests, a strain of dairy origin, isolated from cheddar cheese, Lactobacillus rhamnosus, was
designated HNOO1 and shown to have an excellent set of basic probiotic characteristics: it was
safe for human consumption, it colonised the human gut and stabilised the microflora within,
and enhanced parameters of both innate and acquired immunity [55-58]. Being a cheese-
fermentation isolate, L. rhamnosus HNOO1 was also suitable for use as an adjunct during
cheese manufacture, to reduce adventitious microflora, accelerate cheese ripening, and
improve cheese flavour. As a result of flavour-enhancing and probiotic attributes, HNOO1 has
been marketed by Fonterra under the DR20™ trademark and is used today in a variety of

dairy products, predominantly on international markets.
1.3.2 HNOO01 genome

To fully unlock the potential value of HNOO1, a draft genome sequence of this strain has been
obtained (unpublished at the time the thesis was written but available since September 2008 in
GeneBank; accession # ABWJ00000000). Initially the sequence information was generated

by shot-gun sequencing of small and large insert libraries. By the time this research work
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commenced about nine-fold coverage was achieved. The complete genome is estimated to be
~ 3 Mb in size by pulse-field agarose gel electrophoresis (B.Kelly, AgResearch Ltd — New
Zealand; unpublished observations), with an average G+C content of 46.4%, within the range
reported for other L. rhamnosus and species of L. casei phylogeny group (L. casei, L.
paracasei, L. zeae and L. rhamnosus). Strain HNOO1 harbors two plasmids, 8.75 Kbp and
31.55 Kbp in size. The draft genome sequence was compared against publicly available
databases and to date over 300 genes with potential involvement in flavour, survival and
probiotic activity have been identified (Patent number EP1711609). Subsequently, the HNOO1
genome was sequenced with 454 technology, giving a further 36-fold coverage and the two

plasmids were completely sequenced (GeneBank accession # NC_011223 and NC_011225).

1.3.3 Probiotic characteristics of L. rhamnosus HNOO1

In initial screening for the health-promoting bacterium, L. rhamnosus HNOO1 showed ability
to survive and propagate at conditions likely to be encountered in human GIT, such as low pH
(2.0-3.0) and high bile acids concentration (0.4-1%) [54]. This newly isolated strain did not
have previous history of use in food products therefore it was necessary to establish its safety.
General safety of HNOO1 was assessed in both mice and human feeding trials. Results
suggested that HNOO1 is non-toxic, non-invasive at the mucosal surfaces and free of antibiotic

resistance-linked plasmids, hence likely to be safe for human use [57, 58].

Presumably, adhesion to intestinal cells and exclusion or reduction of pathogen attachment are
important attributes of probiotics. HNOO1 adheres to various intestinal cell lines (Caco-2, HT-
29 and HT29-MTX) and is able to colonise the human GIT and “stabilise” microflora in the
intestine [56]. With regard to exclusion or reduction of pathogen adhesion, there is evidence
that HNOO1 reduces the severity of E. coli O157:H7 infection in mice [59]. Furthermore,
HNOO1 protects mice against infection by Salmonella [60]. This protection effect correlates
with enhanced immunity manifested as increased anti-pathogen antibody titre and
phagocytosis responses. The mechanisms by which HNOO1 inhibits pathogen infection are not
fully understood at present. It has been reported that other probiotic strains hamper the
virulence of pathogens through mechanisms other than competitive adhesion to target cells,
for example through production of antibacterial substances and bacterial aggregation [61-63].

HNOO1 aggregates in laboratory culture, but it is still unknown whether the same is true in
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vivo (in the GIT). If so, aggregation could extend HNOO1 retention in GIT and biofilm

formation.

The ability to modulate immune function has been well-established for only a few LAB
strains, however a large variation exists in the level and mechanisms of immunomodulation
[64]. Research involving ex vivo cell and animal models, as well as human clinical studies,
has shown that several indices of natural and acquired immunity were enhanced after
consumption or application of HNO001. Phagocytic (monocytes, macrophages,
polymorphonuclear leukocytes) and natural killer (NK) cells are the major effectors of natural

immunity and their activity was found to be significantly increased by HNOO1 [55, 65, 66].

T cells are the main effectors and regulators of cell-mediated immunity. On activation by
antigen or pathogen via antigenic-presenting cells, T cells synthesize and secrete a variety of
cytokines that serve as growth, differentiation and activation factors for other
immunocompetent cells. T helper cells can be subdivided into at least three functional types,
Thl, Th2 and Th17, based on their cytokine profile. Thl cells produce cytokines IL-2, IFN-y
and TNF and they are vital for cell-mediated immunity. The Th2-type cytokines include IL-4,
IL-5 and IL-13,which are associated with humoral immunity and allergic responses [65]. In
excess, Th2 responses counteract the Thl mediated microbicidal action. Optimally (in healthy
subjects), Thl and Th2 response are well balanced and suited to the immune challenge. In
animal studies, mice fed with HNOO1 produced significantly greater amounts of IFN-y [67]. In
contrast to reported effects of L. casei Shirota, HNOO1 feeding did not appear to down-
regulate Th2 cytokines in antigen-primed mice, suggesting a different mode of immune
regulation from pro-Thl/anti-Th2 [67, 68]. In summary, the results indicate that L. rhamnosus

HNOO1 is a general immunostimulatory agent.

1.4 Colonisation of the human GIT by lactobacilli

1.4.1 Intestinal epithelium

Intestinal epithelium forms a barrier that plays a fundamental role in cross-talk between the
host and the luminal content. It consists of a single layer of columnar epithelium supported by

connective tissue known as lamina propria (Figure 1.4). The lamina propria is traversed by
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blood and lymphoid vessels and contains innate and adaptive immune cells. The intestinal
epithelial cells (IECs) are joined firmly together by the intercellular tight junctions to prevent
paracellular traffic. The apical surface of IECs contains microvillar extensions that create a
brush border, while the basolateral side is covered with a sheet of specialised extracellular
matrix, basement membrane [10]. Extracellular matrix (ECM) is also located between
adjacent IECs and is sealed off from the lumen by a tight junction. The ECM is a complex
mixture of matrix proteins, such as fibronectin, collagens, laminins, various proteoglycans,
and non-matrix proteins, including growth factors. Collagen I and fibronectin can be also shed
into the mucus. The ECM is exposed to bacteria in the lumen during the sloughing off of
epithelial cells and in case of tissue trauma. Adherence of pathogens to ECM has been
investigated thoroughly, demonstrating that ECM-binding is often the mechanism by which

they colonise and infect the host [69].

The physical barrier made of IECs and lamina propria is reinforced by the presence of a
continuous layer lining, at the apical side of IECs, composed of the mucus and the glycocalyx.
The mucus is widely distributed throughout the GIT, and is produced by Gablet cells present
in the epithelium throughout the intestine. This polysaccharide network forms a relatively
rigid and sticky structure, in which bacteria are trapped. Intestinal mucins, the major protein
component of the mucus, provide attachment sites for commensal and pathogenic microbes by
interacting with bacterial cell-surface polysaccharides and protein appendages like pili [70].
Lined in mucus, bacteria are eliminated by the intestinal peristalsis and the massive and
permanent hydrous flow from the digestive tract. In addition to the physical barrier, the
mucosal lining is characterised by the production of a broad spectrum of antimicrobial
peptides including defensins, calthelidins and calprotectins [71]. These antimicrobial peptides

represent a significant biological barrier at the mucosal surface against bacterial pathogens.
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Figure 1.4.  Surface of small intestine of humans.

I) The left diagram (adapted from [72] with permission) shows detail of the surface of the
small intestine with villi, intestinal crypts and supporting lamina propria. I1) The right
diagram (adapted from [10] with permission) shows simple columnar epithelial cells that
exhibit physical and biochemical adaptations to maintain barrier integrity including actin-rich
microvillar extensions (a), epithelial-cell tight junctions (b), apically attached and secreted
mucus and a glycocalyx layer (c) and the production of various antimicrobial peptides (d).
Specialised intestinal epithelial cells known as M cells overlie lymphoid organs, Peyer's
patches and lymphoid follicles, to facilitate luminal sampling. M cells exhibit reduced mucin
secretion and have modified apical and basolateral surfaces (e) to promote uptake of luminal
contents and its transport to professional antigen-presenting cells that inhabit the subepithelial
dome (SED) of the Peyer's patches and lymphoid follicles (f). Specialized dendritic cell (DC)
subsets can also extend dendrites between the tight junctions of intestinal epithelial cells to

sample the luminal contents (g).

Sampling the luminal content by the immune system is facilitated by specialised lymphoid
structures that constitute the mucosal immune system, including mesenteric lymph nodes,
Peyer’s patches in the small intestine, colonic patches and isolated lymphoid follicles. These

structures are overlaid by follicle-associated epithelium containing specialised cells, called M
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(microfold) cells. Although M cells are derived from IECs they lack microvilli on their apical
side and mucus and glycocalyx coating. M cells are adapted to uptake and transport luminal
antigens, including antigens from enteropathogenic and commensal bacteria as well as food-
derived antigens, to the underlying lymphoid tissue. Probably due to the lack of protective
structures at their apical surface, M cells are often utilised by pathogenic bacteria for invasion.
In addition to M cells, specialised intestinal dendritic cells located in the lamina propria of

the small intestine can directly sample the luminal environment [73].

1.4.2  Aggregation

The ability to form multicellular aggregates has been shown to play an important role in
colonisation of the oral cavity [74] and the urogenital tract [75]. It is a rather complex
phenomenon due to many physical and chemical forces that can drive the interaction between
cell surfaces of bacterium and host tissues. The aggregation ability comprises
autoaggregation, characterised by clumping of cells of the same strain, and coaggregation in
which phylogenetically distinct bacteria become attached to one another via specific surface
molecules. Several aggregation-promoting factors (Apf), located on the cell surface or
secreted, showing great diversity, have been described previously in the lactobacilli, including
the DEAD-box helicase AggH of L. reuteri 1063 [63], the S-layer protein CbhsA of L.
crispatus JCM 5810 [76], and a 2 kDa hydrophilic peptide of L. gasseri 2459 (Table 1.1) [77].
In vivo studies indicate that bacteria with aggregating phenotypes persist longer in the GIT
compared with non-aggregating phenotypes [78, 79] and that adhesion, auto-aggregation and
co-aggregation are correlated [80, 81]. As in the case of autoaggregating strains, strains with
co-aggregating ability have a great advantage by forming large co-aggregates to already
established colonizing biofilm of other species [82]. Conversely, co-aggregation of
lactobacilli with pathogens may exclude or reduce adhesion of pathogens to the host tissue,
possibly by promoting removal of co-aggregates or competition for binding to the mucosal
tissue. In summary, co-aggregating strains have competitive advantage over non-aggregating
planktonic bacteria and present one of the GIT defence mechanisms. Co-aggregation-
promoting factors (Cpf) have been analysed widely in oral and dental environments where
biofilm formation is crucial for survival of bacteria, but only a few studies described Cpf(s) of
the Lactobacillus species. One example is cell-wall associated protein, Cpf, of L. coryniformis
DSM 200017 which was reported to mediate co-aggregation with E. coli K88, Campylobacter
coli, and Campylobacter jejuni [83].
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Table 1.1.  Auto-aggregation and co-aggregation promoting factors identified in
lactobacilli
Species Aggregation Subcellular localisation  Reference
promoting factors
L. reuteri 1063 AggH Cell wall protein [63]
L. crispatus JCM CbsA Cell wall [76]
5910
L. coryniformis Cpf Cell wall protein [83]
DSM 200017
L. gasseri 2459 2 kDa peptide Secreted [77]
L. paracasei High molecular mass Cell wall protein [84]
BGSJ2-8 Apf
L. crispatus M274  Metabolic enzymes, Cytoplasm, Cell wall [85, 86]
EF-Tu
L. reuteri Extracellular Secreted [87]
TMW1.106 polysaccharides

1.4.3 Adhesion to human GIT

Adhesion, even temporary, of probiotics to the GIT epithelium prolongs their persistence in
the GIT and as a consequence may influence the host health by affecting the local microbial
composition or by stimulating the mucosal immune system. Adherence to the surface of a
healthy GIT usually begins with adhesion to the mucus layer, followed by adhesion to the
intestinal epithelial cells (IECs). In the case of invasive pathogens, attachment to the IECs is a
requirement for subsequent internalisation and invasion. Initial attachment may be mediated
by non-specific forces, particularly hydrophobicity and surface charge, but persistence is
achieved by interactions between specific bacterial surface components, known as adhesins,
and host receptor molecules on the colonised surface. Bacterial adhesins include
carbohydrates, lipids, phosphodiester-containing polymers ((lipo)techoic acids) and cell

surface proteins or protein structures, such as pili. Apart from surface-associated components,
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bacteria may also secrete soluble components that associate with other bacterial cells to

promote adhesion [88] (see Figure 1.3 for a diagram of the Gram-positive cell wall surface).

Pathogenic bacteria have evolved an incredibly large and diverse array of adhesion and
invasion molecules that enable them to exploit a variety of IECs surface components. Besides
complex protein structures such as pili [89-91] , a plethora of simple adhesins exist which
recognise many different elements of IECs surfaces, including components of the
extracellular matrix (ECM) such as collagens, laminins and proteoglycans. Host glycoproteins
such as vitronectin, laminin, fibrinogen, and especially fibronectin are also recognised by

many different species of bacterial pathogens [92].

One of the largest group of microbial adhesins belongs to sugar-binding proteins, lectins.
Bacterial lectins display exquisite specificity for the target tissue. They interact with
carbohydrates such as D-mannose, D-fucose, D-galactose, sialic acid and N-acetyl-
galactosamine exposed on the host cell surfaces in the form of glycoproteins, glycolipids and
polysaccharides [93]. Another class of microbial surface adhesins are MSCRAMMs
(microbial surface components recognising adhesive matrix molecules), which specifically
interact with the ECM ligands. To be classified as a MSCRAMM, the interaction with the
ECM ligand must have high affinity and must be specific. Many examples of MSCRAMMSs
exist and a number of these are described in several reviews [94-96]. A large number of
MSCRAMMs are fibronectin-binding proteins, originally identified in Gram-positive
pathogens Streptococci and Staphylococci. One of the fibronectin-binding proteins identified
in Streptococcus pyogenes is Serum Opacity Factor (Sof) [97]. This multifunctional virulence
determinant is a cell-wall bound protein consisting of two distinct domains; an N-terminal
apolipoprotein Al-binding domain and a C-terminal repeat domain that binds fibronectin and

fibrinogen.

There are many other characterised adhesins that bind to components on intestinal surfaces
other than those in the ECM. Examples of well-studied adhesins that also bind ligands other
than ECM components are the M proteins from Streptococcus pyogenes which can bind a
range of ligands, including fibrinogen, CD46, galactose, fibronectin, laminin,
fucose/fucosylated glycoproteins and sialic acid-containing ligands, depending on the sero-

type of M protein [98].
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Another functionally diverse group of proteins often involved in attachment and invasion of
host IECs and ECM by pathogenic bacteria are the cell surface-associated proteins with
immunoglobulin-like (Big) domains [99]. Ubiquitous Big domains can be found in all
kingdoms of life, including dsDNA phages. Although Big domains have a common basic
topology (seven B-strands arranged into two distinct sheets packed in a parallel manner), their
amino acid sequences are highly divergent [100]. Immunoglobulin-like domains can bind
small molecules, hormones, or large protein complexes. The well-characterised bacterial
representatives of this superfamily are type 1 pilus-associated adhesin (e.g. F17-G) of E. coli
[101], intimin of enteropathogenic E. coli [102] and invasin of Yersinia pseudotuberculosis
[103]. A Big domain plays a direct binding role in the type | pilus adhesin F17-G [101],
whereas Big domains in intimin and invasin, arrayed as repeats, act as linkers that project the
receptor-binding C-terminal domain away from the bacterial surface therefore providing

higher accessibility for interaction.
1.4.4  Characterised adhesins of Lactobacillus species

To study the complex process of adhesion to the IECs, many in vitro model systems have
been developed, because in vivo experiments are difficult to carry out. The most routinely
used are human intestinal cell lines, Caco-2, HT-29 and mucus producing cell line HT-29-
MTX, as well as immobilised matrix proteins and protein mixtures, including mucus and
ECM proteins. However, to date, there has been no standardisation of the conditions used in
above in vitro assays, leading to great variability of results obtained for identical bacterial
strains in different laboratories. In spite of these difficulties, some of the Lactobacillus key

adhesion factors have been characterised in detail.
1.4.4.1 Mucus binding proteins

Mucus-adhering bacteria usually have short residence in the mucus layer due to the constant
change of composition and expression of mucin, main glycoprotein of mucus (Figure 1.4).
This dynamics of mucous layer assures protection of the host against pathogens. Nevertheless,
mucus also provides a habitat for commensal bacteria, including Lactobacillus species, and
this association has been confirmed by several in vitro and in vivo studies. In most cases,
adhesion of lactobacilli to the mucus layer is mediated by proteins located on bacterial cell
surface, although examples of mucus binding mediated by secreted proteins [104], LTA and

carbohydrates have been reported [105]. Mucus-binding proteins (MucBPs) have been
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identified and fully characterized from four different Lactobacillus species: Mub from L.
reuteri 1063 [106], the mannose-specific adhesin, Msa, from L. plantarum WCFS1 [107],
Mub from L. acidophilus NCFM [108] and LspA of L. salivarius UCC118 [109, 110]. These
proteins are covalently attached to the cell wall by a cell wall-anchoring transpeptidase called
sortase [52]. MucBPs share conserved mucus-binding domains, which consist of repeats.
Although these repeats are typically 50 amino acid residues in length, in silico search of
several publicly available databases identified MucBP-like domains (or MUB) ranging in size
up to 200 residues [111]. It appears that these longer MUB domains are unique for LAB.
According to the same study, MUB-containing proteins are more abundant in GIT-associated
lactobacilli than in cheese or environmental isolates, which supports the hypothesis that this

domain is involved in the adherence to intestinal mucus.
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Table 1.2.
Adapted from [112].
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Functionally characterised adherence factors in lactobacilli.

Lactobacillus  Adhesin  Target for binding Number and type of Reference
strain name adhesive domains
L. acidophilus ~ Mub Human epithelial cell lines 17 MucBP (PF06458) [108]
NCFM and mucus
SIpA Human epithelial cell lines 2 MucBP (PF06458) [108]
FbpA Human epithelial cell lines 1 fibronectin-binding [108]
and fibronectin domain (PF05833)
1 Domain of unknown
function (PF05670)
L. brevis SIpA Human epithelial cell lines, No hits in Pfam
ATCC 8287 fibronectin, collagen and
laminin
L. crispatus ChsA Collagen I, IV and laminin 1 SLAP Bacterial
JCM 5810 containing regions in human  surface layer domain
colon and ileum and (PF03217)
bacterial LTA
L. helveticus Slp Human epithelial cell lines 1 SLAP Bacterial [18]
R0052 surface layer domain
(PF03217)
L. johnsonii EF-Tu Human epithelial cell lines 1 EF-Tu, GTP binding [113]
NCC 533 and mucus domain (PF00009)
1 EF-Tu domain 2
(PF03144)
1 EF-Tu C-terminal
(PF03143)
GroEL Human epithelial cell lines 1 TCP-1/cpn60 [114]
and mucus chaperonin family
(PF00118)
L. plantarum Msa Mucus via Mannose binding 1 legume lectin domain [38]
WCSF1 (PF00139)
4 MucBP (PF06458) [107]
L. reuteri 1063 Mub Mucus components 14 MucBP (PF06458) [106]
L. reuteri CnBP Collagen 1 bacterial extracellulal [67, 115]
NCIB 11951 solute-binding domain
(PF00497)
L. reuteri 104R  MapA Caco-2 cells and mucus 1 bacterial extracellulal [116]
solute-binding domain
(PF00497)
L. salivarius LspA Human epithelial cell lines 8 MucBP (PF06458) [109, 110]

UCC118
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Not all mucus-binding proteins contain MucBP-domain. For example, Pfam domain analysis
[117] indicated that MapA, a mucus adhesion-promoting protein of L. reuteri 104R, did not
contain MucBP domains. Instead it was predicted that MapA belongs to the family of ABC
transporters because two domains characteristic for extracellular substrate-binding domains of
ABC transporters were detected [116, 118].

1.4.4.2 Proteins mediating adhesion to the intestinal epithelium and

extracellular matrix

The adherence capacity of some lactobacilli to intestinal epithelial cells and surrounding
extracellular matrix has been associated mostly with surface proteins or proteinaceous arrays
such as S-layer proteins. Binding of lactobacilli to ECM components, which may be exposed
if the epithelial layer is injured, could prevent the adhesion to and colonisation of damaged
tissue by invading pathogens [119]. A possible ECM adhesin is the collagen-binding protein
(CnBP) of L. reuteri NCIB 11951 (Table 1.2) [120]. The translated amino acid sequence of
CnBP shows two motifs typical of extracellular solute-binding domain of bacterial ABC
transporters [115]. Another example of an extracellular component of an ABC transporter
binding not only to the mucus but also to intestinal epithelial cells is the above mentioned
MapA protein from L. reuteri 104R [116].

In spite of the identification of many S-layer protein-encoding genes, the biological functions
of most of these proteins are still to be defined. Adhesion to IECs via S-layer proteins has
been described for several Lactobacillus species. Four Lactobacillus S-layer proteins have
been fully characterized: CbsA of L. crispatus JCM 5810 [67, 76], SIpA of L. acidophilus
NCFM [108], Slp of L. helveticus R0O052 [18] and SIpA of L. brevis ATCC 8287 [48]. These
proteins mediate adhesion to intestinal epithelial cells. In addition to IECs-binding capacity,
SIpA of L. brevis ATCC 8287 [48] also binds fibronectin and CbsA of L. crispatus JCM 5810

[67] binds laminin and collagen.

Another type of Lactobacillus ECM adhesins are fibronectin binding proteins (Fbp).
Surprisingly, only a few lactobacilli Fbp(s) have been fully characterised, in spite of the
strong evidence that a plethora of Gram-positive pathogens use fibronectin-binding as a major
colonisation route. In addition to S-layer (SIpA) protein of L. brevis ATCC 8287, L.
acidophilus NCFM cell surface-associated protein FbpA was found to bind fibronectin [108].
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FbpA of NCFM is the only protein found in lactobacilli that contains fibronectin-binding
domain homolog to those in fibronectin-binding proteins in Streptococcus mutans and
Streptococcus gordonii. However, this domain was not detected in L. brevis Fn-binding
protein SIpA. By inactivating the FbpA, reduction in adherence to Caco-2 cells by 76% was
observed, indicating that FbpA is an important factor contributing to the ability of L.
acidophilus NCFM to adhere to epithelial cells. L. rhamnosus HNOO1 binds to fibronectin,
either soluble or immobilised, and to Caco-2 cells; however the mediator of the adhesion has

not been identified as yet [121].

1.4.4.3 Unconventional Lactobacillus surface proteins and non protein

molecules mediating adhesion

Several atypical Lactobacillus adhesins have been reported. The elongation factor Tu (EF-
Tu), a cytosolic guanosine nucleotide-binding protein involved in protein biosynthesis, was
found located at the cell surface of L. johnsonii NCC 533 [113]. None of presently known
domains or motifs needed for transport and attachment to the cell wall were detected in EF-
Tu. Interestingly, cell-surface localisation of EF-Tu was observed in other lactobacilli and
Mycoplasma pneumoniae [113, 122]. The L. johnsonii NCC 533 surface-associated EF-Tu
was shown to mediate adhesion to human intestinal epithelium as well as mucus. The second
unexpected L. johnsonii NCC 553 protein found to bind to human IECs and mucus is the heat
shock protein GroEL [114]. This protein is normally located in the cytoplasm and is a
mediator of protein folding. Similar to EF-Tu, no membrane-targeting or anchoring motifs

were detected.

Recently, a cell surface-associated GAPDH of L. plantarum LA 318 was found to mediate
adherence of this strain to human colonic mucin [123]. The authors suggest that GAPDH may
act as lectin-like protein, recognising the sugar chains on the mucus. This is the only example
of Lactobacillus GAPDH being involved in mucus adhesion although the surface-associated
GAPDH (and enolase) from L. crispatus ST1 was previously shown to bind plasminogen
[124]. A few reports also showed that some pathogens possess a surface-localised GAPDH
which can bind to various host proteins such as plasmin(ogen), fibronectin, laminin and actin
[125, 126]. Asin case of EF-Tu and GroEL, GAPDH is localised on the cell surface in spite

of the lack of a conventional N-terminal signal sequence or a membrane-anchoring motif.
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Two non-protein cell surface polymers, LTA and EPS, have been demonstrated for some
Lactobacillus strains to act as adhesins. LTA has been reported to affect Lactobacillus
adhesion to GIT and more specifically to mediate the adhesion of L. johnsonii NCC 533 to
Caco-2 cells [127]. EPS, which can be loosely attached to the cells or secreted, plays a
significant role in biofilm development and in immunomodulation of some Lactobacilli.
However, the adhesion capacity of EPS is still to be defined. A study of L. rhamnosus GG
EPS-mediated adhesion to human intestinal mucus suggests that EPS has no significant effect
on adhesion to this fraction of intestinal epithelium [128]. Recently, L. rhamnosus HNOO1
EPS adhesion and immunomodulation properties have been assessed (M. Collett, Fonterra —
New Zealand; unpublished observations), and this data suggests that HNOO1 EPS has a
significant inhibitory effect on adhesion to fibronectin and the mucus-producing HT29-MTX

cell line, as well as on auto-aggregation, and has no direct role in the immuno-modulation.
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1.1 Definition of the secretome

The term secretome will be used in this thesis for the collection of secreted, surface and
integral membrane proteins excluding secretion pathways components. The secretome
comprises a wide range of proteins that mediate interactions with the environment, such as
receptors, adhesins, transporters, proteins that form complex cell surface structures such as
pili and secreted proteins such as enzymes, toxins and virulence factors. In bacteria that
colonise the human organism, secreted proteins mediate attachment to the host, destruction of
the host tissue or interference with the immune response [129-131]. In pathogenic bacteria,
variation of a surface protein between strains of a species can indicate its role in evading the
immune response [132-135]; conversely, conserved surface proteins that are capable of

inducing a protective immune response are sought as vaccine candidates [136].
1.2 Secretion pathways

Secretome proteins have been reported to constitute 10-30% of the total number of encoded
proteins in bacteria [137, 138]. To be released from the cell membrane or get attached to it,
secretome proteins must pass through one or more membranes. A remarkable array of
mechanisms that catalyse protein secretion have been invented in the course of evolution.
Fifteen such systems, which handle protein secretion, sorting and membrane integration, are
present in the Bacteria alone [139]. The Sec (secretion) pathway for translocation of proteins
across the cytoplasmic membrane is ubiquitous and essential in every organism. In E. coli it
consists of two protein-targeting pathways, S(ignal)R(ecognition)P(article)/Fth and SecB/A,
and a multisubunit protein-translocase complex, SecYEG. Three other systems can transport
proteins across the cytoplasmic membrane independently of Sec translocon. One consists of
YidC, for transport of transmembrane proteins with small extracellular domains, present in
bacteria, some chloroplasts and mitochondria of eukaryotes [140, 141]. This protein can work
by itself or in complex with the SecYEG translocase. The other system, Tat (twin arginine
transport), is exclusively independent of Sec machinery [142]. The Tat system is the only
translocation pathway characterised thus far able to transport prefolded and often multimeric
proteins across the cytoplasmic membrane. Finally, some proteins can self-integrate into the

cytoplasmic membrane of bacteria and export a specific substrate protein. Such proteins are
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holins, small membrane proteins of phage origin, mainly involved in energy-independent

secretion of autolysins in processes relevant to apoptosis [143, 144].

The other secretory pathways currently recognised in bacteria are classified as Sec(Tat)-
dependent or Sec(Tat)-independent based on their dependence or otherwise from Sec or Tat

machinery for targeting of secretome proteins to the cytoplasmic membrane.

1.2.1  Sec-dependent and Sec-independent secretion systems of Gram-

negative and Gram-positive bacteria

While the transport across the cytoplasmic membrane is sufficient for Gram-positive
secretome proteins to be released into the extracellular milieu, in Gram-negative bacteria
secretome proteins need to cross an additional membrane, the outer membrane (OM). Several
dedicated secretion pathways (T1SS-T6SS) fulfil this role in Gram-negative bacteria. In
addition, systems exist in Gram-negative bacteria for assembly of complex surface structures
such as pili, flagella or fimbriae, as well as systems for assembly/secretion of filamentous
phages. For some of these secretion systems, equivalents have been identified in Gram-

positive bacteria.

Secretion systems T2SS, T5SS and the Chaperon/Usher (CU) pathway depend on the Sec
machinery for transport of proteins across the cytoplasmic membrane [137]. Once released in
the periplasm by Sec (or in few cases Tat) machinery many enzymes and toxins of Gram-
negative bacteria use the T2SS pathway for secretion across the OM [145]. Translocation
through the OM is mediated by multi-subunit “channels” formed by proteins termed secretins
(e.g. outer membrane secretin PulD of Klebsiella spp. [146]). Conversely, substrates of T5SS,
autotransporters, do not need any special channel or pore for the transport across OM. These
modular, extracellular or OM-associated, proteins secrete their N-terminal auto-catalytic
protease/effector domain through the OM via their channel-forming C-module. Many Gram-
negative enzymes (e.g. IgA-protease of Neisseria spp.[147]) and adhesins (e.g. invasin YadC
of Yersinia spp. [148]) are autotransporters (T5SS). Another Sec-dependent secretion
pathway, Chaperone-Usher pathway (CU), is linked to the assembly of adhesive surface
structures such as type | pili and P pili [145]. No equivalents of T2SS, T5SS and CU

pathways are identified in Gram-positive bacteria.
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Trans-envelope secretion systems encompassing cytoplasmic and outer membrane of Gram-
negative bacteria, independent from Sec pathway, include T1SS, T3SS, T4SS T6SS and
holins. T1SS or ABC transporter-dependent systems are found in archaea, eubacteria and
eukaryotes. In general, ABC transporter-dependent systems are heterotrimeric complexes
consisting of ATP-binding subunits, integral membrane subunits (permeases) and periplasmic
(or lipoproteins in Gram-positive bacteria) substrate-binding subunits. In Gram-negative
bacteria, T1SS in addition contains an outer membrane channel that interacts with the ABC
transporter. A wide range of substrates (proteinaceous and non-proteinaceous), including
various virulence factors, are secreted in a single step through ABC transporters to the

extracellular milieu.

Type 11 secretion systems (T3SS) are exclusively found in Gram-negative bacteria including
some important pathogens (Salmonella, Yersinia, Shigella, Escherichia, Pseudomonas).
Evolutionarily it is related to the flagellum assembly system. The function of T3SS secretion
is transport of virulence factors from bacterial cytoplasm directly into the cytoplasm of the
host cell. This requires formation of a complex molecular structure, the “molecular needle”
that spans three biological membranes. Similar to T3SS, type IV secretion system (T4SS)
forms multi-subunit protein complex to transport proteins and nucleic acids across bacterial
and host cell membranes into the host cell cytoplasm (e.g. CagA virulence factor from
Helicobacter pylori [149] and A. tumefaciens T plasmid [150]). Some substrates secreted to
the extracellular environment by T4SS depend on the Sec system (e.g. pertussis toxin of
Bordetella pertussis [151]). T4SS is identified in both Gram-negative and Gram-positive
bacteria [152]. Recently, investigation of the virulence-associated secretion cluster from
Vibrio cholerae led to discovery of a novel class of Gram-negative secretion systems, termed
type VI (T6SS) [153]. How exported proteins are targeted and secreted across the cell
envelope in this system is not yet clear, but it is likely to be Sec-independent, considering that

T6SS substrates do not contain corresponding membrane-targeting sequences.

Other specialised secretion systems present in both Gram-negative and Gram-positive bacteria
are type IV pili assembly system (T4PS) and flagellum assembly system (termed FEA in
Gram-positive bacteria) [144, 145]. T4PS is one of the most common pilus biogenesis
pathways and is structurally related to T2SS, whereas flagellum assembly system is related to

T3SS. Type IV pili are formed at the cytoplasmic membrane by polymerisation of pilin
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subunits. The hallmark of T4PS biology is that they are able to retract through the bacterial
cell wall while the pilus tip remains attached to a receptor. This enables bacteria to move
across the surface in the specialised way termed “twitching motility”. The system for
assembly/secretion of filamentous phage is related distantly to T2SS and will be described in
Chapter IC, section 1.2.

Several secretion systems are unique for Gram-positive bacteria such as Sec-dependent
sortase-mediated assembly system and the recently recognised Sec-independent Esx secretion
system [154, 155]. Sortases are transpeptidases responsible for covalent attachment to the cell
wall of surface proteins containing an LPXTG motif which serves as an anchor to the cell
wall. The mechanism of sortase-dependent cell wall attachment of surface proteins will be
discussed further in this chapter, section 1.4.3. Esx (or WXG100) system has been described
as a secretion system for exporting small, around 100 residues long proteins, containing a
WXG motif [156]. No apparent membrane-targeting signal was detected in Esx-dependent
proteins. Esx has been studied extensively in Mycobacterium tuberculosis; however, the
mechanism of Esx-depandent translocation of proteins across the cytoplasmic membrane is
still not understood [157].

1.3 Transport across the cytoplasmic membrane

Secretome protein export is a multi-stage process which can be divided into three distinct
stages: sorting and targeting of proteins to the cytoplasmic membrane, transmembrane

crossing and maturation/ release of translocated protein.
1.3.1  Secretome protein sorting

In the first stage of cytoplasmic membrane transport the polypeptides (pre-proteins) destined
for export must be discriminated from the cytoplasmic-resident proteins. This sorting of
secretome proteins is in general based on presence of membrane-targeting sequences, e.g.
signal sequences and transmembrane a-helices, which act as a “zip code” and are recognised

by particular secretory pathway-associated molecular chaperone [158-161].

A transmembrane a-helix (TMH) of any membrane protein may be used as a membrane-

targeting signal. TMH is a hydrophobic segment usually composed of 15-30 amino acids
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which are recognised by SRP. In addition to their membrane-targeting role, TMH of bitopic

membrane proteins serves as a membrane anchor [140, 162].

There are several types of signal sequences: the “classic” or type I signal sequence, the Tat
signal sequence, the lipoprotein or type Il signal sequence, pseudopilin-like or type IV signal
sequence and the bacteriocin/pheromone signal sequences (Figure 1.5). They vary
considerably in sequence but show three distinct zones based on hydrophobicity and charge:
an amino-terminal (N-) region with positively charged amino acids, a central hydrophobic (H-)
region of at least 15 residues and a polar carboxy-terminal (C-) region containing the signal
peptidase (SPase) cleavage-site [161, 163]. High positive charge of the N-region determines
the topology of the pre-protein in the membrane, obeying “positive-inside rule” by which
positively charged regions remain located at the cis (cytoplasmic) side of the cytoplasmic
membrane. The exceptions from the classical signal sequence three-partite structure are signal
sequences of pheromones and antimicrobial peptides. These cleavable signal sequences
consist of only N-and C-domains and completely lack a hydrophobic H-domain. Dedicated
ABC transporters (T1SS) are responsible for the removal of this type of signal sequence and
translocation of the mature proteins across the cytoplasmic membrane [164]. Upon signal
sequence cleavage, the mature protein is released from the cytoplasmic membrane, provided

that it does not contain membrane anchors or additional TMHs.

Signal sequences of Gram-positive bacteria differ from those in Gram-negative bacteria by
being usually longer, more hydrophobic and by having an increased number of charged
residues on their N-terminal ends. Although signal sequences from different organisms are
often interchangeable, there are also examples of signal sequences that do not function

efficiently when expressed in a foreign host [155, 165, 166].

Non-classical secretion

Some bacterial proteins are secreted without any apparent signal sequence. The first examples
of this signal sequence-independent or so-called non-classical secretion were eukaryotic
interleukin 1P and thioredoxin. In bacteria, proteins secreted via the recently discovered
Gram-negative T6SS and Gram-positive Esx as well as holin-mediated secretion systems are
examples of non-classical secretion. T3SS and T4SS exported proteins also lack classical

signal sequences. Furthermore, in several bacterial species (Mycobacterium, Listeria,
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Streptococcus) a specific subset of proteins contributing to bacterial virulence, which lack
signal sequence are exported by Sec-pathway via an alternative accessory protein, SecA2. For
example, fibronectin-binding protein A (FbpA) of L. monocytogenes and SodA (superoxide
dismutase A) from M. tuberculosis do not contain signal sequence and are secreted by SecA2-
pathway [167]. Some cytoplasmic proteins with well-defined intracellular functions are also
found in the extracellular environment where they play entirely different roles from those in
the cytoplasm and are therefore named “moonlighting” proteins. Two types of the
moonlighting proteins, GroEL [114], a protein folding chaperone and EF-Tu [113, 122], a
translation elongation factor, have been identified in several bacterial species (e.g. M.

pneumoniae, H. pylori, L. johnsonii).
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Figure 1.5.  The structure of known cytoplasmic membrane-targeting signals.

On the basis of signal peptidase (SPase) cleavage sites (or absence thereof) and the export
pathways by which the pre-proteins are exported, signal sequences are divided into distinct
classes: Tat (RR/KR) signal sequence, secretory (Sec-type) signal sequences, lipoprotein
signal sequences, pseudopilin-like signal sequences and signal sequences of bacteriocins and
pheromones. Transmembrane a-helices are recognised by the Sec machinery but lack SPase
cleavage sites. The export pathways and the SPases responsible for pre-protein cleavage are
indicated. Most signal sequences have a tripartite structure: a positively charged N-domain
(N), containing lysine and/or arginine residues (indicated by +), a hydrophobic H-domain (H,
indicated by an orange box), and a C-domain (C) that specifies the cleavage site for their
specific SPases. Where appropriate, the most frequently occurring first amino acid of the
mature protein is indicated. The signal sequences of proteins targeted for minor secretion
pathways, such as T1SS for pheromones/bacteriocin translocation in Gram-positive bacteria
and T4PS for type 1V pili assembly do not follow the N-H-C structure. Adapted from [168]

with permission.
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1.3.2  Membrane-targeting, translocation and release of secretome

proteins

In the Sec-pathway, the nascent pre-protein coming from the ribosome is intercepted by
piloting factors, SRP or SecB. Transmembrane proteins and secreted proteins with long,
highly hydrophobic signal sequences are targeted to the membrane via SRP as soon as they
emerge from the ribosome (co-translational translocation). Other Sec-dependent secretome
proteins are mainly chaperoned to the cytoplasmic membrane by SecB in co-translational and
post-translational fashion, meaning that translation of the pre-protein is almost completed by
the time SecB binds. After binding of the pre-protein to SRP or SecB, the resulting protein
complexes are targeted to the translocase at the membrane. The SRP-pre-protein complex
docks to its membrane receptor FtsY while the SecB-pre-protein complex binds to the SecA
subunit of the translocase. SecB homologues are not found in Gram-positive bacteria,
although protein CsaA from Bacillus subtilis probably has an analogous function. In Listeria
spp., Mycobacterium spp. and Streptococcus spp. a paralogue of SecA, SecA2, has been
identified. SecA2 is required for membrane-targeting of some specific proteins, with or

without signal sequences, usually involved in bacterial virulence.

In Sec-dependent export, the majority of pre-proteins, irrespective of the targeting route, cross
the membrane via a membrane-embedded SecYEG protein-conducting channel that is built of
three subunits, SecY, SecE and SecG. This translocase involves also several accessory
transmembrane proteins that stimulate translocation (SecDFYajC) and membrane protein
insertion (YidC) [140]. Translocation of the SecB-chaperoned proteins is driven by the SecA
ATPase, at the expense of metabolic energy in the form of ATP and the proton-motive force
(PMF). In 2000, a new translocator protein, YidC, was identified and shown to act not only as
an auxiliary translocation protein, but also as a SecYEG-independent translocase, enabling
translocation of several transmembrane proteins, usually with small extracellular domains
[141].

At the last stage of Sec-dependent export, pre-proteins are converted into mature proteins.
After signal peptidase cleaves the signal sequence, correct folding of the polypeptide chain is
initiated at the trans side of the membrane. In Gram-positive bacteria mature proteins can be
(i) secreted into the extracellular medium, (ii) integrated into the plasma membrane, (iii)

anchored to the membrane or cell-wall. In Gram-negative bacteria Sec-dependent secretion
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systems, proteins can be (i) released into the periplasm, (ii) integrated into the cytoplasmic
membrane; (iii) transported across the outer membrane by specific secretion systems (T2SS,
T5SS and CU).

The Tat pathway transports a small group of cofactor-containing and therefore folded proteins
across the cytoplasmic membrane [160]. The translocation machinery is composed of only
four proteins: TatA, TatB, TatC and TatE. TatBC proteins act as a receptor complex that
recognises twin arginine motif (RR)-containing signal sequence of the substrate protein and
transport it post-translationally to the membrane. At the membrane, the TatBC-substrate
complex associates with TatA which probably forms the transport channel. This association is
proposed to persist until completion of the substrate protein transport across the membrane.
Subsequently the Tat signal sequence is cleaved by signal peptidase and the protein is

released into the periplasmic space or extracellular milieu.
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Figure 1.6.  Schematic representation of Sec/SRP mediated pre-protein export through

the translocase channel.

The translocase consists of the SecYEG pre-protein-conducting channel (yellow) and the
ATPase motor SecA (red). SecYEG can associate with the auxiliary translocator proteins
SecDFYajC and YidC (green) [black dotted rectangle]. 1) Secretome pre-proteins (thick
orange line) are synthesized with N-terminal signal sequences (orange rectangle) and are
targeted to the translocase either by the SRP as soon as they emerge from the ribosome exit
tunnel (this is co-translational translocation), or by the tetrameric SecB chaperone after
translation has largely been completed (this is co- and post-translational translocation). For
simplicity, auxiliary proteins are not presented beside all diagrams of translocase. Both
targeting routes merge at the membrane at SecYEG (SRP route) or SecYEG complexed with
SecA (Sec route). FtsY (pink) and SecA act as receptors for SRP and SecB, respectively. 2)
Pre-proteins are translocated through SecYEG and 3) they fold at the trans side of the
membrane or integrate/anchor into the lipid bilayer after signal-peptide cleavage by the signal
peptidase (SPase 1). Energy is provided by ATP binding and hydrolysis by the SecA ATPase
and the proton-motive force (ApH"). Adapted from [167] with permission.
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1.4 Anchoring of proteins to the plasma membrane and cell

wall

In the Gram-positive model organism Bacillus subtilis, approximately 21% of total cellular
protein content is attached to the cell envelope, either to the cytoplasmic membrane or the cell
wall [164, 169]. The envelope-attached proteins include DNases, RNases, proteases, cell wall
hydrolases, enzymes involved in synthesis of peptidoglycan, substrate-binding proteins and
adhesins. Four major types of envelope proteins are currently recognised based on the mode
of anchoring: (i) integral membrane proteins anchored in the membrane via hydrophobic
transmembrane helices, (ii) lipoproteins, covalently attached to the membrane lipids, (iii) cell
wall proteins containing a C-terminal LPXTG-like motif, covalently linked to the cell wall
and (iv) proteins with various cell wall-binding domains (Figure 1.7). Macromolecular
structures such as S-layer, pili, flagellum and cellulosome are anchored to the cell surface by

one of these mechanisms [170].
141 Transmembrane anchors

Transmembrane a-helices serve as membrane-targeting signals but due to the absence of an
SPase cleavage site they also act as membrane anchors. Bitopic membrane proteins contain
one hydrophobic TM a-helix traversing the phospholipid bilayer that is flanked by two polar
domains. Polytopic membrane proteins contain two or more TM a-helices that are connected
by loops exposed to aqueous environment. These proteins can also contain a cleavable N-
terminal signal sequence or N-terminal amphiphilic region (as recently described for Kdp
sensor protein of E. coli) [171], in which case additional TMs at their C-terminus can function
as membrane anchors. Two topologies with respect to the membrane are possible for bitopic
membrane proteins: the N-terminus is exposed on the outside face of the membrane (type 1) or
the cytoplasm (type Il). The latter one is regarded as an uncleaved N-terminal anchor. The
topology of polytopic membrane proteins is determined by the “positive inside” rule, in which
positively charged residues flanking the TMH must be localised on the cis (cytoplasmic) side
of the membrane [164].

Most integral membrane proteins are targeted to the membrane by the SRP pathway where the
folding and insertion are mediated by either by the main SecYEG translocase and its auxiliary

proteins or by the membrane insertase/translocase YidC [140, 141].
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Figure 1.7.  Schematic representation of the different types of surface proteins found
in Gram-positive bacteria.

Membrane-associated proteins can either (i) possess N- or C- terminal transmembrane a-helix

or (ii) be lipoproteins, and thus be covalently attached to long chain fatty acids of the
cytoplasmic membrane. Cell wall-associated proteins can either possess (i) C-terminal
LPXTG motif (or related motifs) and be covalently anchored to peptidoglycan via sortase
activity, or (ii) cell wall binding domains (CWBDSs) which act as non-covalent anchors to the
cell wall. Six CWBDs are currently characterised: CWBD1, CWBD2, LysM, GW modules,
SLHD and AcmA repeats. Adapted from [170] with permission.

1.4.2  Lipoprotein anchors

Lipoproteins are targeted to the membrane by specific signal sequence type Il which exhibits
a conserved lipobox motif. The lipobox contains a cysteine residue at the SPase Il cleavage
site [172]. Before processing by SPase I, prolipoprotein diacylglyceryl transferase attaches a
diacyl-glycerol group to the cysteine residue of the lipoprotein precursor. The diacyl-glyceryl

group inserts into the lipid bilayer, preventing release of mature lipoprotein into the
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environment after cleavage by SPase Il. Besides lipoprotein signal sequence, some
lipoproteins can also contain transmembrane domains. In this case, the lipoprotein signal
sequence is required primarily for protein function rather than for anchoring in the membrane.
Lipoproteins are involved in many physiological functions, including adhesion, transport,

enzymatic reactions and virulence [173].

1.4.3 LPXTG anchors

A range of important surface proteins including adhesins, antigens, receptors and enzymes are
anchored to the cell wall in Gram-positive bacteria by sortases. In addition to type | signal
sequence, these proteins contain at the C-terminus a cell wall sorting domain which is
comprised of an LPXTG motif followed by a sequence of hydrophobic amino acids (15-19
residues) and then a positively charged tail [174]. A specific transpeptidase called sortase is
responsible for cleavage of the cell wall sorting signal and covalent attachment to the cell
wall. There are several types of sortases: the house-keeping sortase (SrtA) and pilus-specific
sortases. SrtA is anchored in the membrane, typically in the vicinity of the SecYEG
translocase. It processes the majority of LPXTG-containing proteins. After cleavage of the
signal sequence by SPase, the translocated protein is retained in the membrane by the C-
terminal hydrophobic a-helix and charged tail. SrtA recognises the LPXTG pentapeptide
motif followed by an acidic residue cleaves it between T and G residues and attaches

threonine by amide linkage to the peptide crossbridge in the peptidoglycan of the cell wall.

In addition to SrtA-type sortase, three additional classes of sortases are currently recognised,
SrtB, SrtC and SrtD [175]. They anchor far fewer proteins than does the SrtA and these
proteins carry different sorting motifs: SrtB and SrtD-dependent proteins contain NPQTN and
LPXTA/LAXTG motifs, respectively, whereas SrtC-dependent proteins contain the LPXTG
motif, followed by a glycine instead of an acidic residue.

Biogenesis of Gram-positive pili also involves sortases [52, 176]. The pilin subunits are
proposed to be sequentially cross-linked by transpeptidase sortase which belongs to the class

C but it is not excluded that other sortases could participate in this process.
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1.4.4  Noncovalent binding of surface proteins to the cell wall

A plethora of noncovalent cell wall-binding domains have been reported in Gram-positive
bacteria. Enzymes are the largest group of proteins anchored via these domains, although
some well-characterised virulence factors and adhesins also bind to the cell wall in this way.
Furthermore, complex proteinaceous surface structures such as S-layer and cellulosome are

also anchored noncovalently to the cell wall.

Choline-binding domain or type | cell wall binding domain (CWBD1) recognises
phosphorylcholine on the cell wall-embedded teichoic and lipoteichoic acids (LTA). CWDB1
was found in many enzymes (sucrases, lactamases, and proteases) and bacteriocins. The major
autolysin (LytA) and surface adhesin (CbpA) of Streptococcus pneumonie are two examples
of such CWDBL1-anchored proteins [177, 178]. Several autolysins, adhesins and S-layer
proteins contain CWDB2 in multiple copies [170, 179]. Cell wall components involved in
interaction with CWDB2 are still to be defined.

The LysM domain is one of the most common modules in bacterial surface proteins and is
also present in a number of eukaryotic proteins [180]. It is ~ 40 amino acids in length and
binds to the peptidoglycan. The LysM module is most often found in cell wall degrading
enzymes, but can also be found in proteins involved in bacterial pathogenesis, including

intimin from enteropathogenic E. coli and Ig-binding proteins from staphylococci [102, 181].

Other examples of noncovalently attached cell wall-binding domains are GW, SLHD and
AcmA-repeats [46, 182, 183]. GW proteins are mostly autolysins which bind the cell wall via
3-8 repeats of the Gly-Trp (GW) dipeptide. SLDHs (S-layer homology domains) are
commonly found in S-layer proteins, enzymes involved in polysaccharide degradation and in
scaffoldins of the macromolecular structure cellulosome. They can interact with cell wall
acidic and neutral polysaccharide complexes and/or peptidoglycan itself. The AcmA-repeats
anchor is another noncovalent cell wall-binding domain discovered as an anchoring
mechanism of lactococcal cell wall hydrolase AcmA. Repeats homologous to those found in
AcmA are present in many cell wall or membrane-associated proteins of Gram-positive and

Gram-negative bacteria [184].
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1.5 Secretomes of Lactobacillus species

1.5.1 Membrane-targeting and anchoring to the cell envelope

In Lactobacillus species prediction and characterisation of secretome proteins provides insight
into possible mechanisms of interactions of these species with their variable environments. To
date, genome sequences of 14 Lactobacillus species have been published and for some of
those comparative and functional genomic analyses have been performed. Four reports
describing specifically lactobacilli secretomes either using bioinformatic approach and/or
functional analysis have been published thus far [110, 111, 185, 186].

In silico secretome analyses of the completely sequenced Lactobacillus genomes revealed that
20-25% of total number of proteins are targeted to the cytoplasmic membrane. Of those ~ 7%
were secreted/cell envelope bound and ~ 15% were transmembrane proteins. This prediction
is in agreement with number of secretome proteins reported for other Gram-positive bacteria
such as Bacillus subtilis (21%) [164]. Approximately 30-40% of secretome proteins contain a
cleavable signal sequence recognised by either signal peptidases I (SPase I) or SPase Il, with
or without additional transmembrane a-helices. The remaining 60-70% are bitopic membrane
proteins that contain a single hydrophobic N- or C-terminal transmembrane a -helix lacking
an SPase cleavage site. This suggests that the majority of secretome proteins remain

associated with the cell membrane [110].

All of the Gram-positive cell wall and membrane anchors described above except choline-
binding domain have been found in Lactobacillus secretome proteins. A proportionally high
number (~ 10%) of secretome proteins contains an LPXTG motif in probiotic Lactobacillus
species. Other Gram-positive cell wall binding domains such as LysM (~ 6% of secretome)
and GW (~ 4%) were also identified in lactobacilli secretomes. Recently, a novel C-terminal
cell wall binding domain WXL [111] was identified in Lactobacillus species L. plantarum, L.

salivarius and L. sakei [110].

When bioinformatics is used to identify cell envelope-anchoring domains, for some of the
anchors the reported numbers vary significantly depending on algorithm used for their

prediction. For example, in one report the number of predicted lipoproteins of L. plantarum
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WCFS1 was 3 (0.7% of total secretome) [110] while in the separate study, 48 (21% of total

secretome) lipoproteins were identified [111].
1.5.2  Functional groups of Lactobacillus secretome proteins

For around 30 % of secretome genes identified in the genomes of lactobacilli thus far the
function can not be predicted. Often, secretome proteins can contain several domains
indicating that they can have more than one function [115]. Furthermore, a number of
secretome proteins, especially adhesins, contain domain repeats (multiple copies of similar
domains) and regions of low complexity [111]. The low complexity repeats presumably act as
spacers, separating and positioning the functional domains of the protein away from the cell
surface [187]. Secretome proteins can be divided into groups reflecting predicted protein
function, based on functional annotation and domain composition. Six major functional
categories are currently recognised: enzymes, transport proteins, host/microbial interaction

proteins, sensor-kinase proteins and unknown conserved and unconserved proteins.

The largest (30-35%) group of secretome proteins for which function could be assigned are
enzymes. This diverse group includes enzymes with known biological role in processes such
as cell wall biosynthesis and turnover and enzymes for which only the general type of
catalysed reaction can be predicted, e.g. serine proteases, metalloproteinases, hydrolases,
transglycosidases. The majority of enzymes are anchored to the cell envelope by an N-
terminal transmembrane anchor or LysM domain, although a significant number is also
secreted into the extracellular medium. Another large class of secretome proteins comprises
proteins involved in transport (10-15%). Bitopic, polytopic proteins and lipoproteins are
predominant among transport proteins. In all lactobacilli around 15% of transport proteins are
substrate-binding subunits of ABC transporters, anchored in the membrane via lipoprotein

anchor.

Adhesion and aggregation factors are generally considered to play an important role in host-
microbial interactions. It is predicted that approximately 2-5% of lactobacillar secretome
proteins are involved in these interactions and some of them have been discussed previously
(Chapter 1A, sections 1.4.2 and 1.4.4). Retention of this group of proteins in the cell wall is
mediated mainly but not exclusively via LPXTG-like peptidoglycan anchor. In addition to cell

wall binding domain these proteins usually have substrate binding domains which are present
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in multiple copies. This is very prominent in, for example, mucus-binding proteins which can
contain up to 15 MubBP (or MUB) domains. Several other domains were identified in
proteins of this group (as described in Pfam [117]) such as collagen-binding, mannose-
binding, fibronectin-binding, Ig-like and phospholipid-binding domains. Recently ten new
putative domains have been identified in L. plantarum WCSFL1: five new repeat domains, a
new mucus binding domain, two cell wall binding domains (WXL1 and 2), cell surface
hydrolase (CSH) domain and Trp-Tyr (WY) domain present in putative transglycosylases
[111]. Moreover, Boekhorst et al., [111] identified 16 secretome proteins, some of which have
mucin and collagen binding domains, and low complexity repeat regions usually preceding
LPXTG anchor. It is suggested that these repeats act as a spacers, positioning functional
domains above the cell wall layer and therefore exposing these domains to the extracellular

milieu.

In bacteria effective adaptation to changing environmental conditions is commonly mediated
by two-component regulatory systems (TCSs) which consist of transmembrane histidine
kinase (HK) acting as a sensor and a cytoplasmic response regulator. Various changes in
environmental conditions such as osmolarity, nutrient availability and temperature are
monitored by sensor HKs. In addition HKs also respond to specific secreted signalling
peptides (AIPs) or non-peptide small molecules involved in inter/intraspecies quorum sensing.
HKs are polytopic membrane proteins and therefore part of the secretome. In lactobacilli
whose habitat is restricted to specific environments such as the intestine, one or two HKs
could be identified. In contrast, lactobacilli adapted to multiple environments contain multiple
HKs, reflecting the ecological flexibility of this species [188]. An example of latter group L.

plantarum WCFSL1, which has six HKs involved in five quorum sensing TCSs.
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Phage display
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1.1 Phage display - overview

The physical link between phenotype and genotype of a protein displayed on the surface of
the virion, the high replication capacity of bacteriophage and subsequent affinity selection are
the elements that underpin the phage display technology. The origins of phage display date to
1985 when George Smith first expressed a foreign segment of a protein on the surface of
bacteriophage M13 virus particles [166]. Since then E. coli filamentous phages of the Ff class
including strains M13, fd, and f1 (Figure 1.8) have been extensively used in phage display
technology. These phages infect E. coli by attachment to the F-pilus [189], and progeny
phages are subsequently secreted from infected bacteria without cell lysis (Chapter IC, section
1.2) [190, 191].

plll  pVI pVIII pVII (~5)
~5) 5 (~2700) pIX (~5)

Figure 1.8.  Schematic representation of M13, f1 and fd. (not to scale).
plll, pVI, pVII, pVIII, pIX - virion proteins. The approximate number of copies of each coat

protein is indicated.

Display is achieved by translational fusion of a protein or a library of proteins of interest to
any of the five virion proteins, although the plll and pVIII proteins are used most frequently
[192, 193]. Filamentous phage virion proteins are themselves secretome proteins, translocated
from cytoplasm via the Sec-dependent pathway and anchored in the cytoplasmic membrane
prior to assembly into the virion [194, 195]. Therefore, if the secretome proteins are to be
displayed, they would be targeted to, and folded in, the cellular compartment in which they
normally reside. When a library of fusion proteins is constructed and displayed on the phage

surface, a recombinant phage clone displaying a certain binding affinity can be isolated from
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the majority of other (non-binding) recombinant phages present in a library, by an affinity
selection procedure known as bio-panning (Figure 1.9)[196]. Through successive rounds of
binding, washing, elution and amplification, the originally very diverse phage display library
(up to 10 variants) is increasingly enriched for the phage library clones with a propensity to
bind to the target molecule in question. Ultimately, monoclonal phage populations with

desired specificities can be identified and analysed.
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Figure 1.9. Panning of a phage display library against immobilised target.

1) A library of genes encoding variants of proteins/peptides/antibodies is created, cloned into
phage or phagemid vectors as fusions to a coat protein plll gene and displayed on the surface
of the virions. 2) The phage library displaying variant peptides or proteins (different coloured
stars) is exposed to immobilised ligand (purple pentagon) and phage with appropriate binding
specificity is captured (purple star). 3) Non-binding phages are washed off and bound
phage(s) is (are) eluted by conditions that disrupt the peptide-ligand interactions, leading to
enrichment for a specific binder. 4) Eluted phage is then amplified by infection of a suitable
E. coli strain. This amplified phage population is greatly enriched in recombinant phage
clones displaying peptides that bind to the target. The biopanning steps (2 to 4) are repeated
for several (three to five) rounds, ultimately resulting in a clonal population of recombinant
phages that bind to the target used for affinity panning of the library. Captured putative binder

can then be identified by sequencing (5) and functionally analysed.
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Phage protein plll is the most frequently used display platform. The structure of plll includes
two N terminal domains (N1 and N2) separated by a glycine linker and a C-terminal domain
which is separated from the N-terminal domains by another glycine linker. At the N-terminus,
plll contains a type | signal sequence. A signal sequence is necessary for correct targeting of
plll to the inner membrane and incorporation into the virion [197]. Moreover, assembly of
plll into the virion is required to complete the phage assembly. When plll is absent, virions
either stay associated with the host cells as long filaments composed of multiple sequentially
packaged genomes, or are broken off by mechanical shearing. plll is required for formation of
the stabilising cap structure at the terminus of the virion; hence, the broken-off plll-deficient
virions are structurally unstable and are easily disassembled by sarcosyl, to which the plll-

containing virions are resistant [198, 199].
1.2 The Ff phage lifecycle

Ff filamentous bacteriophage begins the process of infecting a host E. coli by binding to the
tip of the F pilus (Figure 1.10) [195]. This is the primary receptor for Ff phage and interacts
with N2 terminal domain of plll. Binding causes a structural rearrangement between the N
domains releasing the N1 domain and exposing the binding site that interacts with
cytoplasmic membrane complex of TolA, R and A. The N2 binding to the F pilus also causes
the F pilus to retract, bringing the phage into closer contact with the cell, allowing the
interaction between the N1 domain and TolA. After interaction of N1 with TolA, virion coat
becomes integrated into the host cell membrane and virion sSDNA enters the cytoplasm. Once
the Ff phage ssSDNA genome enters the cytoplasm of the host cell a negative strand is
synthesized by the host DNA replication machinery. The dsDNA form of Ff phage genome is
referred to as the replicative form (RF). The RF of the genome is a template for replication of
the phage positive strand (+) and for transcription of phage genes. During early infection
newly synthesized (+) strands are recycled to create more dsDNA replicative forms. Later in
the infection, (+) strands are coated with the sSDNA-binding protein pV in the cytoplasm and
this complex serves as a packaging substrate for the phage assembly. Newly synthesized
phage proteins are targeted to the predetermined locations. Proteins pll, pV and pX remain in

the cytoplasm and pl, plll, plV, pVI, pVIl, pVIII, pIX and pXI are targeted to the membranes.

Ff assembly and export from the cells resembles T2SS secretion in Gram-negative bacteria.

Proteins pl and pXI form an assembly complex in the cytoplasmic membrane while 14 plV
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monomers form a large gated pore in the outer membrane [197, 200]. The ssDNA genomes
coated with pV dimers are brought to the phage export complex in the membrane where the
packaging signal interacts with pVII, pIX and pVIII. As the ssSDNA genome passes through
the cytoplasmic membrane complex, pV is removed and replaced by pVIII, forming a tube or
sheath around the ssSDNA genome. When the phage ssSDNA is fully packaged, pVI and plll
are added to the end of phage causing the termination of elongation and the release of the

phage.
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Figure 1.10. Life cycle of filamentous bacteriophage in Escherichia coli.

The drawing is schematic and not to scale. Infection by binding of the tip of the phage to the
tip of the F pilus (1). Secondary binding to protein complex TolQRA embedded in the
cytoplasmic membrane and spanning the periplasm (2). Entry of ssDNA (+ strand) into the
cell; coat protein integrates into the inner membrane as DNA enters the cytoplasm (3).
Replication: In the first stage minus strand is synthesised by host proteins, starting from
minus strand origin, primed by host RNA polymerase and carried out by the host DNA
polymerase. At completion of negative () strand synthesis, the replicative form (RF) ds DNA
is created. In the second stage phage protein 11 (pll) nicks the supercoiled dsDNA at the +
strand origin, creating primer for the rolling circle synthesis of + strand. After one round, the
product is cleaved off, again by pll, and the ends ligated. Early in the infection, + strand is
recycled for replication. Later, + sSDNA genome is coated by pV. This complex is the
substrate for packaging into the viral particles. Assembly/secretion: pl/pXI phage proteins
form multimers in the inner membrane while plV multimer forms a large gated channel in the
outer membrane; together they form the assembly machinery. An exposed hairpin loop at the
tip of pV/ssDNA packaging substrate interacts with pl, and then distal phage tip proteins pVII
and plX, to initiate assembly. As sSDNA is extruded through the E. coli envelope, pVIII packs
on around it and in the end plll/pVI release phage from membranes. If plll or pVI are non-
functional, phage is not released from the cell membrane, forming long filaments which are
broken off by mechanical shearing.
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1.3 The phagemid-based phage display system

There are two general types of phage display systems based on whether the library is
constructed in modified Ff phage vectors or in specially modified plasmids called phagemids.
The advantage of a phage vector system is in its simplicity. However, many investigators
have observed that some sequences are not well displayed on the surface of the phage if the
phage vector is used, as a result of interference with the viral particle assembly, stability and
infectivity [201]. Some of these problems are alleviated by using phagemid vector systems.
Phagemids are plasmids that contain the origin of replication of Ff phage, a plasmid origin of
replication, a gene for display of protein encoded by the insert through fusion formation to an
Ff virion protein, a multiple cloning site and an antibiotic marker. The Ff origin, packaging
signal and the virion protein-encoding gene allow packaging of the phagemid genome and
display of protein fusion. A helper phage is used as a source of proteins necessary for
replication from Ff origin and assembly of a complete virion. Helper phages typically have
defective phage origin of replication and/or packaging signal. Therefore, phagemid single
stranded DNA is preferentially replicated and packaged over the helper phage genome (Figure
1.11).
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Figure 1.11. Schematic drawing of phagemid/helper phage replication and assembly in
E. coli

Phagemids can be replicated as plasmids or alternatively, in the presence of a helper phage,
packaged as recombinant phagemid particles. This figure shows a phagemid vector that uses
phage protein plll as a platform for display. The resulting phagemid particles may incorporate
either plll derived from the helper phage (red lollipop-like structure) or the polypeptide-pllil
fusion protein (red lollipop-like structure decorated with a purple star), encoded by the

phagemid. Phagemid particles are produced at a 10-100-fold excess over the helper phage.

Helper phage can contribute all virion proteins to the phagemid encapsidating virions,
including wild-type plll. This type of helper phage is herein referred to as a wild type helper.
The phagemid/wild-type helper system results in monovalent display of recombinant protein;
i.e. virions or phagemid particles are mosaic for recombinant and wild-type capsid proteins
produced by phagemid encoding the fusion protein and by a helper, respectively (Figure
1.12). To increase the copy number of displayed fusion proteins, helper phage lacking the

virion protein provided by the phagemid can be used. In the case of the most frequently used
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phagemid vectors that encode for virion protein plll, helper phages that carry deletion of

corresponding gene I11 (glll) are used. The obtained virions exhibit polyvalent display [202].

+ Aglll helper phage +glll helper phage (wild type)

\&/ \&/

glll fusion

plll fusion {

Polyvalent display Monovalent display

plll fusion

Figure 1.12. Valence of the recombinant protein in phagemid-based display systems
Depending on the helper phage used, recombinant protein can be displayed on the phagemid
particle in multi-copy (polyvalent display using gene Ill deleted helper) or in one copy

(monovalent display using wild-type helper phage (glll™).
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Additional refinements of some phage display phagemid vectors are peptide tags (c-myc or E-
tag), followed by an amber stop codon between the insert and downstream plll (Figure 1.13).
These additions allow a soluble version of foreign protein to be produced if phagemids are

transformed into an appropriate non-suppressing E. coli strain.

Insert w/o signal sequence Inserts with native signal sequence

— J—

promoter MCS
' Gitic

\

RBS  Signal sequence

Figure 1.13. Schematic drawing of display module of phagemid used for “classical”
phage display

“Classical” phage display phagemid features: promoter, a ribosomal binding site (RBS),
signal sequence (commonly used PelB signal sequence from Erwinia carotovora [203]),
multiple cloning site (MCS), affinity tag (tag) and C-terminal part of plll (gllIC; required for
assembly of the virion). All inserts, irrespective of presence of the signal sequence, form
functional plll fusions provided they are inserted in frame with the upstream signal sequence

and downstream plll-encoding sequence.

1.4 Methods for identification of secretome proteins

A secretome can be deduced from a completely sequenced genome by using a range of
available algorithms that can identify signal sequences and transmembrane o-helices
described in Chapter IB. Most commonly used algorithms are SignalP 3.0, TMHMM 2.0,
LipoPred and pSORT [204-209]. In addition, prediction algorithm SecretomeP can be used
for detection of exported proteins with atypical signal sequences. However, obtaining
complete genome sequences of multiple bacterial strains in order to identify their secretomes
is inefficient because the secretome is a minor portion of the genome, typically comprising
only 10-30% of the total number of the open reading frames (ORFs) [137].
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Purely bioinformatic analysis is not only inefficient for secretome protein identification, but
also does not provide the means for direct functional characterisation of identified proteins. In
the post-bioinformatics phase of genome research, candidate ORFs are usually chosen based
on a sequence motif or homology to a protein of known function, and then are either mutated
or the protein products are expressed, purified and directly characterised. Both of these
approaches are very demanding. The former requires that genetic tools exist for the organism
of interest; the latter is complicated by the fact that some secretome proteins are notoriously
hard to express and purify [210]. An approach in which the secretome sequences were
specifically selected prior to sequence analysis would dramatically increase the efficiency of
identifying secretome proteins, compared to the conventional shot-gun sequencing approach
[1, 211].

Display technologies, bacterial cell-surface display and phage display, have been utilised for
identification and functional characterisation of the secretome. The principle underlying these
display methods is the ability to physically link phenotypes of polypeptides displayed on a
certain platform, such as cell surface or bacteriophage, to their corresponding genotype. In
cell-surface display a foreign peptide is fused to an export-specific reporter protein. In Gram-
negative bacteria, most often, foreign gene products are fused to outer-membrane proteins or
lipoproteins (e.g. OmpA, maltoporin LamB, phosphate-inducible porin PhoE and Lpp and
TraT lipoproteins) although autotransporters and surface organelles such as pili and flagella
have also been used for display [212-215]. Several Gram-positive bacteria (Staphylococcus
spp., Streptococcus spp., Bacillus spp., and L. lactis) have also been used for bacterial
surface-display. In these hosts, most commonly, a foreign peptide is fused to the cell-wall
anchoring region (LPXTG motif) of the host surface protein, as in examples of protein A
(SpA) and M proteins cell-surface displays [213, 216-218].

The use of fusion to Gram-negative reporter genes as a genetic tool to screen Gram-positive
secretome proteins has had limited success due to improper folding, decreased expression and
the creation of bias during preselection in surrogate hosts. Fusion to Gram-positive reporters
generated more stable export-specific activity but considerable amount of false-positive
clones was detected. Phage display is advantageous over bacterial surface display because of
lower toxicity, more efficient folding, and stability of Ff phage to pH extremes and detergents
[219].



Chapter IC 54

Another advantage of phage display over cell surface display is that phage display technology
offers a very efficient way to purify and characterise proteins by displaying them on the
surface of the bacteriophage virion [220, 221], since filamentous phage are simply purified
from culture supernatants by precipitation with polyethylene glycol (PEG). Phage display
combinatorial libraries are widely used to identify rare protein variants that bind to complex
ligands of interest; the most complex example reported being an in vivo screen for peptides
that bind endothelial surfaces of the capillaries in an organ-specific fashion [222].
Furthermore, phage display screening methods for selection and in vitro evolution of enzymes

have been developed and used successfully [223].

14.1 Examples of bacterial adhesins identified using phage display
technology

In the last decade, the phage display technique has proven to be a powerful tool for
identification of genes encoding bacterial adhesins and characterisation of the respective
binding domains that mediate interactions with host cell [221]. The shot-gun phage display
(display of random fragments of bacterial genomic DNA) was first exploited by Jacobsson
and Frykberg to identify Staphylococcus aureus proteins that interact with extracellular matrix
components and host serum or plasma [224, 225]. Following their initial description of glll-
phagemid-based phage display many genes encoding for proteins involved in host-microbial
interactions from different bacterial species have been identified using the phage display
approach [221, 222, 226-228].

In general, a shot-gun phage display library contains several recombinant phagemids carrying
portions of a gene that binds to a ligand of interest. These inserts usually overlap across the
binding domain. Thus many studies used random fragmentation of bacterial genomic DNA to
identify the gene of interest in the genome or random fragmentation of DNA of the gene of
interest to generate a single-gene phage display library and map a domain of interest within a
particular gene. For example, this approach was used to identify and map the cell-surface-
associated agglutinin (RapA) from Rhizobium leguminosarum genome [226]. Recently, a
shot-gun phage display library of Borrelia burgdorferi genome was used for the in vivo
screening for potential adhesins, resulting in discovery of at least five new adhesion proteins

[229]. Single-gene phage display libraries were utilised to map a fibronectin-binding motif of
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the fibronectin-binding cell surface protein, Fnz, of Streptococcus equi, the 19G- and B2-

glycoprotein-1-binding domains of S. aureus receptin Shi and many others [230, 231].
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1.5 Aims of the Project

Overall, our knowledge of cellular components that mediate probiotic effects and availability
of technologies to identify them in a simple, cheap and rapid way is relatively poor. The
understanding of molecular mechanisms of probioosis is very limited. Only a handful of
bacterial molecular effectors involved in probiotic effects are known, and none of them have

been identified in L. rhamnosus.

As surface and secreted (secretome) proteins are essential for interaction of bacteria with the
colonised host, the main aim of this thesis was to improve technology for identification and
analysis of this group of proteins using phage display and to apply it to the probiotic

bacterium L. rhamnosus HNOO1.

Therefore the two specific aims of the work presented in this thesis were to design a new
phage display system for direct selection, expression and display of the secretome of the
probiotic bacterium Lactobacillus rhamnosus strain HNOO1 and to “mine” the secretome
library for proteins that mediate probiotic effects. The first set of experiments in Chapter I11
describes the construction of a new system for selective display of the bacterial secretome and
its testing on L. rhamnosus HNOO1. Using this approach, the secretome library inserts were
sequenced and 89 putative secretome ORFs were annotated. To functionally identify proteins
involved in establishing the host-microbe interaction (adherence) or microbe-microbe contact
(aggregation) a shot-gun phage display library of L. rhamnosus HNOO1 was constructed.
Virions displaying entire HNOO1 proteome were screened for proteins that interact with
ligands known to be involved in adhesion and autoaggregation processes, which in turn are

essential for colonisation and biofilm formation (Chapter 1V).
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Materials and Methods
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2.1 Materials

2.1.1  Laboratory Chemicals and enzymes

Restriction endonucleases and DNA modifying enzymes were obtained from the following
companies: Invitrogen Life technologies Inc. (USA); Roche Molecular Biochemicals,
(Germany); New England Biolabs Inc. (USA); USB Corporation (USA). Thermophilic DNA

polymerases were purchased from Roche Molecular Biochemicals (Germany).

Oligonucleotides were manufactured by Invitrogen Life Technologies Inc. (USA).
Bacteriological media, Difco™ 2xYT (Yeast Extract Tryptone) and MRS were purchased
from Becton-Dickinson and Company (USA), and Scharlau Chemie S.A (Spain). Antibiotics
were purchased from Sigma-Aldrich (Australia). General laboratory chemicals were
purchased from Sigma-Aldrich (Australia), Merck Ltd. (Australia), BDH (USA). X-ray film,

photographic developer and fixer were obtained from Eastman Kodak (USA).
2.1.2  Buffers, solutions, and media

Standard buffers, solutions, and media were prepared as described in Sambrook and Russell
[232].
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2.1.3  Bacterial strains, plasmids and phage

Bacterial strains, plasmids and phage used in this study are listed in Tables 2.1 and 2.2.

Table 2.1. Bacterial strains used in this study
Strains Genotype Reference
Escherichia coli TG1 SUpE thi-1 A(lac-proAB) A(mcrBhsdSM)5 [233]
(rK™ mK") [F” traD36 proABlaclZAM15]
E. coli K1976 TG1// pJARA112 This study
E. coli K1931 TG1//pDJ01 This study
E. coli K1937 TG1//[pSOF22 This study
E. coli K1939 TG1//pAK-SOF22 This study
E. coli K1978 TG1//pDJO8 This study
E. coli K1981 TG1/[pYWO01 This study
E. coli K2087 TG1//pFn01 This study
E. coli K2088 TG1//pFn02 This study
E. coli K2089 TG1//pLrh33S This study
E. coli K2090 TG1/IpLrh33A This study
E. coli K3000-K3490 TG1// L001-490 This study
(TG1 carrying secretome library clones)
Lactobacillus rhamnosus [54]

HNOO1
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Table 2.2. Plasmids and phage used in this study

Plasmids Reference Resistance
pAK100 [234] Chloramphenicol
pJARA144 J.Rakonjac Ampicillin
unpublished
pJARA112 [202] Ampicillin
pDJO1 This study Chloramphenicol
pDJO8 This study Chloramphenicol
pSOF22 This study Chloramphenicol
pAK-SOF22 This study Chloramphenicol
pGZ119EH [235] Chloramphenicol
pYWO01 This study Chloramphenicol
pFn01 This study Chloramphenicol
pFn02 This study Chloramphenicol
pLrh33S This study Chloramphenicol
pLrh33A This study Chloramphenicol
L001-L490 This study Chloramphenicol
Phage
VCSM13 Stratagene (USA) Kanamycin
VCSM13d3 [202] Kanamycin
AEMBL4::SOF [97]

60
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2.1.4

Oligonucleotides

61

Oligonucleotide primers used for cloning, sequencing, PCR reactions and dot blot

hybridisation are listed in Table 2.3.

Table 2.3.

hybridisations

Name Sequence Restriction site Application
pspFO1 CCGCCGAATCCCGGAAGAG  Earl cloning
CTGCAGCATGATGAAATTC
pspRO1 CCGCCGCCGGAATTCTCTAG  Nsil, Sphl, Smal, cloning
ACCCGGGGCATGCATTGTCC  ypal EcoRl
TCTTG e
pDJOLFO3 ATGTTGCTGTTGATTCTTCA sequencing
pDJO1R02 S\CGGAAACGTCACCAATGA sequencing
pJARA144R02 gggigCATGCATGGGCCATG Nsil cloning
Sof22F01 CCGCCGATGCATTGACAAAT  Nsil cloning
TGTAAG
Sof22R01 CCGCCGGAATTCCTCGTTAT  EcoRl cloning
CAAAGTG
Sof22F02 CGCCCGCGGACTGAGACGA  Sacll cloning
GTGCT
LOO1FO1 ACAACCCGCAGTTCCCGAGC PCR for
hybridisation probe
LO01RO1 TTGACATCGGCGAAAACAC PCR for
A hybridisation probe
LO14F01 TCGTAATTCTCACTGGCGGA PCR for
hybridisation probe
LO14R01 TCCGAGCGGCAGTTTCATTG PCR for
hybridisation probe
LO50F01 CTTAACCCAGCAAGGACAAT PCR for
CG hybridisation probe
LO50R01 ACTCACTTGTTCCGTTGGCT PCR for
CGC hybridisation probe
LO62F01 GACCTTGTCCGATGCACCTA PCR for
hybridisation probe
L062R01 GGCTGATTGTAAAACCTGCG PCR for
C hybridisation probe
LO64F01 TCCATGCCGCGACAACAACT PCR for
hybridisation probe
LO64R01 ACTGGCAGACTCACGATCAT PCR for
ATC hybridisation probe
LO73F01 CCAGATGAAGATTGAGAAC PCR for
AACTCC hybridisation probe
LO73R01 ATCACTTCAGTGTTAGCTGC PCR for
TTCGA hybridisation probe
L108F01 CCACTGACAAGTTCGGCATC PCR for
T hybridisation probe
L108RO1 AGCTGGTAGCGACTGGCAAT PCR for
C

hybridisation

probe

Oligonucleotide primers used for cloning, sequencing, PCR reactions and
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L157F01 TTGCAGGCTCGCTTTGTCGT PCR for
hybridisation probe

L157R01 GAAGTTGATCCAAGCACGC PCR for
AT hybridisation probe

L182F01 CCTAGTGCCGTCATCGTATC PCR for
CT hybridisation probe

L182R01 GCGCCCAACTGAGCTTTACA PCR for

hybridisation probe

2.2 Methods

2.2.1  General molecular biology methods

General molecular biology methods were carried out as described in Sambrook and Russell
[232].

2.2.2  Bacterial growth conditions

Escherichia coli strains were propagated at 37°C in 2xYT broth with aeration or Yeast Extract
Tryptone (2xYT) agar plates. The media were supplemented with suitable antibiotics.
Chloramphenicol (Cm) was used at 20 pg/ml, Ampicillin (Amp) at 60 pg/ml and Kanamycin
(Km) at 30 pg/ml, unless indicated otherwise.

Lactobacillus rhamnosus HNOO1 was routinely cultured in Man-Rogosa-Sharpe (MRS) broth
in a stationary 37°C waterbath or on MRS agar plates. The plates were placed in a sealed
plastic bag together with an anaerobic generator (Pouch-Anaero, BioMerieux) and incubated
overnight in a 37°C incubator. Anaerobic conditions were confirmed by indicator strips

(BBL™ Dry Anaerobic indicator strips, Becton Dickinson).

For long-term storage, all cultures were stored at -80°C in 7% (v/v) dimethyl sulfoxide
(DMSQ). Short-term storage (up to two weeks) of bacterial strains was achieved by storing

solid plates at 4°C.
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2.2.3  Nucleic acid techniques

2.2.3.1 Isolation of total genomic DNA from L. rhamnosus HN0O1

For library construction, chromosomal DNA was isolated from an overnight culture of L.
rhamnosus HNOO1 using a modification of the method described previously [54]. Briefly, an
overnight culture was diluted 1:100 into 80 ml MRS broth and incubated overnight at 37°C.
Cells were harvested by centrifugation at 5,500xg for 10 minutes, resuspended in 80 ml of
MRS broth and incubated for a further period of 2 h at 37°C. Cells were washed twice in 16
ml of lysis buffer [30 mM Tris-HCI (pH 8.0), 50 mM NaCl and 5 mM EDTA] and
resuspended in 2 ml of the same buffer containing 25% (w/v) sucrose, 20 mg ml™ lysozyme
(Sigma-Aldrich) and 20 pg ml™ mutanolysin (Sigma-Aldrich). The suspension was incubated
for 1 h at 37°C. Further lysis of the cells was accomplished by adding 2 ml of EDTA/SDS
solution [0.25 M EDTA, 800 pl 20% (w/v) SDS]. After addition of SDS the suspension was
carefully mixed and incubated at 65°C for 30 minutes. Next, Proteinase K (Roche) was added
to a final concentration of 200 ug ml™ and the suspension was incubated at 65°C for 15
minutes. The DNA was then purified by adding equal volume of phenol:chloroform:isoamyl
alcohol mix (in ratio 25:24:1), vortexing and centrifuging at 5000xg for 5 min. The aqueous
phase was collected and phenol:chloroform:isoamyl alcohol extraction was repeated. To
remove traces of phenol, equal amount of chloroform was added to the aqueous phase
containing DNA, followed by vortexing and centrifugation steps as described above. Residual
RNA contamination was removed by adding DNase-free RNase A (Roche) to a final
concentration of 100 pg ml™ and the incubation at 37°C for 30 min. The DNA was extracted
again by phenol:chloroform:isoamyl alcohol as described above. After chloroform extraction,
the DNA was precipitated by addition of 1/10 volume 3 M sodium acetate (pH 5.2) and 2.5
volumes 95% (v/v) ethanol. The DNA was pelleted by centrifugation, washed with 70% (v/v)

ethanol, air dried and resuspended in an appropriate volume of 10 mM Tris-HCI (pH 8.0).
2.2.3.2 Plasmid DNA isolation

Small scale plasmid DNA from E. coli (mini prep) was prepared using a modified alkaline
lysis method and the High Pure Plasmid Isolation kit (Roche, Germany), which uses a
modified alkaline lysis method [236]. If larger quantities of plasmid were required the
QIAGEN plasmid Midi kit (QIAGEN, Germany) was used. E. coli TG1 cultures containing

various plasmids and phagemids were propagated with appropriate antibiotic selection for
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maintenance of the particular episome. Two ml of stationary phase culture was harvested for
DNA extraction when using the miniprep kit, whereas 50 ml of stationary phase culture was
harvested for DNA extraction when using the midiprep kit. DNA extractions were performed
as outlined in the manufacturers’ instructions (QIAGEN and Roche). Briefly, cells were
disrupted by alkaline lysis, the bacterial lysate was cleared by centrifugation and then applied
to a silica-gel membrane (in a column). After washing the column to remove impurities,
plasmid DNA was eluted from the column. In the midiprep protocol, DNA in the eluate was
precipitated by isopropanol, pelleted by centrifugation and resuspended in 10 mM Tris, pH
8.0. In miniprep protocol, DNA was eluted in a small volume of low-salt buffer, eliminating

the need for precipitation.
2.2.3.3 Polymerase chain reaction (PCR) amplification

Bacterial colony PCR

Bacterial colony PCR was used for identifying bacterial transformants directly from bacterial
cells, using as a template DNA released from the cells during the PCR protocol. Individual
colonies were picked from plate, resuspended in 100 pul 1X TBS and streaked on a replica
plate. Replica plates were incubated at 37°C overnight and used a source for the plasmid
extraction of desirable clones. A volume of 5 pl from above suspension of colony in 1X TBS
was used for the PCR reaction. Primers for the reaction were complementary to the vector
sequence flanking the insert. PCR amplifications were carried out with Taq polymerase
(Roche) in the Whatman BioMetra Thermal Cycler (UK). The components of PCR mixes and

reaction conditions are described in Tables 2.4 and 2.5, respectively.
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Table 2.4. Component mixtures used in colony PCR reactions

Components Volume (20 ul) Final Concentration
10X PCR buffer, 2 uL 1X

(including 15 mM MgCl,)

25 mM dNTP mixture 0.16 pL 0.2 mM each

10 uM sense primer 0.4 pL 0.2 uM

10 puM anti-sense primer 0.4 pL 0.2 uM

Colony pre-mix 5puL n/a

Taq DNA Polymerase 0.1 puL 1 unit

H.O 11.94 pL n/a

Table 2.5.  Thermal profile of the colony PCR reactions

Thermal profile

1 94°C 5min
2 94°C 20 sec
3 Annealing* 30 sec
4 72°C Ext*
5 Repeat steps 2-4 25

6 72°C 7 min
7 4°C 0

* Annealing temperature was set according to the primers used. Extension was adjusted
according to the length of the amplicon.

General PCR
In this study PCR amplifications of the DNA used for cloning were carried out with Pwo
DNA polymerase (Roche) in the Whatman BioMetra Thermal Cycler (UK). The composition

of PCR mixes and the reaction conditions are listed in Tables 2.6 and 2.7, respectively.
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Table 2.6. Component mixtures used in general PCR reactions

Components Volume (50 ul)  Final Concentration
Master Mix 1: 25 ul

25 mM dNTP mixture 0.16 pL 0.2 mM each
10 puM sense primer 0.4 pL 0.2 uM

10 puM anti-sense primer 0.4 pL 0.2 uM
Template DNA 2l 0.05 pg

H,O 22.04 wl n/a

Master Mix 2: 25

10X PCR buffer, 5uL 1X
(including 20 MM MgSO,)

Pwo DNA polymerase 0.5 ul 2.5 units
H,0 19.5 ul n/a

Master mixes were prepared on ice to avoid the degradation of primers or template in the

absence of ANTPs through the 3°-5° exonuclease activity of Pwo polymerase.



Chapter 11

Table 2.7.

Thermal profile of the general PCR reactions

Thermal profile

67

1 94°C 2 min

2 94°C 15 sec

3 Annealing* 30 sec

4 72°C Ext*
Repeat steps 2-4 10

6 94°C 15 sec

7 Annealing* 30 sec

8 72°C Ext + cycle elongation of 2 sec for

each cycle*

Repeat steps 6-8 16

9 72°C 7 min

10 4°C ©

* Annealing temperature was set according to the primers used. Extension was adjusted

according to the length of the amplicon.
2.2.3.4 Dot blot hybridisations

After the sequence analysis of the first 192 clones, the clones whose sequences were detected
more than five times were excluded from further sequencing using dot blot hybridisation.
Probes of approximately 0.4 Kbp in length for each of the nine promiscuous clones were
obtained by PCR amplification using primers that did not overlap with the vector. PCR-
amplified probes were gel-purified and individually labeled using ECL Direct Nucleic Acid
Labelling and Detection kits (GE Healthcare BioSciences). The purified phagemid DNA of
individual library clones (~ 0.1 png) were spotted directly on a positively charged nylon
membrane (Roche) and cross-linked. Labelling, hybrisation and detection were performed
according to the procedure recommended by the ECL Direct Nucleic Acid Labelling and

Detection kit manual.
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2.2.4  Phage protocols

2.2.4.1 Phage infection, growth and purification

In the phagemid system used in this work, virions containing helper phage genomes are
referred as phage, whereas virions containing phagemid genomes are referred to as phagemid
particles (PPs). In all experiments in which phage or PPs were produced, an exponential phase
culture (around 108 cells/ml) of the appropriate strain was infected with the appropriate helper
phage at a multiplicity of infection (m.o.i) of 50 (50 phage to 1 bacterium), for 30 min at
37°C. Infected cells were separated from unabsorbed helper phage by centrifugation at
5000xg for 10min at RT and resuspended in fresh medium. The cultures were then incubated
for 4 h at 37°C with aeration unless otherwise stated. At the end of incubation, cells were
chilled, titrated and then separated from the phage or PPs by centrifugation at 13200xg for 20
min at 4°C. Bacterial pellets were resuspended in the equal volume of the chilled medium
supplemented with 7% DMSO. Generally 1 ml aliquots were taken, frozen on dry ice, stored

at -80°C and later used for the analysis of the proteins by SDS-PAGE and Western blotting.

The supernatant containing phage/PPs was centrifuged again and then passed through a 0.45
um filter to eliminate any remaining bacterial cells. Phagemid particles were further purified
and concentrated by precipitation in PEG/NaCl buffer [5% (w/v) PEG, 500 mM NaCl] and
resuspended in TN buffer (10 mM Tris-HCI pH 7.6; 50 mM NaCl) unless otherwise stated.
Phage and PPs were enumerated as described (section 2.2.4.2) and stored at 4°C for short term

storage or at -80°C in 7% DMSO for long term storage.
2.2.4.2 Phage enumeration

Titration of infectious phage and phagemid particles

The number of infectious phage was determined by titration. “Wild-type” (glll") helper phage
VCSM13 was propagated and titrated on TG1 strain. Stocks of Aglll helper phage
VCSM13d3 were generated on E. coli strain K1976, which contains complementring plasmid
pJARA112 with glll under the control of phage-inducible promoter psp. This strain allows
plaque formation by Aglll phage (VCSM13d3). Approximate number of phage was first
estimated by placing 10 pl drops of phage dilutions onto soft agar containing 0.2 ml of

overnight culture of appropriate E. coli strain. Plaques in the area of absorbed drops were
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counted to determine approximate numbers of phage. To accurately quantify phage, 10 pl of
optimal dilution (determined by previous method) was mixed with 100 ul of appropriate E.
coli strain and 2.5 ml of 2xYT soft agar (0.6% w/v). The mixture was poured over the 2xYT
agar plate. At least three hundred plaques from the total of three plates were counted to
determine the titre accurately. Helper phage titre was expressed as plaque-forming units per

ml (pfu/ml).

The infectious phagemid particles carrying a Cm” marker were titrated by the same method,
except that specially prepared double-layer plates were used, to allow in-agar infection of the
indicator strain TG1 prior to exposure to Cm [200]. Briefly, 2xYT agar plates were prepared
with 25 ug ml™ chloramphenicol. These plates were overlaid with 9 ml chloramphenicol-free
2xYT agar shortly before use. PP stock was then mixed with E. coli strain TG1 in the soft
agar layer as described in previous paragraph. PP titre was expressed as colony-forming units

per ml (cfu/ml).

Agarose electrophoresis of the phage and phagemid particles and quantification

Phage and PPs were quantified by densitometry based on the amount of encapsulated DNA.
Due to different lengths of particles the amount of phage or PPs were expressed in
monophage equivalents. A monophage equivalent is a measure of particle mass, and is
defined as a particle containing one encapsulated genome (Appendix I, Figure A.1). Thus, a
particle containing 10 genomes represent ten genome equivalents, as do 10 particles
containing one genome each [199]. The number of genome equivalents was determined from
agarose electrophoresis of phage ssDNA, released from the SDS-disassembled virions [237].
Prior to electrophoresis, virions were disassembled by incubation in SDS-containing buffer
(1% SDS, 1X TAE, 5% glycerol, 0.25% BPB) at 70°C for 20 min, and then subjected to
agarose electrophoresis in 1X TAE buffer. After electrophoresis, phage ssDNA was stained
with EtBr and quantified densitometrically. Since the amount of ssSDNA in a band is not
linearly proportional to the intensity of the fluorescence, every gel contained a set of twofold
dilutions, typically 10 to 360 ng per lane of purified VCSM13d3 ssDNA, used for calibration.
The gel was photographed with a CCD camera (BioRad, USA), and quantitative analysis
performed using software packages Image Gauge V4.0 (Fuji Film, Japan) and Excel

(Microsoft). The second order polynomial function was used to fit the standard curve over the
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range. Conversion of the calculated amount of ssSDNA in the samples into the amount of
genome equivalents or phage was carried out based on the molecular weight of ssSDNA
genome, which was again calculated from its base composition and length of a phage or
phagemid. Native virion agarose electrophoresis was used to separate virions of various
lengths and to detect free phage DNA when stability of phage was analysed [237]. Samples
were loaded on very low density agarose gels (0.4%) in DNA loading buffer (1X TAE, 5%
glycerol, 0.25% BPB). Electrophoresis was performed at 2 V/cm for 17 h. After
electrophoresis, free phage sSDNA was first detected by staining the gel in EtBr. To detect the
position of the native phage in the gel, virions were disassembled by soaking the gel in 0.2 M
NaOH followed by neutralisation with 0.45 M Tris pH 7.1 and visualisation with EtBr.

2.2.5  Protein electrophoresis and western blots

Proteins from the cell lysates and phage/PPs samples were separated by SDS-PAGE using a
tricine gel system [238], transferred to nitrocellulose filters, and then detected using a
monoclonal anti-plll antibody [239] and anti-mouse anti-serum conjugated to HRP. The ECL
Plus detection system (GE Healthcare Biosciences) was used for detection of antibodies
bound to the filter. The basic buffer was TBS (30 mM Tris, 150 mM NaCl, pH 7.6)
supplemented with 0.05% Tween 20. Blocking and antibody binding buffers also contained,

respectively, 0.5% and 0.1% casein based I-block (Tropix, USA).

2.2.6  Phagemid constructs

2.2.6.1 Construction of the phagemid vector pDJO1

Primers pDJO1FO01 containing an Earl site and pDJO1R01containing EcoRI, Xbal, Smal and
Sphl sites at the 5° end (Table 2.3) and template pJARA144 (Table 2.2) were used to generate
a PCR product containing the psp promoter (phage infection induced promoter) followed by a
ribosomal binding site and a multiple cloning site. The product was cleaved with Earl and
EcoRI and ligated into Earl-EcoRI digested phagemid pAK100 (Table 2.2) [234]. The
ligation placed the psp promoter, ribosomal binding site and the multiple cloning cassette
directly upstream of a sequence encoding the peptide tag c-myc, followed by suppressible a
amber (TAG) stop codon and a coding sequence for the C-domain of plll. The phagemid was
named pDJO1 and used in the construction of L. rhamnosus HNOO1 secretome-selective phage

display library.
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2.2.6.2 Construction of the phagemid displaying the SOF of S. pyogenes

Primers pSOF22F01 containing an Nsil site and pSOF22R01, containing an EcoRl site (Table
2.3) and the template, purified DNA of a AEMBL4::SOF clone of the sof22 from S. pyogenes
M type 22 strain D734 (Table 2.2), were used to generate a PCR product encoding the SOF of
the M22 strain (SOF22), including the signal sequence but excluding the cell wall and
membrane anchor sequences (963 residues). The PCR product was cleaved with Nsil and
EcoRI and ligated to the Nsil-EcoRI-cleaved vector pDJ01. This phagemid was named
pSOF22.

Primers pSOF22F02 containing a Sacll site and pSOF22R01, containing an EcoRI site and
the template, purified DNA of a AEMBL4::SOF clone of the sof22 from the S. pyogenes M
type 22 strain D734 (Table 2.2), were used to generate a PCR product encoding the SOF,
without its native signal sequence, the cell wall and membrane anchor sequences. The PCR
product was cleaved with Sacll and EcoRI and ligated to the Sacll-EcoRI-cleaved vector
pAK100 generating pAK-SOF22 phagemid which contained the sof22 fused to the pelB

signal sequence.

2.2.6.3 Construction of the phagemid pYWO01 carrying PelB signal sequence
and colD origin of replication

The phagemid pYWO01, was constructed in two steps: first, the psp (phage infection induced)
promoter, ribosomal binding site and pelB signal sequence (from Erwinia carotovora pectate
lyase — PelB) were amplified by PCR using pJARA144 as a template and primers pDJO1F01,
containing an Earl site, and pJARA144R02, containing an Nsil restriction site (Table 2.3).
The PCR product was cleaved and ligated into the Earl-Nsil digested phagemid pDJO1
(Table 2.2) [234]. This step introduced pelB signal sequence between the psp promoter and
multiple cloning site cassette of pDJO1. The resulting phagemid was designated pDJ08. Next,
the origin of replication in pDJO8 (colEl) was replaced with the colD origin of replication
from the vector pGZ119EH (Table 2.2).This was achieved by cleavage of the psp-pelB-c-
myc-gllIC cassette and origin of replication from pDJ08 using Pstl-Scal followed by removal
of 3’ protruding end from Pstl by T4 DNA polymerase (Roche) and ligation of the resulting
fragment to pGZ119EH EcoRV-Scal fragment carrying colD origin of replication. The
resulting phagemid pYWO01 was used in the construction of L. rhamnosus HNOO1 shot-gun

phage display library.
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2.2.7  Production and functional assays of the SOF-displaying phagemid

particles

The phagemid particles were generated by infection of 100 ml of exponentially growing
cultures of K1931 (TG1//pDJ01) and K1937 (TG1//[pSOF22) with helper phage stocks at a
multiplicity of infection of 50 phage per bacterium. Helper phages VCSM13 and VCSM13d3
were used for production of phagemid particles of the pSOF22 (named pSOF22 PP/wt and
pSOF22 PP/d3, respectively) and VCSM13 only for production of pDJO1 (negative phagemid
particle control; named pDJO1 PP/wt). VCSM13d3 helper phage could not be used for the
production of pDJO1 phagemid particles because of the lack of functional plll. Infected cells
were incubated for 4 h at 37°C with aeration. The host cells were pelleted by centrifugation
and phagemid particles collected in the supernatant. The phagemid particles were purified and

quantified as described previously (section 2.2.4.2) [199].
2.2.7.1 Serum opacity assay

The serum opacity assay was carried out by mixing 1 ml of heat-inactivated horse serum with
10* phagemid particles displaying the SOF (pSOF22 PP/wt; pSOF22 PP/d3) or negative
control (pDJO1 PP/wt). Sodium azide (0.02%) was included to prevent multiplication of
residual bacterial cells. The reactions were incubated at 37°C and the time course of increase

of optical density over time was monitored at a wavelength of 405 nm.
2.2.7.2 Fibronectin-binding assay

The fibronectin-binding assay was carried out by phage enzyme-linked immunosorbent assay
(Phage ELISA [240]). The microtiter wells (Nunc-Immuno MaxySorp™, Denmark) were
coated with human plasma fibronectin (Sigma, Australia) at a final concentration of 20 pug ml*
in PBS (pH 7.2), 100 pl per well, for 1 h at 37°C. The wells were washed once with 300 pl
PBS, 0.05 % Tween 20 buffer (PBST) and then blocked with 1% (w/v) bovine serum albumin
(BSA) in PBS for 2 h at room temperature. The wells were then washed (three times) with
300 pl of PBST buffer. Phagemid particles (2 x 10%) in 100 pl of PBS were added to the
wells. Negative buffer controls were TE (10 mM Tris, 1 mM, EDTA, pH 8.0), PBS, and
0.05% (w/v) BSA in PBS, and the negative phagemid particle control was pDJ01 PP/wt,
generated as described above. The plates were incubated for 2 h at room temperature. The
unbound phagemid particles were removed by washing with PBST (seven times). To detect

bound phagemid particles, 100 pl mouse anti-pVIII (monoclonal antibody to M13, fd and f1,
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Progen Biotechnik (Germany)) was added at a concentration of 0.1 pg ml™ in 1X PBS
containing 0.1% (w/v) BSA and incubated for 1 h at room temperature. The wells were then
washed with 300 ul PBST buffer (five times) and 100 ul of secondary HRP-conjugated anti-
mouse antibody was added at a dilution of 1:2000. The reaction was incubated for 1 h at room
temperature. The plate was then washed seven times with PBST buffer and developed using
the ImmunoPure TMB substrate kit (Pierce, USA). The absorbance was read at 450 nm. The

phagemid particles were quantified as described in section 2.2.4.2.

2.2.8  Construction of the genome library of HNOO1 in vector pDJ01

The library was constructed from mechanically (nebulization) sheared L. rhamnosus HNOO1
DNA and cloned into the phagemid vector pDJO1. A disposable medical nebulizer containing
1.5 ml chromosomal DNA (approximately 20 pg) in TBS buffer and 25% (v/v) glycerol was
subjected to nitrogen gas at a pressure of 10 psi for 90 s. The fragments obtained varied in
size between 0.3 and 4 Kbp, with the majority between 0.5 and 1.6 Kbp. Blunt ends were
achieved by treatment with T4 DNA polymerase (Roche), Klenow fragment of DNA
polymerase I (Roche) and OptiKinase™ (USB Corporation, USA). To eliminate fragments
below 0.3 Kbp, Sepharose CL-4B 200 (Sigma) size exclusion resin was used. The phagemid
vector pDJO1 was digested with the restriction enzyme Smal (Roche) and dephosphorylated
with shrimp alkaline phosphatase (Roche). The DNA manipulations were performed

according to standard methods [232].

Approximately 10 pg of the genomic fragments were ligated to 3 pg of the vector pDJO1
using T4 ligase (Roche). After phenol and chloroform extraction, the ligated DNA was
ethanol-precipitated, washed with 70% (v/v) ethanol and dissolved in 25 pl H2O. The ligation
mix was transformed into E. coli TG1 by electroporation (2.5 kV, 25 uF, 400 Q) in 2-mm-gap
cuvettes. The transformed cells were transferred to 50 ml of 2xYT and incubated for 1 h at
37°C with rotatory agitation. After the incubation a 2 ml aliquot was taken to determine the
number of transformants by plating Cm selective plates. The remaining bacteria were

amplified overnight at 37°C with aeration.
2.2.9  Direct selection of the secretome phage display library

A 1 ml aliquot of the overnight culture containing the whole genome library, constructed as

described in section 2.2.8), was used to inoculate 25 ml of 2xYT broth containing 20 pug ml™
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chloramphenicol. The exponentially growing culture (ODggo approximately 0.2) was infected
with helper phage VCSM13d3 (m.o.i = 50) for 1 h. Cells were then harvested by
centrifugation at 3200xg for 10 minutes; the pellet was resuspended in 1 ml of 2xYT, mixed
with 10 ml of soft agar [(2xYT broth containing 0.5% (w/v) agarose)] and poured over four
Cm double-layer selective plates described in section 2.2.4.2. Both the soft agar and the plates
contained molecular biology grade agarose instead of bacteriological agar. The plates were
incubated overnight at 37°C, then the phagemid particles were extracted from plates by adding
5 ml of 2xYT broth onto each plate followed by slow rotatory agitation at room temperature
for 4 h. Extracted phagemid particles were precipitated by PEG/NaCl solution [5% (w/v)
PEG, 0.5 M NacCl] and resuspended in TN buffer (10 mM Tris, 150 mM NacCl, pH 7.6). To
eliminate unstable (defective) phagemid particles, the precipitate was treated with sarcosyl at
a final concentration of 0.1% (w/v). The ssDNA released from defective phagemid particles
was removed by DNase I (100 pg ml™) in the presence of 5 mM MgCl,. DNase | was then
inactivated by EDTA (20 mM). The resulting sarcosyl-resistant phagemid particles
corresponded to the secretome phage display library clones. The ssDNA was first released
from these sarcosyl-resistant phagemid particles by incubation at 70°C for 10 minutes in the
presence of 1.2% (w/v) SDS and then purified using a plasmid mini prep kit (Roche). To
amplify the secretome library from the plasmid origin of replication, E. coli strain TG1 was

transformed with purified sSDNA.

2.2.10  Sequence analysis of selected L. rhamnosus HNOOL secretome

library inserts

After transformation of ssDNA from sarcosyl-resistant phagemid particles (section 2.2.9), 491
clones were randomly selected for analysis. The phagemid DNA from these clones was
purified using the 96-easy Mini-prep Kit (V-Gene Biotechnology, China). The inserts were
sequenced using primer pDJO1R02 (Table 2.3) and BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, USA). Fragments were separated on the ABI3730
Genetic Analyzer (Applied Biosystems) at Allan Wilson Genome Services (Massey
University). All inserts were sequenced using a primer complementary to glll sequence of the
vector at the 3’ end relative to the insert, since our interest was to investigate ORFs fused with
glll. Sequencing and sequence analysis was carried out on the batches of 96 clones. After the
sequence analysis of the first 192 recombinant phagemids, those whose insert sequences were

detected more than five times were excluded from further sequencing using dot blot
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hybridisation as described in section 2.2.3.4. The sequences obtained were analyzed with the
Vector NTI software Suite 10 (Invitrogen) and GLIMMER version 3.02, the latter analysis
using a training set generated against the L. rhamnosus HNOO1 draft genome sequence, a
position weight matrix representing ribosome binding sites for HNOO1 genes and an iterative
approach, as described in the software documentation, to predict an ORFs [241]. If the 5’ end
of the ORF was not reached, a sequencing reaction using the forward vector-complementary

primer pDJO1F03 (Table 2.3) was carried out followed by primer walking if necessary.

SignalP 3.0 [242] and TMHMM 2.0 [233] were used for prediction of the signal sequence and
transmembrane helices, respectively, using the default settings (for Gram-positive bacteria)
and cut-off values [159, 204]. Amino-terminally located transmembrane helices that in
SignalP 3.0 analysis showed a score for the signal peptidase cleavage site (C-score) below
0.52 were considered to be amino-terminal membrane anchors. The presence of a
transmembrane helix in those cases was confirmed by using the TMHMM prediction program
[243]. Lipoprotein signal sequences were predicted by the LipPred server [208, 244] using the
default settings and cut-off values [245]. TATFIND 1.4 was used for prediction of Tat signal
sequences [60]. Subcellular localization of the proteins in cells was predicted using PSORTb
v.2.0 [207].

All translated insert sequences were examined with BlastP [246] at the NCBI website [81]
with default settings to identify similarities with other bacterial proteins. An e-value lower
then ™ was used as a cut-off for notable similarity. Furthermore, conserved domains were
identified in our query sequences by the Conserved Domain Architecture Retrieval Tool
(CDART) engine in the course of the search; known domains being derived from either
clusters of orthologous groups of proteins (COG) [247], Pfam [117], SMART (The Simple
Modular Architecture Research Tool ) and InterProScan databases [248, 249].

2.2.11 Construction of the L. rhamnosus HNOO1 shot-gun phage display
library

The library was constructed from mechanically (nebulization) sheared L. rhamnosus HNOO1
DNA and cloned into the phagemid vector pYWO01 (section 2.2.6.3). The fragments obtained

varied in size between 0.3 and 4 Kbp, with majority between 0.8 and 2 Kbp. To eliminate
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fragments below 0.5 Kbp, a protein concentrator with 100 kDa cut-off was used

(Vivascience).

Approximately 50 pg of the genomic fragments were ligated to 14 pg of the vector pYWO01
using T4 ligase (Roche). After phenol and chloroform extraction, the ligated DNA was
ethanol-precipitated, washed with 70% (v/v) ethanol and dissolved in 70 ul H,0. E. coli
TGlelectrocompetent cells [225] were transformed with 3 ul of ligation mix (2.5 kV, 25 uF,
400 Q) in 2-mm-gap cuvettes. A total of 23 electro-transformations were carried out. The
transformed cells were pooled, transferred to 230 ml of 2xYT and incubated for 1 h at 37°C
with rotatory agitation. After the incubation a 1 ml aliquot was taken to determine the number
of transformants by plating on 2xYT agar with 20 pg ml™ chloramphenicol. An aliquot (10
ml) of the remaining bacteria was transferred to 990 ml of 2xYT containing 20 pg ml™
chloramphenicol and incubated at 37°C with aeration until exponential phase (ODggo
approximately 0.2). The exponentially growing culture was infected with wild-type helper
phage VCSM13 (multiplicity of infection = 50) for 30 min. Cells were then harvested by
centrifugation at 3200xg for 10 minutes and the pellet was resuspended in 1 L of 2xYT
containing 20 pg ml™ chloramphenicol. Infected cells were incubated for 4 h at 37°C with
aeration. The host cells were pelleted by centrifugation and phagemid particles collected in
the supernatant. Phagemid particles were precipitated and purified as described in section
2.2.4.1.

2.2.12  Affinity screening of the shot-gun phage display library for L.
rhamnosus HNOO1 cells binders

L. rhamnosus HNOO1-binding phagemid particles were selected from the L. rhamnosus
HNOO1 shot-gun library by affinity-enrichment protocol similar to the one described for the
Rhizobium leguminosarum cell-surface-associated agglutinin [226] with slight modification.
Briefly, strain HNOOL1 to be used as bait was cultivated in MRS medium supplemented with
1 mM CaCl, at 37°C. Cells from 1.5 ml of the late-exponential-phase (~1 x 10° cells) were
collected by centrifugation and the supernatant was carefully removed. The cell pellet was
resuspended in 0.6 ml 1X TBS containing 2 mM CaCl, and mixed with the L. rhamnosus
HNO001 phage display library (~ 3 x 10° PPs). Binding was allowed to proceed for 3 h at room
temperature on a roller. Unbound PPs were removed by washing the cells five times with 1.5

ml 1X TBS. After every wash the bacteria were gently spun down at 1100 x g for 3 min in a
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microfuge. After the last wash, the cell pellet was resuspended in 0.05 ml 2xYT, transferred to
a new tube and mixed with 0.5 ml of the exponentially growing E. coli TG1 culture to recover
bound phage. This mixture was incubated for 30 min at 37°C to allow phage to infect the E.
coli cells. Subsequently, infected E. coli TG1 cells were plated on selective double layer
chloramphenicol plates (section 2.2.4.2). Cm® colonies were counted and collected by
scraping the plates with 2 ml 2xYT. An aliquot (0.5 ml) was used to inoculate 200 ml of
2XYT containing Cm. When the culture reached exponential phase it was infected with wild
type helper phage VCSM13 in order to produce PPs of the enriched library. After the helper
phage infection the culture was processed as described (section 2.2.4.1) to extract, concentrate
and purify PPs. These enriched PPs were then used in the second round of panning according
to the same protocol. Affinity enrichment procedure was repeated one more time, a total of
three rounds. After each round the total number of eluted PPs was determined and profiles of
plasmid dsDNA isolated from amplified library pools were monitored to estimate enrichment
frequency. Distinct plasmid bands after the third cycle of panning were purified from
preparative agarose gel and used to transform the E. coli TG1 cells. Ten recombinants

containing inserts of different sizes were further analysed by DNA sequencing.

2.2.12.1 Purification of phagemid particles displaying Lrh33 and HNO0O1-

binding assay

E. coli clones containing the recombinant phagemids pLrh33A, selected from the HNOO1
shot-gun library after panning on L. rhamnosus HNOO1 cells (K2089), and recombinant
phagemid pLrh33 identified as a secretome clone in the HNOO1 secretome library (K2090)
were used to generate phagemid particles displaying corresponding fragments of protein
Lrh33. A volume of 100 ml of exponentially growing cultures of corresponding strains K2089
and K2090 were infected with helper phage VCSM13 at a multiplicity of infection of 50
phage per bacterium. The negative phagemid particle control was pYWO01 PP/wt, generated
by infection of strain K1978 (TG1//pYWO01) as described above. Infected cells were incubated
for 4 h at 37°C with aeration. The E. coli cells were pelleted by centrifugation and phagemid
particles were collected in the supernatant. The phagemid particles were precipitated with
PEG/NaCl resuspended in 200 ul 1XTBS and quantified as described previously (section
2.2.4.2).
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To determine specificity of binding, pLrh33A PP, pLrh33 PP and pYWO01 PP were assayed
for binding to HNOO1 cells as described in section 2.2.12.

2.2.13 Biopanning of L. rhamnosus HNOO1 shot-gun phage display library

on immobilised fibronectin

For the first two rounds of biopanning, the microtiter wells (Ninclon multiwell #150628,
Nunc) were coated with human plasma fibronectin at a final concentration of 100 pg ml™?, 1
ml per well in 50 mM sodium carbonate (pH 9.5) overnight at 4°C. The wells were washed
once with 1 ml 1X PBS buffer containing 0.05% Tween 20 (PBST) and then blocked with 1%
(w/v) BSA in 1X PBS for 2 h at room temperature. The wells were then washed (three times)
with 1 ml of PBST buffer. Phagemid particles (3 x 10™) in 100 pl of PBS supplemented with
0.1% BSA were added to the wells (phage library and BSA were mixed 1 h prior to addition
to the wells). Negative phagemid particle control was pYWO01 PPs generated using VCSM13
helper phage. The plates were incubated for 4 h at room temperature. The unbound phagemid
particles were removed by washing with PBST (ten times). The bound phagemid particles
were eluted in 1 ml elution buffer (100 mM glycine-HCI, 1 mg/ml BSA, pH 2.2) for 30 min
followed by neutralization with 60 pl 1 M Tris (unbuffered). An aliquot (20 pl) was taken to
determine the total number of bound phage as described before (section 2.2.4.2). The rest of
elution was used to infect 1 ml of the exponentially growing E. coli TG1 cells. The infected
cells were transferred to 8 ml Cm-containing medium and incubated overnight at 37°C with
aeration to amplify the eluted library pool. A 1 ml aliquot of the overnight culture containing
the whole genome library was used to inoculate 100 ml of Cm-containing medium. The
exponentially growing culture was infected with helper phage VCSM13 (m.o.i = 50) for 30
min. The PPs were amplified and purified as described before (section 2.2.4.2). They were

used as input into the next round of panning.

The third round of biopanning was carried out on biotinylated human plasma fibronectin (Bio-
Fn) immobilized on streptavidin magnetic beads (Roche). Fibronectin was biotinylated using
EZ-Link Sulfo-NHS-LC Biotin (Pierce, USA) according to manufacturer-recommended
procedure. To remove unspecific binders or “background” from the second round-selected
phagemid particles (polypeptides displayed on the PPs binding to streptavidin magnetic beads
independently of fibronectin), 0.5 mg of streptavidin magnetic beads were resuspended in 1ml

blocking agent (2 % skim-milk powder in 1X PBS) and combined with ~ 10™* phagemid
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particles. The mixture was incubated with end-over-end rotation for 1 h at room temperature.
A tube containing streptavidin magnetic beads/ PPs mixture was placed in the magnetic field
to separate bead-bound PPs from the unbound fraction of the library. A supernatant
containing the unbound PPs was then transferred to a new tube, mixed with 175 pmol of Bio-
Fn and incubated for 1h at room temperature on the roller. In the next step the interacting
complex, Bio-Fn/PPs, was combined with 0.5 mg pre-washed and blocked streptavidin
magnetic beads, (three washes with 1X PBS and blocking with 2 % skim-milk powder in
PBS). The mixture was incubated 2 h at room temperature with end-over-end rotation. The
tube was then placed in the magnet for 45 s to immobilise magnetic bead-associated
phagemid particles and a series of seven 1 ml washes were performed with PBST followed by
two washes 1X PBS supplemented with 2% skim-milk powder and a final wash with 1X PBS.
Following the last wash, 0.5 ml elution buffer (0.1 M glycine-HCI, 1 mg/ml BSA, pH 2.2)
was added to the interacting PPs/Bio-Fn/beads complex. After a 30 min elution, the beads
were collected by magnet, the supernatant was transferred to a new tube and neutralized with
30 wl 1 M Tris (unbuffered). Output PPs were titrated and amplified as described in section
2.24.2.

After each round of panning the total number of eluted phage was determined by titration and
plasmid profiles were monitored on an agarose gel. Distinct plasmid bands identified after the
third round of panning were purified and used to transform the E. coli strain TG1. Ten
recombinant phagemids containing inserts of different sizes were further analysed by DNA

sequencing.

2.2.13.1 Preparation of phagemid particles displaying fibronectin-binding

protein candidates and binding assay for fibronectin

E. coli clones containing phagemids Fn01 (K2087) and Fn02 (K2088), selected from HNOO1
shot-gun library after panning on fibronectin, were used to generate phagemid particles
displaying corresponding proteins. A volume of 100 ml of exponentially growing cultures
K2087 and K2088 were infected with helper phage VCSM13 at m.o.i of 50 phage per
bacterium. Additional PP preparations for use as positive and negative controls, pSOF22 PP
and pYWO01 PP, were generated by infection of strains K1937 (TG1//pSOF22) and K1981
(TG1//[pYWO01) as described above. Infected cells were incubated for 4 h at 37°C with

aeration. The E. coli cells were pelleted by centrifugation and phagemid particles were
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collected in the supernatant. The phagemid particles were purified and quantified as described
in2.2.4.2.

Binding of PPs derived from pure recombinant clones was examined by panning on Fn-coated
wells of a microtiter plate. The microtiter wells (Nunc-Immuno MaxySorp™, Nunc) were
coated with human plasma fibronectin at a final concentration of 100 pug ml™, 200 ul per well
in 50 mM sodium carbonate (pH 9.5) overnight at 4°C. Additional wells were coated with
unspecific ligands, BSA (final concentration 1 mg ml™ in 1X PBS) and streptavidin (final
concentration 1 mg ml™ in 1X PBS). The wells were washed once with 300 pl PBST and
then blocked with 1% (w/v) BSA in 1X PBS for 2 h at room temperature. The wells were then
washed (three times) with 300 ul of PBST buffer. Phagemid particles (3x10™) in 200 pl of
1X PBS were added to the wells. The plates were incubated for 2 h at room temperature. The
unbound phagemid particles were removed by washing with PBST (seven times). Bound
phagemid particles were eluted with 200 pl of elution buffer (0.1 M glycine-HCI, 1 mg/mi
BSA, pH 2.2) for 30 min followed by neutralisation with 12 pl of 1 M Tris (unbuffered).

Output PPs were titrated as described previously (section 2.2.4.2).
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Direct selection, expression and display of the
secretome of probiotic bacterium Lactobacillus
rhamnosus HNOO1
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3.1 Construction of the secretome-selective phage display

vector

A typical phage display system consists of two components: phagemid vector and a helper
phage [26]. The phagemid vectors most commonly encode the carboxy-terminal domain of
plll, preceded by a signal sequence (Chapter Ic). Inserts are placed between the signal
sequence and mature portion of plll. If an insert is translationally in-frame with both the
signal sequence and the mature portion of plll, then the encoded protein will be displayed on
the surface of the phage. The first step in development of the secretome selection and display
system was construction of a new phagemid vector, pDJ01, containing a plll C-domain
cloning cassette from which the signal sequence was deleted (Figure 3.1). Phagemid pDJO1
contains a phage infection-inducible promoter psp [250]. The psp promoter has very low level
of background expression hence it decreases the chance of negative effect of potential toxicity
of foreign protein fusions to plll. Downstream of the psp promoter are Shine-Dalgarno site,
multiple cloning cassette and coding sequence for the C-domain of plll. To add the possibility
for production and purification of soluble protein encoded by the insert, a purification tag (c-
myc) and suppressible amber stop codon were engineered downstream of the cloning site.
Thus soluble protein could be produced and affinity-purified in suppressor-positive strains.
The stop codon is read as glutamic acid in the host strain TG1 (supE) used for the library
construction and screening, allowing read-through into the in-frame glll-coding sequence and

display on the phagemid particles.
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ppsp
RBS
4/ MCS
c-myc tag
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Figure 3.1.  Phage display vector for selective secretome display.

gllIC, carboxyterminal domain of glll; CmR, chloramphenicol resistance cassette; colEl ori,
the colEIl plasmid origin of replication; ppsp, phage shock protein promoter; MCS, Multiple
Cloning Site; RBS, ribosomal binding site; c-myc, a common peptide tag followed by a single
amber stop codon; f1 ori, the f1 phage origin of replication for generation of sSDNA and for

packaging into the phagemid particles.

The helper phage component of a phage display system is normally used to provide the f1
replication protein pll that mediates the rolling circle replication of the phagemid vector from
the f1 origin, resulting in a single-stranded DNA (ssDNA) genome that is packaged into the
virion [244]. The helper phage also provides other phage-encoded proteins essential for
packaging of the phagemid ssDNA into the virion, to form phagemid particles. However, the
helper phage that was used had the entire coding sequence for plll (glll) removed (Figure 3.2)
[202]. Hence, the only plll protein produced in the system was the phagemid vector-encoded

plll that lacked a signal sequence.
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Figure 3.2.  Helper phage VCSM13d3.

KanR, kanamycin resistance cassette; p15A ori, plasmid origin of replication; f1 ori, phage
origin of replication; gl-XI, phage genes encoding: pll and pX, DNA replication; pV, sSDNA
binding protein; pVIII, major coat protein; pVI, pVII and pIX, minor coat proteins; pl and
pXI, assembly proteins in the cytoplasmic membrane; plV, assembly protein/channel in the

outer membrane; AglII, entire glll deleted.

3.2 Testing of the new phagemid pDJ01

3.2.1  Testing the pDJO01 vector for replication and packaging into

phagemid particles

Packaging of a phagemid to obtain phagemid-encapsidating virions or phagemid particles is
essential for phage display. Typically, a helper phage has a defective origin of replication or
packaging signal, which allows the preferential packaging of the phagemid genome over the
helper phage genome, resulting in domination of phagemid particles (PPs) over helper phage.
The number of the phagemid particles usually exceeds the number of helper phage by a factor

10 to 100. Packaging of the phagemid vectors and helper phage can be impaired by
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arrangement of the ORFs on the phagemid leading to low packaging efficiency of phagemid
relative to the helper phage. Therefore, wild-type helper phage-assisted replication and
packaging of the ssDNA of the phagemid pDJO1 into phagemid particles was tested. The
amount of produced phagemid particles after infection with VCSM13 wild-type helper was
determined by titration of infectious phagemid particles and the helper phage as described in
section 2.2.4.1 (Table 3.1).

Table 3.1.  Relative production of pDJ01 phagemid particles and helper phage.

®PPs °Helper phage PPs : helper phage ratio
(cfu/ml) (pfu/ml)
°1.2x 10" 4.7x10° 25:1

4 PPs, phagemid particles containing pDJ01 ssDNA
® Helper phage, VCSM13

¢ PPs and helper phage were titrated as described in section 2.2.4.2

The result showed that the ratio of PP to phage titre was 25:1. Therefore, replication and

packaging of the new phagemid pDJ01 was as efficient as expected.

3.2.2  The production of “background” wild-type plll-containing
(infectious) PPs in the absence of the signal sequence

In the pDJ01/VCM13d3 system for selective display, phagemid pDJO01 is the only source of
the C-terminal domain of plll, which is necessary for the termination of assembly. However,
this truncated plll lacks the N-terminal domain, which is required for infection. Hence, the
PPs obtained using VCSM13d3 should be non-infectious. Any infectious particles obtained
would be derived from the rare glll+ helper phage, which may arise during preparation of the
VCSM13d3 stock on a complementing strain that carries plll-producing plasmid by
VCSM13d3 - plasmid recombination [202]. Since infectious PPs would constitute a
population of undesirable false positives in the secretome selection system, the frequency of
their production and production of VCSM13d3 revertants was determined. Comparison of the
titres on complementing (K1976) and non-complementing (TG1) hosts showed that the
frequency of glll+ phage in the VCSM13d3 stock was less than 8 x 10° (Table 3.2). The
frequency of infectious pDJO1 phagemid particles generated using the above VCSM13d3

stock was 4.6 x 10° (calculated as a ratio of infectious particles to total amount of particles,
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according to the method described in Chapter 11, section 2.2.4.2. and footnote b of Table 3.2.
These frequencies are much lower than the expected frequency of secretome clones in a
library (10 to 10®), hence these false positives would represent an unsignificant minority in a
secretome selection experiment. Therefore VCSM13d3 was deemed suitable for use as a

helper phage for the secretome-selective phage display.

Table 3.2.  The frequency of production of infectious VCSM13d3 and pDJO01 virions.

Helper phage/PPs Frequency of infectious
virions

VCSM13d3 phage? 8x10°

pDJO1 PPsP 46x10°

% The frequency of revertants in the stocks grown from single plaques of VCSM13d3 was
calculated as a ratio of the titres on the non-complementing TG1 strain to complementing
strain K1976. Titres were calculated from the number of the plaques on the lawns of the
respective strains as described in 2.2.4.1.

P The frequency of the infectious PPs was calculated as a ratio of the number of infectious
particles to total number of PPs. The number of the infectious particles was calculated from
the Cm" colonies after infection of the strain TG1. The total number of PPs was deduced from
the intensity of the pDJO1 ssDNA band after agarose gel electrophoresis of disassembled
virions as described in section 2.2.4.2.

3.2.3  Testing of the signal sequence-dependence of phagemid particle

production by pDJ01

Testing of signal sequence-dependent release of stable PPs in the presence of the Aglll
(VCSM13d3) helper phage was essential to establish whether the proposed basic tenet of the

project, the selective cloning of secretome proteins, was feasible.

The hallmark of a signal sequence is a hydrophobic a-helix of at least 15 amino acid residues
in length at the amino terminus of the protein. In bacteria, this helix is preceded by a few
residues, predominantly positively charged, and is followed by either electroneutral or

negatively charged residues (Chapter Ig; [159]). plll has an 18-residue signal sequence, which
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is normally processed by the Escherichia coli signal peptidase. However, Gram-positive
signal sequences are significantly longer than those of Gram-negative bacteria [138]. Hence it
was not clear whether the former would be processed with sufficient efficiency in E. coli to
allow production of functional plll. We tested this by inserting into pDJO1, in-frame with
gllIC, a surface protein from a Gram-positive bacterium - the serum opacity factor of
Streptococcus pyogenes, M-type 22 (SOF22) [97]. The SOF22 portion of the protein fusion
was 963 amino acid residues in length (including the signal sequence), and it lacked the
sortase-dependent cell wall-anchoring motif LPATG and the TMH located at the very
carboxyl terminus of the protein. Importantly, the signal sequence of SOF22 is 40 residues in
length, approximately twice as long as that of plll. Therefore, this is a typical Gram-positive
bacterial secretome protein that might be found, for example, in the intestinal microflora. To
establish whether production of SOF22 phagemid particles from its native signal peptide is of
the same efficiency as when SOF22 was targeted to the membrane via a Gram negative signal
peptide, the mature portion of SOF22 protein was also inserted into the “classical” phage
display vector pAK100 carrying the Gram-negative signal sequence pelB, but otherwise
containing the identical f1 and plasmid origins of replication and antibiotic resistance as in
pDJO1 (section 2.1.3, Table 2.2).

Phagemid particles of the pDJO1::SOF22 (named pSOF22) and pAK100::SOF22 (named
pAK-SOF22) clones were assembled using the Aglll helper phage VCSM13d3. It was
expected that in the absence of signal sequence (vector pDJO1 without an insert) a low amount
of unstable (defective) PPs would be produced, whereas inserting SOF22 carrying a signal
sequence into pDJO1 (or fused to a Gram-negative signal peptide as in pAK-SOF22) was
expected to result in release of a significantly larger amount of structurally stable virions.
Because the obtained PPs are non-infectious, the efficiency of PP production was determined
by quantifying the phagemid ssDNA in the particles after heating the concentrated phage
stocks in SDS as described in 2.2.4.2.

Densitometry analysis showed that the amount of PPs in the absence of signal sequence was
not significantly lower than that obtained in the presence of Gram-positive or Gram-negative
signal sequence (Figure 3.3). This could be explained by the fact that in the absence of
functional plll, during a 4 h incubation, very long cell-associated phage filaments (expected to
be >10 pum in length) break off the cells spontaneously [197]. These cell-associated phage or

polyphage are made of multiple single stranded genomes (in our case pDJ01) whose assembly
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has not been terminated by adding plll as a result of absence of functional plll (no signal
sequence). Due to excessive length, these filaments are broken off the host cells by
mechanical shearing during the handling and aeration of the cell culture by rotatory agitation.
These defective virions had to be efficiently eliminated to achieve the selection for virions
which display the signal sequence-containing proteins. The latter virions contain plll fusion
derived from the signal sequence-containing proteins which forms stabilizing the virion cap

and therefore are more stable than plll-deficient filaments.

1.00E+12

1.00E+10

1.00E+08
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total number of PPs

1.00E+02

1.00E+00 T T
pDJO1 PP/d3 pSOF22 PP/d3 pAK-200 PP/d3

Figure 3.3.  Total number of phagemid particles generated using VCSM13d3.

An opportunity for “chemical” selection of plll-containing particles was provided by
differential sensitivity to the ionic detergent sarcosyl. Defective phage particles, which lack
plll, are disassembled by sarcosyl. In contrast, plll-containing particles are resistant to this
detergent [198]. The ssDNA released from incomplete virions can then be eliminated by

treatment with DNase | (Figure 3.4).

This protocol was tested using pSOF22 and pDJO1 phagemid particles. Sarcosyl disassembly
and DNase I-mediated removal of plll-negative PPs was monitored by agarose gel
electrophoresis (Figure 3.4). After sarcosyl/DNase | treatment ssSDNA from unstable phage
particles was released and removed (Figure 3.4; lanes 1, 2, 4 and 5). The remaining
structurally stable virions were disassembled using SDS (Figure 3.4; lanes 3 and 6).

Together these results show that the sarcosyl/DNase | protocol is functional and also that the
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cap structure on pSOF22 PP was formed, implying that SOF22-plll fusion was correctly
targeted to the virion and that the Gram-positive signal sequence of the SOF22 protein was

functional in the E. coli host.

Helper phage
<+—— VCSM13d3 ssDNA

<+—— pSOF22 ssDNA

pDJ01 ssDNA

Figure 3.4. The effect of sarcosyl/DNasel protocol on the ss- (pDJ01) and ss+
(pPSOF22) PPs.

Agarose gel electrophoresis of free ssSDNA. Lanes: 1, pDJ01 PP sample after sarcosyl
treatment, showing ssDNA released from signal sequence-negative (defective) PPs; 2, sample
1 after the DNase | treatment (free sSDNA is removed); 3, purified ssDNA from the sample
shown in 2; 4, pSOF22 PP sample after sarcosyl treatment; 5, sample 4 after DNase |
treatment; 6, purified sSDNA from the sample shown in 5. Please note that only free sSSDNA is

detected in this experiment, whereas virion-encapsulated sSDNA remains unstained.

3.2.4  Biological activity of displayed protein SOF22

The ultimate aim of this thesis was to find and functionally characterise some of the proteins
responsible for host-microbe interactions, thus the remaining question that needed to be
addressed was whether a Gram-positive secretome protein displayed on the phage surface in
pDJ01/VCSM13d3 system using its native sequence for membrane targeting and processing
retained its biological activity.

Serum opacity factor is a bifunctional cell surface protein comprised of a C-terminal domain
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with highly conserved tandem repeats that bind fibronectin [97] and an N-terminal domain
(residues 148-843) that mediates opacification of mammalian sera through the binding to high
density lipoprotein [251]. Purified pSOF22 PPs were examined for both biological activities.
SOF22 was displayed using either the glll-deleted helper phage VCSM13d3 as described
previously (section 2.2.7), or glll-positive helper phage, VCSM13. The former resulted in
occupancy of all plll positions in the phagemid particles with the SOF22-plll fusions
(polyvalent display), and the latter in a mixture of the SOF22-plll fusion and the wild-type
plll (monovalent display) from the glll+ helper phage VSCM13.

3.2.4.1 Serum opacity assay

Purified pSOF22 PPs were subjected to a serum opacity assay, the standard indicator for
serum opacity factor (Figure 3.5) [252]. The assay was positive, demonstrating that SOF
activity located at the N-terminal domain was retained. Consistent with the expected higher
copy number of SOF22-plll fusions when VCSM13d3 is used as the helper phage, serum
opacity generation was greater for the phagemid particles produced by infection with the
Aglll helper phage VCSM13d3.
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Figure 3.5. Serum opacity activity of the pSOF22 phagemid particles displaying
SOF22.

Samples: pSOF22 PP/d3 and pSOF22 PP/wt, phagemid particles displaying the SOF from S.
pyogenes M22, generated using VCSM13d3 and VCSM13 helper phage, respectively; pDJ01
PP/wt, the vector phagemid particles, generated using the VCSM13 helper phage. Each data

point is an average of three replicas of the SOF assay; error bars represent standard deviation.

3.2.4.2 Fibronectin-binding activity assays

Fibronectin-binding activity of pSOF22 phage particles was assessed in vitro using phage
ELISA and affinity enrichment assays.

Phage ELISA

Phage ELISA was performed as described in Material and Methods (section 2.2.7). The
pSOF22 PP sample exhibited dose-dependent binding to immobilised fibronectin that began
to plateau when the number of phage particles per assay reached ~10°. No ELISA signal over
background value was detected in control wells in which vector only, pDJO1, phage particles
were applied, nor in the wells from which fibronectin was omitted (Figure 3.6). As expected,
PP binding was lower for monovalent (pSOF22 PP/wt) relative to polyvalent (pSOF22 PP/d3)

display similar to the observation for the serum opacity assay.
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Figure 3.6. Binding of the SOF22-displaying phagemid particles to human fibronectin
detected by phage ELISA.

A total of 10® phagemid particles were used per assay, each carried out in a well of a 96-well
plate. Samples: pSOF22 PP/d3 and pSOF22 PP/wt, phagemid particles displaying the SOF
from S. pyogenes M22, generated using VCSM13d3 and VCSM13 helper phage, respectively;
pDJO1 PP/wt, the vector derived phagemid particles, generated using the VCSM13 helper
phage. BSA, TE and PBS, buffer controls. Each data point is an average of three replicas;

error bars represent standard deviation.

Affinity binding (Biopanning)

A big advantage of phage display is the convenience with which libraries can be affinity-
screened for target-specific binders. Affinity enrichment of library clones encoding binding
polypeptides is achieved by incubation of the phage library with an immobilised target,
followed by removal of the non-binding phage and amplification of binders to the host
bacteria. To establish the conditions for screening of the secretome library clones for binders
to various targets involved in adhesion and aggregation and to confirm earlier experimental
results that biological function of displayed SOF22 was retained, binding of SOF22 PP/wt to

immobilised fibronectin was assayed. Recovery of the pSOF22 phagemid particles were
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compared to that of a parallel binding assay of pDJ01 PP/wt sample. pSOF22 PP/wt showed
54000-fold higher recovery relative to that of pDJO1 PP (Table 3.3). This level of enrichment
of SOF relative to the non-binder is consistent with the high affinity binding of FnBP domain
to Fn. This also implicated that conditions used in biopanning assay could be used
successfully for screening of the secretome library for proteins responsible for interaction
with Fn.

Table3.3.  Total number of eluted PPs from fibronectin after affinity enrichment

assay.
Phagemid particles Input titre® Output titre Output/Input  Binding above
titre ratio background
pSOF22 2x10" 1.3x10° 6.5x10™ 5.4x10%
pDJO1 2x10% 2.4x10* 1.2x10°

® Phagemid particles were titrated as described in section 2.2.4.1

In summary, preliminary experiments suggested that this system could be used for a Gram-

positive bacterium at a genome scale.
3.3 Selection of the Lactobacillus rhamnosus HNOOQO1 secretome

Efficiency of selection of a secretome phage display library was examined at genomic scale.
The organism of choice was the Gram-positive probiotic bacterium L. rhamnosus strain
HNOO1. A draft genome sequence of this bacterium has been determined by Fonterra;
however, the complete genome sequence has not been determined as yet. In this thesis work, a
small-insert shot-gun genomic library of HNOO1 was created in the pDJO1 vector (Figure 3.7).
The insert size ranged from 0.3 to 4 Kbp and the primary size of the library was 10° clones.
The library was first amplified using the plasmid origin of replication (in the absence of a
helper phage). In the next step, the amplified library was mass-infected with the Aglll helper
phage VCSM13d3 to initiate replication of the phagemid from the f1 origin and packaging
into phagemid particles. Based on the preliminary experiment described in the previous
section (3.2.3), inserts encoding the signal sequence-containing proteins in-frame with plll
were expected to restore its function and allow assembly of the terminal cap of the virions,
rendering them resistant to sarcosyl. These resistant phagemid particles were expected to

display the plll-secretome protein fusions on the surface and contain the corresponding DNA
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sequence inside the phagemid particle. In contrast, defective phagemid particles that lack an
insert encoding a signal sequence-containing protein that is translationally fused to glll were
expected to be disassembled in the presence of sarcosyl. Thus, sarcosyl treatment would
release the recombinant phagemid ssDNA encapsidated in the defective phagemid particles;

the released DNA would then be digested by DNase | and eliminated in the selection step.

After infection with VCSM13d3 helper phage, the library was incubated on a solid medium to
minimize growth competition among the library clones. Phagemid particles released from the
infected library were collected and purified by PEG precipitation. Sarcosyl-induced release of
phagemid DNA was monitored by agarose gel electrophoresis and staining with ethidium
bromide (Figure 3.8A, compare lanes 1 and 2). The sarcosyl-released ssSDNA was eliminated
by DNase | (Figure 3.8A, lane 3). The total DNA in the virions (both encapsulated and free)
was detected by disassembling all virions, both defective and plll-containing, with SDS at
70°C, prior to electrophoresis. The electrophoresis of SDS-disassembled virions detected a
weak signal in the post-DNase treatment samples compared to the signal from the sarcosyl-
sensitive phagemid particles. This indicated that, as expected, the majority of the inserts were
packaged into sarcosyl-sensitive phagemid particles, most likely because they lacked in-frame

signal sequence fusions to the vector plll.
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Figure 3.7.  The secretome selection diagram

The key selection steps are boxed. Rounded squares represent E. coli cells and rounded
rectangles represent recombinant phagemids replicating as plasmids inside the cells. plll is
shown as a red rectangle on the plasmid backbone. Inserts are represented as rectangles of
various colors and lengths. Small orange ovals represent the signal sequences. The pipe-
cleaner-like shapes represent phagemid particles obtained after infection of the library with
the helper phage VCSM13d3. The elongated rectangles along the axes represent packaged
DNA of the library clones. The top ends of the phagemid particles contain pVII and plX
proteins. The bottom ends of the phagemid particles are either open (signal sequence-negative
clones) or capped by protein-plll fusions (signal sequence-positive clones; popsicle shapes).
Sarcosyl®, phagemid particles sensitive to sarcosyl; Sarcosyl®, the secretome protein-
displaying phagemid particles, resistant to sarcosyl. Numbers in brackets refer to data
obtained in the L. rhamnosus HNOO1 secretome selection experiment in this work. Steps
denoted in purple indicate downstream applications of the secretome library.HTP, high-
throughput screening
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A minority of inserts was packaged into sarcosyl-resistant virions and, therefore, probably
contained in-frame signal sequence fusions with the vector plll (Figure 3.8B, lane 3).
Densitometry analysis indicated that approximately 2-5% of the total phagemid particles were
sarcosyl-resistant. This matches the expected frequency of 3.3% or 1/30 [~1/5 (frequency of
secretome- encoding ORFs) x 1/2 (probability of correct insert orientation) x 1/3 (probability

of the correct frame fusion of the inserts to plll)].

A

Figure 3.8. Demonstration of the sarcosyl
resistance selection step.

VeSMI13ds (A) Free phagemid DNA (samples were loaded
. directly on a 0.8 % agarose gel);

PPs library “ (B) Total DNA, the sum of the free DNA and

DNA encapsulated in the phagemid particles

Free DNA (samples were heated at 70°C in 1.2 % SDS for
B 10 minutes before loading, to disassemble the
VCSM13d3 sarcosyl-resistant phagemid particles).
Lanes: 1, library phagemid particles (PPs) before
PPs library

incubation with sarcosyl; 2, after incubation with

sarcosyl; 3, after incubation with sarcosyl and

Total DNA DNase I, followed by inactivation of DNase .
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3.4 Efficiency of the secretome library selection

DNA from the sarcosyl-resistant phagemid particles, expected to contain the secretome
protein inserts, was purified and transformed into a new culture of E. coli TG1 host to amplify
the secretome library clones from the plasmid origin of replication. The resulting double-
stranded recombinant phagemid DNA was purified from individual colonies and the library

inserts were sequenced.

Initially 192 inserts were sequenced and a few “promiscuous” recombinant phagemids that
appeared in more than 5 independent transformants were identified. To avoid repeated
sequencing of these inserts, a mixture of probes derived from them was used to screen a
further 299 transformants by dot-blot hybridisation (Figure 3.9). All plasmids that gave a
signal were excluded from sequence analysis. This revealed 157 recombinant phagemids
containing promiscuous inserts and 142 non-promiscuous phagemids that were analyzed by
sequencing. In total, 491 library inserts were characterized: 334 by sequencing and 157 by
hybridisation only. For the inserts that were sequenced, one sequencing reaction was done
using a reverse primer complementary to the glll sequence of the vector. If the 5' end of the
secretome ORF was not reached, an additional sequencing reaction was done using the
forward primer complementary to the vector sequence upstream of the insert, followed by
internal primer sequencing reactions if a contig could not be assembled from the forward and

reverse reaction.



Chapter 111 98

LOO1
pDJO1
LO14
LO50
L062
LO64
L073
L108
L157

L182

Figure 3.9.  Subtraction of promiscuous clones by dot blot hybridisation

Dot-blot hybridisation of recombinant phagemids number L200 to L296. Section of the
membrane separated by a line corresponds to the recombinant phagemids from which the
probes were derived and empty vector pDJ01 (negative control). Another 288 recombinant
phagemid clones were analysed in the same manner. Clones circled with red were excluded

from sequencing.

The insert sequences whose translated products in-frame with plll were longer than 24
residues were analyzed by SignalP 3.0, TMHMM 2.0 and Lip-Pred to predict whether they
contained any membrane-targeting signals. This revealed that 411 (84 %) of the 491 inserts
analyzed (sequenced or screened by dot-blot hybridisation) contained 87 distinct ORFs
predicted to encode secretome proteins in-frame with plll. Of the remaining 80 non-secretome
inserts, 52 contained inserts encoding very short peptides in-frame with plll (< 24 residues),
12 were empty vector and the remaining 16 inserts encoded peptides longer than 24 residues
in-frame with plll, but these peptides lacked typical membrane-targeting sequences. When
infected with Aglll helper phage VCSM13d3, 14 of these 16 recombinant phagemids failed to
assemble sarcosyl-resistant phagemid particles. However, the remaining two recombinant
phagemids with no detectable in-frame membrane targeting signals were still able to generate
sarcosyl-resistant phagemid particles, and predicted ORF-plll fusions (Figure 3.10; lanes 6
and 12). This strongly suggests that the two inserts contained concealed or perhaps Sec-

independent sequences that allowed proper targeting of plll in the inner membrane of E. coli.
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These two inserts contained ORFs encoding putative folding enzyme disulfide isomerase
(Irh88) and a Cof-like hydrolase (Irh89). The subcellular location of homologues of these two
enzymes has been reported as in either the periplasm or the cytoplasm. However, the two
ORFs that have been selected did not encode the signal sequences normally present in the
family members that are targeted to the membrane. Hence, the mechanism of the targeting of
these two fusions remains unresolved and could potentially involve a conserved Sec/Tat-

independent mechanism.

In summary, most of the non-secretome clones (50 out of 52) were most likely obtained due
to the incomplete digestion of released sSDNA by DNase | in the selection step, rather than

mistargeting of the plll fusions.
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Figure 3.10. Packaging of clones carrying various membrane-targeting sequences into
phagemid particles.

Please note that free sSSDNA only was detected in this figure. Secretome clones containing
various types of membrane-targeting sequences were subjected to sarcosyl/DNase | treatment
to test packaging into PPs. PPs generated from secretome clone L162, containing 237 residues
fused to pllIC but lacking any detectable signal sequence, were used as a negative control.
PPs from Lrh45 secretome clone containing a typical type | signal peptide were used as a
positive control. Lrh76 secretome clone encoding for a polytopic (multiple TMH) membrane
protein was used as an example of processing of a proximal TMH by E. coli secretion
machinery.

SS-, no signal sequence; unknown, non-recognisable membrane targeting signal; TMH,
transmembrane helix; SS+, type | signal peptide.

Lanes 1,4,7,10,13, untreated PPs; lanes 2,5,8,11,14, sarcosyl-treated samples from lanes
1,4,7,10,13 showing ssDNA released from sarcosyl-resistant PPs; lanes 3,6,9,12,16, DNase I-
treated sSDNA purified from sarcosyl-resistant PPs of samples from 2,5,8,11,14. The ssDNA
of sarcosyl-sensitive virions was eliminated using sarcosyl/DNase I/EDTA protocol which

was applied for secretome selection (section 3.3); lane 16, VCSM13d3 ssDNA.
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3.5 Membrane-targeting sequences and distribution

Of the 87 ORFs that encoded proteins with predicted membrane-targeting sequences, 45
contained a type | signal sequence (Table 3.4; see Appendix Il, Table A.2 for complete list of

targeting sequences and the secretome ORF annotation).

Table3.4. Types of L. rhamnosus HNO001 membrane-targeting sequences and

distribution.

Membrane-targeting signal in the Bitopic or Polytopic integral ~ Total

insert extracellular membrane
proteins proteins

Type | signal sequence 45% 45
Lipoprotein signal sequence 13 13
Amino-terminal transmembrane helix 13 6 19
Internal transmembrane helix 2 1 3
Multiple transmembrane helices 7 7
No recognisable membrane-targeting 2 2
signals

Total 75 14 89

# Numbers refer to the number of secretome ORFs predicted to contain a particular type of membrane-

targeting signal.

Thirteen ORFs encoded proteins with a predicted lipoprotein signal sequence and 19 with a
predicted amino-terminal membrane anchor. Ten ORFs encoded proteins with predicted
internal transmembrane a-helices; of those, three have a predicted single transmembrane a-
helix and seven have predicted multiple transmembrane a-helices. Notably, 44 out of 89
putative membrane-targeting sequences that have been selected by our method are not type I
signal sequences. Given that the type | plll signal sequence must be cleaved off by the E. coli
signal peptidase in order to release its amino terminus from the membrane, the non-type |
membrane-targeting sequences fused to plll appear to have been successfully processed in the
E. coli periplasm, either by the signal peptidase or by some other membrane or periplasmic
protease. In the case of the polytopic proteins it is most likely that the first TMH served as a

membrane-targeting signal and that the rest of the polypeptide containing additional
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membrane spanning domains was cleaved away from the plIIC portion of the fusion. This was
confirmed by comparison between the sizes of the expressed polytopic protein Lrh76-plli
fusion in the total cell to that of the same fusion protein displayed on the surface of the

phagemid particles, using Western blotting with anti-plll antibody (data not shown).

No inserts containing predicted Tat signal sequences were identified by the available software
or manual inspection. This is consistent with other Lactobacillus species, none of which

contain the Tat translocon.

The enrichment of the secretome insert-containing recombinant phagemids was
approximately 210-fold (from approximately 1:40 to 5.26:1), suggesting that the stringency of
selection was high and that most recombinant phagemids containing non-secretome inserts
were eliminated. Of the 89 secretome ORFs identified, over half (49) were present multiple
times (between 2 and 5) as distinct recombinant phagemids with different points of fusion to
plll. Analysis of DNA sequence contigs, obtained by assembly of individual sequence reads,
indicated that some of these ORFs were organized into operons encoding secretome proteins.
For example, one contig encoded two secretome ORFs (Irh31 and Irh30) that were located
adjacent to each other within a larger operon (Figure 3.11). A clone bank and a database of
the L. rhamnosus HNOO1 secretome clones were generated from the sequence data and were

used for bioinformatic characterisation of the secretome.
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Figure 3.11. Contig corresponding to ORFs in a secretome protein operon.

Top, white arrow-shaped boxes represent individual sequence reads, each from a different
transformant. Middle, grey cross-hatched box is the assembled contig. Bottom, predicted
ORFs with indicated frame and annotation are represented by the coloured arrows. The first
and the third ORFs are partial. The first ORF was not assigned an Irh number because it was

not directly selected in our screen as a secretome protein.

3.6 Annotation of Lactobacillus rhamnosus HNOO1 secretome

proteins

Of the 89 identified ORFs, functions were predicted for 48, comprising 7 functional
categories (Table 3.5; see Appendix Il, Table A.2 for detailed annotation and the GenBank
accession numbers of the secretome ORFs). The largest functional category comprised 22
ORFs encoding putative transport proteins, with 13 of these having similarity to extracellular
substrate-binding domains of ABC transporters and each containing a predicted amino-
terminal lipoprotein signal sequence. The remaining nine ORFs in the transport protein
category were predicted to encode polytopic transmembrane proteins, with one or more
internal transmembrane a-helices. ORFs encoding predicted enzymes were the second-largest
category. This diverse class included predicted proteases, hydrolases, enzymes involved in the
cell wall turnover, autolysins and a dithiol-disulfide isomerase (Table 3.5). One ORF, Irh15,
had similarity to a sensor histidine protein kinase of Lactobacillus casei for which the

signal/substrate specificity has not yet been determined. Several ORFs had significant
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sequence similarity with known surface proteins. For example, ORF Irh51 encodes a
predicted protein that is similar to a predicted LPxTG-anchored adhesin exoprotein from L.
casei ATCC 334. The protein family to which Lrh51 belongs appears to be unique to the L.
casei-Pediococcus group and may play a role in adaptation to the common environment(s) of
these two groups. Another ORF, Irh35, encodes a predicted protein homologous to a putative
collagen adhesin of Bacillus clausii KSM-K16. One ORF, Irh17, encodes a predicted protein
containing a pilin motif and partial E-box motif, which are motifs present in the major pilin
proteins of Gram-positive bacteria. Analysis of the putative full-length Irh17 ORF identified
in the draft genome sequence of L. rhamnosus HNOO1 revealed the complete E-box and the
cell wall sorting signal; therefore, Irh17 is likely to encode the major pilin protein of putative
L. rhamnosus HNOO1 pili. One of the ORFs, Irh08, had sequence similarity to conserved
hypothetical proteins that are similar to cell wall-anchored proteins, but appeared to be
truncated due to a TAG stop codon. This ORF was translated through the TAG stop codon
and displayed as plll fusion because the E. coli host strain that we have used contains a supE

mutation that reads the TAG stop codon as glutamic acid.

Database searches did not reveal any sequences similar to seven of the ORFs. Putative
proteins encoded by these ORFs seem to be unique to L. rhamnosus HNOO1 and, therefore,
might potentially be involved in strain-specific interactions between this bacterium and its
environment that might be associated with its probiotic effects. One of these ORFs, Irh62,
encodes a putative serine- and alanine-rich extracellular protein. The insert in the recombinant
phagemid encodes 807 residues, but the protein encoded by this ORF is predicted to be 3275
amino acids in length and to contain an LPXTG carboxy-terminal cell wall anchoring motif
(as deduced from the draft L. rhamnosus HNOO1 genome sequence). The presence of many
alanines (965/3275) and serines (496/3275) and the overall protein size is reminiscent of large
serine-rich repeat-containing adhesins of Lactobacilli and Streptococci. However, these
adhesins typically contain hundreds of copies of a short and highly conserved serine/alanine-
rich motif, whereas the alanine and serine residues of ORF Irh62, although highly repetitive
throughout the protein due to their large numbers, do not appear to form conserved and

regularly repeating motifs that could be revealed by self-alignment matrix analysis.
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Table 3.5. Categorisation of L. rhamnosus HNOO1 secretome ORFs.

Category Number of ORFs
Enzymes 20
Signal transduction components 1
Transport 22
Host/microbial interactions 3
Conserved, unknown function 28
Unique hypothetical proteins 7
Miscellaneous functions 2
Unclassified 6
Total 89

% Short fragments of ORFs (encoding 27-57 amino acids) were fused to glll; no hits above the
threshold (e°) were detected using BlastP with automatic detection of short sequences. These ORFs
were not classified as unique because the short length has prevented identifying potentially significant
hits.

Summary of sections 3.3-3.6

The new secretome selection system was tested at a genomic scale, on the probiotic Gram-
positive bacterium Lactobacillus rhamnosus HNOO1. The primary library size before selection
was 10° inserts. After a single round of selection for the secretome protein-encoding
recombinant clones, 491 inserts were analyzed, 84% of which were found to carry a
secretome open reading frame. Of the 89 distinct ORFs identified, 87 had membrane targeting
signals of various types (type I and type Il signal peptides, N-terminal anchors and polytopic
TMH) in frame with plll. However, two library inserts encoding ORFs without any detectable
membrane-targeting sequences in frame with plll were still able to generate the sarcosyl-
resistant phagemid particles, suggesting that the two inserts encoded for concealed or perhaps

Sec-independent targeting sequences that allowed assembly of plll into the virion.

For termination of phage assembly, the plll type | signal sequence must be cleaved off by the
E. coli signal peptidase, to allow the release of plll from the membrane. In the HNOO1
secretome library seven ORFs encoded proteins with predicted multiple transmembrane a-

helices which were exported to the membrane via proximal transmembrane segment.
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However, in the E. coli periplasm the polypeptide was cleaved away from the plll portion of

the fusion, very likely by periplasmic proteases of E. coli.

Seven functional categories of secretome proteins were predicted: enzymes, transport
proteins, conserved proteins of unknown function, signal transduction components,
host/microbial interactions, miscellaneous functions, unique hypothetical proteins and
unclassified (due to short fragments of ORFs present in the recombinant phagemids). Seven
hypothetical proteins unique to L. rhamnosus are of special interest because they might
potentially be involved in strain-specific interactions between this bacterium and its

environment that might be associated with its probiotic effects.
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Affinity screening of Lactobacillus rhamnosus HNOO1
shot-gun phage display library for host-microbe and

microbe-microbe interaction-mediating proteins
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Adhesion to intestinal cells and exclusion or reduction of pathogen adhesion via aggregation
are very important traits of probiotic bacteria. In animal models and in vitro assays using
human epithelial cell lines, Lactobacillus rhamnosus HNOO1 demonstrated ability to adhere to
the cells in culture. In the in vivo experiments HNOO1 protected mice against an oral challenge
of Salmonella and E. coli O157:H7 [56, 60]. The mechanistic basis for these effects of
HNO0O01, and of probiotics in general, is under investigation. HNOO1 aggregates in laboratory
culture, however the molecular basis of cell-cell interactions leading to aggregation has not
been revealed as yet. Thus the second aim of this project was to screen L. rhamnosus HNOO1
phage display library for the proteins potentially involved in adhesion or aggregation
processes. For that purpose a new phagemid, pYWO01, was designed and a large shot-gun
(random) phage display library (primary size 10® clones) was constructed and screened

against appropriate targets.

4.1 Construction of pYWO01 phagemid and a L. rhamnosus
HNOO1 shot-gun phage display library

The secretome phage display system described in Chapter 111 is a powerful tool for cloning
and identification of secreted, surface and membrane proteins. However, the majority of the
clones have only the N-terminal domain displayed on the surface of the phage. According to
the literature, proteins involved in host microbial interactions, especially adhesion, often bind
to the receptors via C-terminal domain [97, 226]. Furthermore, there are a few examples of
“moonlighting” proteins in Gram-positive bacteria that do not contain any membrane
targeting Sec-dependent sequences, but are nevertheless secreted into the environment. To be
able to display these types of adhesion proteins or domains, a HNOO1 phage display library
was constructed in which proteins were displayed irrespective of their intrinsic targeting

signals.

Initially, phagemid pYWO01 was constructed, which contained a PelB signal peptide fused to
the carboxyterminal domain of the phage plIl (Figure 4.1), a typical or “classical” phage
display cassette. The rest of the phagemid features were based on the pDJO1 backbone, with
exception of the pDJO1 plasmid origin of replication, colEl, which was replaced with the colD
ori from pGZ119EH (section 2.2.6.3) [235]. This change was introduced to enable use of the
pYWOI phagemid in development of a new “oligovalent” (two or more copies of protein

displayed on the surface of infectious phagemid particles) phage display system by supplying
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full length plll from a compatible (colEl ori) plasmid (data not shown). A feature different
from most phage display vectors constructed by other research groups was the insertion of psp

promoter, which is induced by phage infection, and therefore requires no inducer.

ppsp

pelB
MCS
\/ c-myc tag
ColD ori C-glil
pYWO1
3526 bp
f1 ori

CmR

Figure4.1. Phagemid vector used in construction of L. rhamnosus HNOO1 shot-gun
phage display library

gllIC, C-domain of glll; CmR, chloramphenicol resistance cassette; colD ori, the colD
plasmid origin of replication; ppsp, phage shock protein promoter; MCS, multiple cloning
cassette; c-myc, a common peptide tag followed by a single amber stop codon; f1 ori, the f1
phage origin of replication for generation of ssSDNA for packaging into the phagemid

particles.

A shot-gun phage display library of HNOO1 was constructed as described in Material and
Methods (section 2.2.11). The inserts ranging in size from 0.3 to 4 Kbp were cloned into the
pYWO1 phagemid. The primary size of the obtained library was 3 x 108 clones. The library
was first amplified using the plasmid origin of replication (in the absence of a helper phage).
In the next step, the amplified library was mass-infected with the glI1* helper phage VCSM13
to initiate replication from the phagemid f1 origin and packaging into phagemid particles.

These phagemid particles were expected to display the whole HNOO1 proteome and contain
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corresponding DNA sequences inside of the virions. Phagemid particles released from the
infected library were collected, purified by PEG precipitation and the phagemid particles were
titrated as described in section 2.2.4.1. This master library titre was 2.2 x 10** PPs/ml; the
library was aliquoted and stored in 7 % DMSO at 80°C for later use in affinity screening

procedures.

4.2 Affinity screening of the L. rhamnosus HNOO1 shot-gun

library for cell-cell interacting proteins

Formation of multicellular aggregates through cell-cell adherence is often observed in
probiotic bacteria. This phenomenon often correlates with a stronger ability of probiotic
strains to adhere and colonise the intestine, and to produce immunomodulatory effects in vitro
and in vivo [74, 78, 253]. The aggregates could be formed between bacteria from the same
strain/species (autoaggregation) or between different bacterial species (coaggregation). Under
the laboratory growth conditions, L. rhamnosus HNOO1 autoaggregates, therefore surfaces of
HNOOL1 cells do interact. It is possible that aggregation is mediated by surface protein(s) and if
so, they could be identified by phage display. Therefore the shot-gun HNOO1 library was
affinity screened using the HNOO1 cells as bait.

For the enrichment procedure, strain HNOO1 was cultivated to late exponential phase in MRS
medium supplemented with 1 mM CaCl,. The Ca** ions were added based on the evidence
that these ions are essential in binding of some proteins to the cell surface via lectin domains
[101, 102, 254]. The HNOO1 cells were harvested, washed and used as bait to enrich for self-
adhering phagemid clones from the library. Approximately 3 x 10° phagemid particles of the
HNOO1 shot-gun library were used in each round of the affinity enrichment. The number of
phagemid particles in eluate after the first round of panning and two consequent cycles of
panning is presented in Table 4.1. After the first panning, the number of recovered phagemids
was 8.3 x 10% In the third cycle of panning 7.6 x 10° phagemids were eluted. This 916x
increase in the number of eluted phage particles after second and third round of panning

compared to eluate after the first panning indicated that specific enrichment had taken place.
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Table 4.1. Number of phagemid particles isolated in the screening of the phage

display library on L. rhamnosus HNOO1 cells.

1st panning ? 2nd panning ® 3rd panning ® Enrichment °

8.3x10° 1.3x10° 7.6 x 10° 916 X

 The total number of phagemid particles in the eluate (0.1 mL) after affinity selection was
determined by titration (section 2.2.4.1).

® Enrichment was calculated as the ratio of number of eluted particles in the 3™ round of
panning relative to the 1% round of panning. The starting number of particles (input) in each

round of panning was 10°.

Plasmid profiles of enriched library pools after each round of panning were monitored by
agarose gel electrophoresis as another indicator of enrichment of selected clones (Figure 4.2).
Disappearance of a smear of recombinant plasmids due to random insert size distribution and
appearance of discrete bands indicated enrichment of particular recombinant phagemids
relative to the rest of the library. The most prominent three bands seen on the agarose gel after
third panning were each excised, purified and used to separately transform E. coli host strain
TG1.



Chapter IV 112

Figure 4.2. Phagemid profiles of the library over three rounds of affinity panning on
HNOO1 cells as bait.

Recombinant phagemid pool replicating from plasmid ori was purified from aliquots of
overnight amplified HNOO1 library after each round of panning. Phagemid DNA bands were
visualised using EtBr after agarose gel electrophoresis. Lanes: 1, vector pYWO01; 2, 1* round
of panning; 3, 2™ round of panning; 4, 3" round of panning. Arrows indicate phagemid DNA

bands excised from the agarose gel.

Colony PCR of 30 transformants was carried out (10 colonies from each of the three
transformations) to examine insert size distribution (Figure 4.3). The insert sizes ranged from
1.5 to 3 Kbp. Phagemid dsDNA from ten transformants whose insert sizes differed from each
other were purified and sequenced with the sense and antisense primers complementary to the

pYWO1 vector sequence upstream and downstream of the inserts.
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Figure 4.3. Colony PCR of 30 clones selected from the L. rhamnosus HNOO1 phage
display library by affinity screening against HNOOL1 cells.

Primers, pDJO1F03 and pDJ01R02, were used for bacterial colony PCR. Arrows indicate
sequenced inserts. M, 1 kb+ DNA ladder; +, PCR positive control (vector pYWO01); -, PCR
negative control (untransformed E. coli TG1 colony). Lanes 1-10, 10-20 and 20 -30
corresponded to three different transformations with three eluted plasmid bands indicated in

Figure 4.2.

4.2.1  Sequence analysis of affinity selected clones

Sequence analyses revealed that all 10 inserts contained the 5’-moiety of a single open
reading frame (ORF) of a secretome protein, in frame with c-myc tag and gllIC. The ORF
sequence was fused to plll, preceded by a putative ribosomal site and initiated by an ATG
start codon, followed by an N-terminal TMH. Upstream of the transcriptional site a -10 box
(ACATAAAAT) and -35 box (TTGATT) were identified in the putative promoter region
using BPROM promoter prediction program from Softberry server
(www.softberry.com/berry.phtml). Translated products of the inserts encoding selected ORF
ranged in size from 334 to 376 amino acids. Search of the L. rhamnosus HNOO1 secretome
database identified this ORF as Irh33 (Chapter 111). However, all inserts selected for binding
to HNOO1 cells were longer than the fragment present in the secretome database/clone bank
(Table A.3). To distinguish between the (shorter) secretome insert, Irh33, and affinity-selected
larger insert, the latter one was named Irh33A (for Affinity-selected), and former Irh33S (for
Short).
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Subcellular localisation and membrane-targeting prediction algorithms pSORT and SignalP
revealed, as for the original secretome library-encoded insert, that the Irh33A encodes for an
extracellular protein with an amino-terminal membrane anchor. Furthermore, Pfam, CDART
and SMART database searches detected possible functional domains, two bacterial 1g-like
type 3 domains (Big-3; E-values 4e-04 and 3e-05). The Ig-like domains are commonly found
in the surface and secreted proteins in both prokaryotes and eukaryotes and are typically

involved in extracellular adhesion and binding processes.

Given that phage-display cloning requires that the 3’-terminally truncated ORFs are fused to
glll, the 3’-end of the affinity-selected ORF was missing from the recombinant phagemids
and was identified in the HNOO1 draft genome sequence. The translated complete ORF Irh33
was 503 residues in length (1512 bp) with predicted molecular mass of 54.47 kDa (see
Appendix 11, Figure A.3 for Irh33 nucleotide sequence and translation, BlastP aligments and
Pfam domains search). In addition to the Big-3 domains, Lrh33 also contains at the C-
terminus a domain frequently found in Ca®* chelating serine proteases (SCP-like extracellular
protein domain). Analysis of the sequence upstream of the Irh33 revealed two ORFs, unique
to L. rhamnosus HNOO1, encoding secretome proteins Lrh62 and Lrh04 (also retrieved in the
secretome library in Chapter Il1; Table A.3). Five out of ten Irh33-encoding inserts retrieved
from the shot-gun library and the Irh33 secretome library insert also contained the 3’ portion
of Irh04 (Figure 4.4). The two upstream ORFs are orientated in the same transcriptional
direction as Irh33 separated by long intergenic spacers: 343 bp between Irh62 and Irh04, and
385 bp between Irh04 and Irh33. Sequence analysis of downstream sequence from ORF Irh33
revealed the presence of an ORF, transcribed in the opposite direction, encoding a putative
transposase similar to one found in L. casei ATCC 334. This enzyme is encoded within a
predicted transposable element, possibly belonging to insertional element of IS5 family (1S5).
Using the FindTerm bacterial terminators prediction algorithm (httpZ/Amwwv.softberry.ruwberry.phtml)  two
terminator sequences were detected: one upstream of putative transcriptional start of Irh62
and one bordering the putative IS5 element. No terminator sequences were detected using the
same prediction software in between Irh62, Irh04 and Irh33 ORFs. All three proteins, Lrh62,
Lrh04 and Lrh33 were annotated in Chapter Il (Table 3.5) as unique for L. rhamnosus
HNOO1, due to lower than cut-off matches for the fragments encoded by the corresponding

secretome library inserts, as determined by BLAST search.
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When BLAST search was performed with the Lrh33A fragment, a hypothetical cell surface
protein precursor (Ip_2795; NCBI Accession number NP_786170.1) from Lactobacillus
plantarum WCFS1 was the only protein that showed significant sequence similarity (cut off
e™®). However, this similarity is limited to a short segment of the amino acids sequence (~150
residues in length, 10 % gaps) covering the Big-3 domains of Lrh33A. Furthermore, Ip_2795
is twice the size of Lrh33A (1096 residues) and contains a LPXTG cell-wall anchor and

leucine-rich repeats, both of which are absent from Lrh33 ORF.

Together, these observations indicated that Irh33 ORF encodes a protein unique to the L.
rhamnosus HNOOL. This protein, via its Ig-like domains, may potentially be involved in

strain-specific interactions between L. rhamnosus cells.
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Figure 4.4. Schematic representation of the Lrh33A-encoding phagemid inserts and
organisation of HNOO1 unique ORF set.

Bottom, schematic representation of putative functional domains of Lrh33A predicted by the
Pfam, CDART and SMART algorithms: Big-3 (Bacterial Ig-like domain-group 3) and SCP
(Ca**-chelating serine protease). N-terminal membrane anchor was detected by SignalP 3.0
software. Arrows represent 10 Lrh33A-encoding phagemid inserts. The clone used for
affinity-binding assay is marked with green arrow. Irh33S, short fragment of Irh33 identified
by secretome phage display. The two terminators flanking the Irh62-Irh04-Irh33 gene cluster,

are indicted (mushroom-like grey shapes).

4.2.2  Mapping of HNOO1-interacting domain of Lrh33

Affinity-binding assay was carried out to compare the recovery of the Lrh33A-displaying
phage particles to that of PPs displaying the vector only (pYWO01) using HNOO1 cells as bait.
The pLrh33A phagemid particles were generated from the clone with the longest Irh33A
insert fused to gllIC (Figure 4.4). Purified pLrh33A PP sample was assayed using a panning

procedure similar to the one used in library screening (section 2.2.12.1 and 4.2). Panning
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resulted in an average 450-fold higher recovery of pLrh33A-binding PPs compared to the
negative control (vector only PPs), indicating strong binding to the L. rhamnosus HNOO1 cells
(Figure 4.5). Similar increase of recovery of the pLrh33A PPs was observed when they were
panned against HNOO1 cells, compared to the number of recovered PPs from the negative
buffer control (no HNOOL cells). Interestingly, if the HNOO1 cells, used as a ligand, were
washed with buffer (followed by quick spin and removal of supernatant) prior to the affinity
enrichment assay, binding of pLrh33A PPs was greatly reduced (data not shown), suggesting
that Lrh33 interacts with cell surface molecules/structures loosely associated with cell wall

peptidoglycan or releasable by incubation in buffer.

In addition, phagemid particles derived from the secretome library clone 1rh33S were
included to map the possible cell-cell interacting domain. The Irh33S ORF from the
secretome library (Chapter I11) encodes 199 N-terminal amino acids of Lrh33 fused to pllIC
and contains only one (N-terminal) bacterial Ig-like type 3 domain. The number of recovered
Lrh33S-displaying PPs was approximately the same as the number of recovered vector
control PPs, suggesting that for interaction with the HNOO1 surface structures, sequence
downstream of the N-terminal Big-3 domain, containing the C-terminal Ig-like domain, is

required.
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Figure 4.5. Mapping of the Lrh33 HNOO1-binding domain.

Samples: pLrh33A PP, pYWO01 PP and pLrh33 PP, phagemid particles generated using
VCSM13 helper phage. X-axis (Bait): HNOO1 cells, HNOO1 cells in buffer (1X TBS, 2 mM
CaCl,); No HNOO1 cells, buffer control (1X TBS; 2 mM CaCl,). Each data point is an average

of three replicas; error bars represent standard deviation. * , average of 2 replicas.

4.3 Affinity screening of L. rhamnosus HNOO1 shot-gun phage

display library for fibronectin-binding proteins

The extracellular matrix (ECM) and the basement membrane of the gastrointestinal tract
epithelium lining can be utilised by microorganisms for attachment [69]. One of the major
components of ECM and basement membranes is fibronectin. Fibronectin is a large
multifunctional glycoprotein that is found in most body fluids as soluble dimer or in an
insoluble form in the ECM [255]. It has multiple domains that are capable of binding to a
wide variety of polymers such as collagens, fibrin, heparin, and actin, as well as eukaryotic
cell surface proteins integrins. Since binding to fibronectin on the surface of the intestinal
epithelial cells is the main adhesion route for many different enteropathogenic bacterial
species it is possible that probiotic bacteria may also use this protein as an adhesion target
[108]. Furthermore, L. rhamnosus HNOO1 was found to bind to fibronectin indicating that
cognate binding molecule is likely encoded by HNOO1 genome [121]. To identify putative
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fibronectin-binding proteins the L. rhamnosus HNOO1 shot-gun phage display library was

screened for phagemid particles expressing proteins with ability to bind to human fibronectin.

Approximately 3x10'! phagemid particles were used in each round of affinity enrichment. A
total of three panning cycles were carried out, with the change of fibronectin solid
immobilisation matrix from polystyrene microtiter plate to streptavidin magnetic beads in the
third round of panning. The change of solid support was introduced to reduce or eliminate the
phagemid particles that may bind to the immobilisation matrix (e.g. plastic of the microtiter

plates).

Increase of 96-fold (12-fold between round I and Il and 8-fold between round Il and I11) in the
number of eluted phagemid particles after the third repanning compared to the first panning
was observed, indicating that the specific interaction occurred but that affinity of interaction is
low. Enriched library plasmid profiles monitored over three rounds of panning suggested that
at least two clones of different size had been selected (Figure 4.6). The DNA from these two
phagemid bands was purified from the agarose gel and used to transform E. coli strain TG1.
Five colonies from each transformation were picked at random and the DNA sequence of the

inserts was determined.

Out of ten selected colonies, four contained an empty vector with rearrangement in the colD
origin of replication and three contained inserts out of frame with plll. The sequencing of the
remaining three colonies identified two library clones (two colonies contained identical clone)
that made a functional fusion with pelB signal peptide and pllIC. Sequence analysis revealed
that the DNA inserts encoded for 291 amino acid and 233 amino acids long ORFs (FnOland
Fn02), respectively. BLASTP search of Fn01 and Fn02 showed the highest similarity to the
hypothetical proteins from Lactobacillus casei, LSEI 0735, and LSEI 2459 respectively.

According to the SignaP algorithm both homologs contain signal sequences.
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Figure 4.6.  Phagemid distribution in HNOO1 library pools eluted after the 2™ and 3™
rounds of affinity screening against human fibronectin.

Recombinant phagemid supercoiled dsDNA was purified from the aliquots of amplified
HNOOL1 library pools after each round of panning. Phagemid DNA was visualised using EtBr
after agarose gel electrophoresis. Lanes: 1 Kb+ dsDNA ladder (Invitrogen); 1, 2™ round uncut
DNA; 2, EcoRI/Sphl restriction endonuclease digestion of sample from 1. 3, 3 round uncut
DNA,; 4, EcoRI/Sphl restriction endonuclease digestion of sample from 3. Arrows indicate

phagemid DNA excised from the agarose gel.

To examine binding of purified PPs displaying the two ORFs, phagemid particles displaying
FnO1l and Fn02 were purified and assayed for binding to microtiter plate-immobilised
fibronectin and unspecific ligands, BSA (bovine serum albumin; used in the blocking step of
affinity panning of the library) and streptavidin (used for immobilisation of biotinylated Fn
onto the magnetic beads), to determine the specificity of the binding for the ligand of interest,
Fn. Biopanning resulted in an average increase of PP recovery from Fn-coated microtiter
plates relative to BSA by a factor of 5 and 12, respectively, for Fn01 and Fn02 PPs. Given a
titration error of typically + 25%, low increase of binding to Fn relative to BSA indicated
possible lack of specific Fn binding for Fn01 and Fn02. However, 26-fold higher recovery
was observed for Fn02 PPs from streptavidin compared to BSA-coated wells. This finding
indicated that Fn02 might have been selected as low affinity streptavidin-binding protein as a

result of the third round of biopanning which was carried out on fibronectin-coated
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streptavidin magnetic beads. Interestingly, both Fn01 and Fn02 demonstrated a 10-20-fold
increase in binding to BSA when compared to the vector-derived phagemid particles,
suggesting that both proteins may be nonspecific "sticky™" proteins that bind weakly to a
number of protein ligands. The hypothesis that Fn02 protein is a streptavidin-specific binder
was not further tested due to the lack of evidence that streptavidin binding is involved in the

bacterial adhesion process.

Summary

In search for proteins that mediate adhesion and aggregation, implicated in the initial steps of
bacterial colonisation and in exclusion or reduction of pathogen adhesion, a large L.
rhamnosus HNOO1 shot-gun phage display library (3x10® inserts) was created in a new
phagemid, pYWO01. Recombinant library phagemid particles were screened for aggregation-
mediating proteins, using HNOOL cells as bait, and for proteins involved in adhesion to

extracellular matrix using fibronectin as bait.

After three rounds of panning of L. rhamnosus HNOO1 shot-gun library against HNOO1 cells,
secretome protein, Lrh33, was selected. Binding assay showed 450-fold increase in binding of
purified recombinant Lrh33 phagemid particles to HNOO1 cells compared to the vector only
control, indicating strong binding. All inserts included the putative Lrh33 N-terminal
transmembrane helix, hence the Lrh33-pll1C fusion was targeted to the virion by the intrinsic
Lrh33 signal, rather than the vector-encoded PelB signal sequence. This suggests that the
HNO0O1-binding Lrh33-pllIC fusion could have been selected for by affinity-screening of the
secretome library. This is in agreement with the fact that, with a few exceptions, adhesins of
Gram-positive bacteria are bitopic (N- or C-terminal TM anchored) or cell-wall anchored

proteins that carry Sec-dependent membrane-targeting signals [110, 112, 138].

Comparison of HNOO1 binding of a phage-displayed Lrh33 clone obtained from the library
panning and a clone with a shorter Lrh33 insert from the secretome clone bank indicated that
Lrh33 interacts with surface of HNOO1 cells either via both of its Ig-like type 3 domains or the

C-terminal one.
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Screening of L. rhamnosus HNOO1 phage display library against fibronectin resulted in 96-
fold increase of phagemid particle recovery after 3 rounds of panning. Two recovered clones,
Fn01 and Fn02, encoded each a secretome protein in frame with pll1C; however in addition to
these expected types of recombinants, clones representing a rearranged vector and clones
encoding for out-of-frame inserts were also recovered., Individual binding assays of purified
FnO1 and Fn02-displaying recombinant phagemid particles showed that these two surface
proteins demonstrated weak binding to avidin and BSA, in addition to binding to fibronectin.
Protein, Fn02 demonstrated significant increase in binding to streptavidin relative to BSA.
Therefore, Fn01 and Fn02 may be unspecific "sticky" proteins rather than specific

fibronectin-binding proteins
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Discussion
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5.1 New secretome phage display technology

A new system for direct selection, expression and display of the secretome, based on the
requirement of a signal sequence for assembly of sarcosyl-resistant filamentous phage virions,
has been described in this thesis. While a phage display system for cloning secretome proteins
has been previously reported [256] it is not efficient for enrichment and display of Gram-
positive secretome proteins. That system uses glll-positive helper phage, and the signal
sequence-encoding inserts are affinity-enriched based on the presence of a vector-encoded
affinity tag incorporated into the fusion. Therefore, the secretome-plll fusions must
successfully compete with the helper phage-derived wild-type plll for incorporation into the
virion. The efficiency of that system for recovery of Gram-positive secretome proteins is
poor, with two successive rounds of affinity selection and amplification resulting in
identification of only 52 secretome ORFs from a library of the primary size of 107 clones
[185]. Our system resulted in 89 secretome ORFs from a library of only 10° clones in one
round of selection, hence it performed at least 20-fold more efficiently than the previously

reported enrichment method.

A much lower efficiency of the previously published system could be explained by low
efficiency of processing the Gram-positive signal sequences compared to the wild-type plll
signal sequence. As a consequence, a significant number of secretome proteins would be out-
competed by the native plll of the helper phage and would fail to be incorporated into the
phagemid particles, preventing their affinity selection. The much higher efficiency of our
method is due to direct selection for the release of the correctly assembled phagemid particles.
Wild-type plll is not present in the system; hence, the recombinant fusions cannot be
outcompeted by native plll. Furthermore, the previously reported system [256] uses a vector
with a very strong constitutive promoter that likely confers toxic effects to the host E. coli,
known to be sensitive to overexpression of plll fusions [234, 257]. As a result, many clones
that impair growth of the host E. coli and phage assembly would have been lost. Our display
system has the advantage of using the very tightly regulated psp promoter. This promoter is
induced by infection of individual cells with helper phage; it does not require addition of an
inducer compound or washing away of an inhibitor [250] and has also been shown to improve
display of plll fusion proteins that are toxic to E. coli when overexpressed [258]. This

promoter allows the expression of ORFs that do not contain their own transcriptional signals,
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such as those located within operons and distal to the promoter in genomic libraries, as well as
expression of coding sequences in cDNA libraries. Bioinformatic elucidation of the meta-
secretome of complex microbial communities, such as those that colonize the human
gastrointestinal tract, is impractical with current sequencing technologies because of the poor
coverage of the metagenome gene pool, even in large-scale projects [1, 211].The high
efficiency of secretome selection system developed in this thesis would allow selective
cloning, sequencing, and functional analyses of surface and secreted proteins on a

metagenomic scale, where the limiting factor is the initial size of the library [1, 2].

Based on the estimated size of the L. rhamnosus genome (approximately 3 Mb; W Kelly,
personal communication) and the percentage of the secretome clones in lactobacilli [110], the
coverage of the secretome that we achieved using secretome phage display system is likely to
be about 44%. The small size of the primary library (1x10° clones) was most likely the
limiting factor to achieve better coverage of the secretome of L. rhamnosus HNOO1. A larger
primary library would likely be required to examine whether an increase in the coverage will
be achieved, and thus test the limits of described selection method in coverage of the

secretome.

Several reporter fusion systems and cell surface display screening methods have been used to
identify secretome proteins and even to systematically analyze the topology of membrane
proteins [213-216, 218, 259, 260]. However, a distinct advantage of phage display is in that
the protein is automatically purified by association with the virion, simplifying functional
characterisation. In this thesis, it is shown that phagemid particles assembled by incorporation
of the 963-residue surface protein SOF of the Gram-positive bacterium S. pyogenes, targeted
by its intrinsic signal sequence, demonstrated two biological activities of this protein
corresponding to two independently folding domains. Hence, display and folding of this
protein in the context of the phage virion must be reasonably efficient and accurate.
Therefore, presumably proteins with an activity of interest could be identified by arraying the
secretome clone bank and using high-throughput activity screening. Alternatively, the “raw”
secretome phage display library pool, obtained after the selection step, could be screened for
activities of interest by well-established phage display library screening protocols. Applied to

microbial communities at a metagenomic scale, these methods would allow functional capture
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of proteins involved in microbe-microbe and microbe-host interactions, including proteins

from yet uncultivated bacteria.

5.2 Secretome of L. rhamnosus HNOO1

Bacteria of the Lactobacillus genus are found in diverse environments. Some are found in the
gastrointestinal tract and thus comprise part of the gut microbial community that numbers
hundreds of bacterial species, whereas others are found on plant material or in fermented
foods [261]. Lactobacilli secrete bacteriocins, which Kill other Gram-positive bacteria,
including pathogens [25, 84, 262]. Furthermore, several Lactobacillus surface and secreted
proteins have been implicated in intra-species aggregation and co-aggregation with
pathogenic bacteria [63, 83, 84, 86] and in one case have been reported to have had an impact
on the expression of virulence factors of a pathogenic bacterium [263]. It has been
demonstrated that probiotic lactobacilli can modulate activation of dendritic cells [15, 264-
266], but the proteins mediating these effects have not yet been identified. In recent years
several Lactobacillus genomes have been sequenced [38, 47, 109, 267, 268]. Comparative and
functional analyses of these bacteria have revealed several proteins involved in colonisation
or adhesion [34, 107, 108, 110, 269, 270].

L. rhamnosus HNOO1 is a probiotic bacterium that transiently colonises the human gut,
stabilises the gut microflora, and enhances parameters of both innate and acquired immunity
[55, 56, 271]. Bioinformatic analysis of the L. rhamnosus HNOO1 secretome in this thesis
revealed a number of features in common with other probiotic bacteria, but also some distinct
secretome proteins unique to L. rhamnosus HNOO1. A total of 89 ORFs encoding seven
functional classes of extracellular and transmembrane proteins were identified. In silico
secretome analyses of the completely sequenced genomes of other lactobacilli revealed a
similar distribution of categories of predicted secretome proteins. For example, in the L.
plantarum and L. reuteri secretomes the largest classes with assigned function were enzymes
(30-35%) and transport proteins (10-15%), while for approximately 45% of total secretome
OREFs the function of encoded proteins could not be predicted [111, 186, 272]. Furthermore,
ORFs encoding substrate-binding domains of ABC transporters predominated among
predicted L. reuteri transport proteins (15%) and the same was found in L. plantarum (14%)
[38] and L. johnsonii (17%) [268]. A large proportion of transport proteins, enzymes and

hypothetical proteins identified in these studies is consistent with our observations for L.



Chapter V 127

rhamnosus, although compared to the other lactobacilli, HNOO1 did have a somewhat higher
proportion of transport proteins (25% versus 10-15%) and lower proportion of enzymes (23%
versus 30-35%). These differences could be due to only partial sequencing of the HNOO1
secretome or may be the consequence of experimentally derived secretome data for L.
rhamnosus HNOO1 versus in silico prediction for L. plantarum and L. johnsonii. The
proportion of HNOO1 secretome ORFs-encoding proteins that are part of the signalling system
and host-microbial interaction groups (2%) was similar to observations for other species of
the Lactobacillus genus (5%). Within this class, only one ORF, Irh15, encoded a protein with
similarity to a histidine kinase and three ORFs (Irh51, Irh35 and Irh62) encoded proteins with

predicted adhesin properties.

Only one report has been published thus far that describes an experimentally derived
secretome of a lactobacillus, L. reuteri DSM 20016" [185]; however, only 52 proteins were
retrieved in that report. Comparison between different functional classes from L. reuteri DSM
20016" and L. rhamnosus HNOO1 showed similar trends; the same classes of proteins were

detected and the relative proportion corresponding to each class was similar.

Seven unique secretome ORFs are identified: Irh01, Irh04, Irh07, Irh12, Irh31, Irh33 and
Irh62. The ORF Irh62 encodes a large (3275 residues) Ala/Ser-rich surface protein with
irregular repeats and low complexity regions. Some of these attributes are typical for many of
lactobacilli adhesins [106, 111]. For example, the L. plantarum genome encodes 16 proteins
with similar features and one of them, Ip_1303a, is of similar size (3300 residues) to Lrh62,
with a 1600 residues long regularly repeating Ser/Asp motif possibly acting as a spacer
between two functional domains (an Ig-like domain and an LPTXG peptidoglycan anchor)
[111]. However, Lrh62 Ala/Ser repeats are irregular and this is the unique characteristic that
may have a strain-specific function distinguishing L. rhamnosus HNOO1 from other
lactobacilli. The other two unique ORFs, Irh04 and Irh33, encode for proteins that contain
bacterial 1g-like domains type 3 (Big-3). Given that Ig-like domains are most often involved
in cell-cell adhesion [92, 99, 102, 103] there is also possibility that both Lrh04 and Lrh33 are
involved in host-HNOO1 specific interactions. Bacterial cell adhesion property has been
confirmed for Lrh33 by its selection for binding to L. rhamnosus HNOO1 from shot-gun phage
display library of HNOO1 (Chapter 1V).
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Clustered ORFs Irh62, Irh04 and Irh33 are ORFs arranged in the same transcriptional
direction and separated by intergenic spacers of 360 and 385 bp. Prokaryotic promoter
prediction analysis indicated putative promoter regions upstream of Irh62 and Irh33. This
suggests that all three ORFs are transcribed as separate units. Nevertheless, in silico analysis
revealed that there are no predicted termination sequences in between the three ORFs.
Although in general the intergenic distances are relatively small (<20 bp) between ORFs of
the same operon, operons in which the members are highly expressed are the exceptions to
this rule as they can contain wider intergenic spaces (>100 bp) [273, 274]. Thus we can
speculate that in spite of the 360/385 bp intergenic distances, Irh62, Irh04 and Irh33 could be
transcribed coordinately. Additional arguments in favour of this hypothesis are (i) absence of
transcriptional terminators between the ORFs (ii) hypothetical functional unity, i.e.
involvement in adhesion process via Ig-like domains (Lrh33 and Lrh04) or low-complexity
regions (Lrh62). ldentification of IS5 element immediately downstream of Irh33 ORF
indicates a possibility that this whole gene cluster could have been transferred horizontally
into HNOO1 as a unit.

5.3 Lrh33 binds to the L. rhamnosus HNOO1 cell surface

Development of an efficient method for the identification of secretomes of Gram-positive
bacteria was an important step towards functional characterisation of secretome proteins.
Adhesion to intestinal mucosal surface is the crucial step in initiation of probiotic effects and
in some lactobacilli adhesion is correlated with aggregation phenotypes [80, 81, 92, 112].
Given that HNOO1 aggregates under laboratory growth conditions, a search for proteins
involved in cell-cell interactions was undertaken. Intact HNOO1 cells were used as an affinity
substrate (bait or ligand) for enrichment of recombinant phagemid particles displaying
putative cell-cell binding protein, from a shot-gun phage display library of L. rhamnosus
HNOOL1 strain. The secretome phage display library could have been screened, however due to
the small size of the primary library and incomplete set of secretome proteins recovered by
sequencing the secretome library inserts, it was recognised that a significant number of
proteins of interest may be missing from the library. Furthermore, the secretome library was
lacking secreted or surface proteins without Sec-dependent targeting signals, and possibly C-
terminally located domains of secretome proteins. Therefore a large shot-gun phage display
library (3x10® primary clones) was constructed in a new vector pYWO1. Screening of this

library using HNOO1 cells as bait, selected ten clones that contained inserts of different sizes.
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However, sequence analysis revealed that these ten inserts all carried the same ORF, Irh33,

already identified in the HNOO1 secretome library.

Monoclonal phagemid particles displaying Lrh33 were shown to bind to HNOO1 as much as
450-fold stronger than did the vector only control, indicating relatively high affinity
interaction between the HNOO1 cell surface and Lrh33. Given that the bacterial cell surface is
a multifaceted structure, one could expect to find several interaction proteins, although this
may not be the case. If there is more than one HNOO1-binding protein, a possible reason why
only one gene was selected might be due to differences in binding affinity, with high-affinity
interactions between Lrh33-expressing phage and HNOO1 cells, outcompeting putative low-
affinity binders in the pannings. Alternatively, cell-binding proteins may not have been folded
correctly on the surface of the phage, or could have been toxic to E. coli and therefore absent
from the library. Finally, additional HNOOL1-interacting entities could be non-protein surface

molecules.

No prediction concerning the exact function of Lrh33 could be derived from its primary
sequence using bioinformatics. Therefore, the affinity-screening approach in this case was the
only means for its functional assignment. Only weak homology to a hypothetical cell surface
protein precursor, Lp_2795 of L. plantarum WCFS1 [38, 111], was detected. The homology
region spans putative bacterial 1g-like domains type 3 (Big-3) of Lrh33. Lp_2795 is a unique
protein of L. plantarum and contains, in addition to three Big-3 domains, novel repeated
domains designated repeat 5. The function of repeat 5 is possibly in protein-protein
interactions, based on similarity of these repeats to leucine-rich repeat regions from L.
monocytogenes internalin [111]. Manual and in silico search of the Lrh33 sequence did not
reveal any similar repeats. Instead, Lrh33 contains a C-terminal SCP-like extracellular protein
domain (Ca®" chelating serine protease), a domain found in many proteins, including plant
pathogenesis-related protein 1 (PR-1) and cysteine-rich secretory proteins (CRISPs) [275-
277]. Many other SCP-like domain-containing proteins are found in bacteria and archaea but
little is known about their biological roles [278]. It has been proposed that SCP domain may
function as a Ca®*-chelating serine protease [279]. The presence of functionally different sets
of domains, together with the differences in size and mode of anchoring to the cell envelope,
suggest that Lp_2795 and Lrh33 are not homologues. The only proteins with similar domain
architecture to the Lrh33, but with no similarity at a primary sequence, are five putative

surface proteins of Clostridium difficile [280]. They contain three type-2 cell wall-binding
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domains at the N-terminus followed by one Big-3 and one SCP-like domain. No function was
assigned for either of these proteins. In summary, Lrh33 is a unique Lactobacillus cell
surface-binding protein, distinct from previously identified Lactobacillus aggregation

proteins.

Lrh33 appears to bind to the HNOOL cells is via its two bacterial immunoglobulin-like
domains type 3 (Big-3). The immunoglobulin protein superfamily is common in all kingdoms
of life and most commonly serves as a scaffold displaying interaction loops. It is very often
involved in cell-cell adhesion and extracellular glycohydrolysis [99]. Ig-like domains in
bacteria can have direct role in binding to the receptors as in the case of E. coli pili adhesin
F17-G [101] or a structural role, separating an adhesin domain of a surface protein from the
cell surface, thus providing better accessibility of the receptor-binding domain for interaction
with host receptors as shown in E. coli intimin [102]. Mapping of the Lrh33 putative binding
domain in Chapter 1V demonstrated that the absence of the C-terminal Big-3 domain almost
completely abolishes binding of the Lrh33 to the HNOO1 cells. This finding suggests that both
Big-3 domains or only the C-terminal Big-3 domain are necessary for binding to the receptors
at HNOO1 cell surface.

A notable decrease in binding of the Lrh33-displaying phage to HNOO1 cells was observed if
the latter were washed prior to use in affinity selection procedure and binding assay. This
could be indication that some of the molecules or structures loosely associated or releasable
by incubation in the buffer are receptors for Lrh33. Many of the proteins that contain Ig-like
domains are lectins that interact with diverse carbohydrate structures [101, 281]. If we
speculate that Lrh33 acts as a lectin then the candidate receptors might be bacterial cell
surface carbohydrates such as HNOO1 EPS. However, surface protease-cleavable or unstable

protein structures can not be excluded as possible Lrh33 receptors.

Together these results suggest that Lrh33 is a HNOO1-binding protein that interacts with
receptors located on the cell surface. This interaction might influence (i) auto-aggregation
ability of HNOO1, (ii) co-aggregation ability of HNOO1 and (iii) enhancement of adhesion

through aggregation and these remain to be tested in the future work.
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54 Search for fibronectin-binding polypeptides

As previously demonstrated through the series of in vitro assays and human feeding trials,
HNOO1 appears to be relatively adhesive strain which in vivo transiently colonises the
intestinal surface and modulates the host immunity [55, 121, 271]. It may be speculated that
HNOO1 exerts its beneficial immunomodulatory effect through the adhesion to the mucosal
surface [282]. Numerous enteropathogenic bacteria use binding to intestinal extracellular
matrix (ECM) components as a primary mechanism by which they invade intestinal cells and
subsequently disseminate [92]. It has also been demonstrated by many studies that probiotic
bacteria, including many Lactobacillus species, are able to bind ECM components [76, 108,
110, 119]. Fibronectin (Fn), one of the major ECM glycoproteins, is often used by pathogenic
bacteria as an adhesion target. For example, fibronectin-binding proteins of Staphylococcus
aureus and Streptococcus pyogenes have been reported to mediate bacterial adhesion to and
invasion of the host cells [131]. In lactobacilli, several fibronectin-binding proteins are

identified and their contribution to adhesion to intestinal cell lines described [48, 108].

HNO0O1 was found to bind soluble and immobilised fibronectin and this interaction is most
likely mediated by cell surface protein(s) [121]. Thus, panning of the shot-gun HNOO1 phage
display library against immobilised Fn was used to search for Fn-binding protein(s). After
three rounds of affinity selection, two putative Fn-binders were isolated. Sequence analysis
revealed that both are secreted proteins, similar to two hypothetical proteins of L. casei.
Selection of binding clones is usually manifested by two to three orders of magnitude increase
in the number of eluted phage between the first and the third round of library panning.
Increased phage recovery of ~ 100-fold in the third round of library panning indicated that
binding clones have been enriched for in the library. This binding was shown however, to be
non-specific by a binding assay in which phagemid particles displaying putative Fn-binding
proteins, Fn01 and Fn02, showed only 5-fold and 12-fold, respectively, increase in binding to
Fn immobilised on microtiter plates in comparison to the binding to unrelated ligand (BSA).
Interestingly, in the same binding assay Fn02 showed 26-fold higher binding to streptavidin in
comparison to BSA, indicating that Fn02 binds significantly to streptavidin. This finding
suggested one possible explanation for selection of Fn02 protein. This protein might have
been selected by binding to streptavidin-coated magnetic beads on which Fn was immobilised

between the second and third rounds of panning. A change of solid support for immobilisation
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of ligands is common practice in phage library screening procedure to eliminate
“background” of phagemid clones that bind to the matrix used to immobilise the ligand [193,
283]. However, in this case there is possibility that Fn02 is a streptavidin-binding protein
which was present in the library pool after 2™ round of panning (on plastic) and was enriched
for the streptavidin in the 3™ round. Significance of the streptavidin-binding in adhesion
process of HNOOL is unclear. It could be speculated that Fn02 might, by binding to bacterial
streptavidin and formation of a non-digestible complex, have a role in enhancement of biotin
availability for the host. Both Fn01 and Fn02-displaying PPs demonstrated increased binding
to BSA in comparison to vector-derived PPs. In combination with their binding to streptavidin
and fibronectin, both of which were present during the library panning protocol, these binding
properties of Fn01 and Fn02 indicate that they may be non-specific "sticky™ proteins that may
have some role in weak interactions with host and bacterial proteins during colonisation of
GIT.

There are a few reasons that might explain why specific fibronectin-binding proteins were not
selected using panning against immobilised Fn. Firstly, the system that we used (monovalent
system) displays only one copy of fusion, allowing selection of only high-affinity binders [59,
226]. Thus proteins with low affinity for fibronectin would be missed. Experiments described
in chapter 1l showed that the fibronectin-binding domain of streptococcal/staphylococcal
family (contained within S. pyogenes SOF22 protein) folds correctly and binds to human Fn
10,000-fold over the vector control when displayed on the surface of the phage. Furthermore,
SOF22-displaying recombinant PPs, when spiked into the HNOO1 shot-gun library, were
enriched to homogeneity over two rounds of panning (data not shown). Failure to identify
specific FnBP by panning of the HNOO1 library strongly suggests that a high-affinity
fibronectin-binding protein either does not exist in HNOO1, or if it does, it belongs to a
different protein family that cannot fold correctly when fused to plll. Secondly, the putative
Fn-binding protein fusion to plll may be toxic to E. coli, and hence lead to lack of assembly

of fusion-displaying phagemid particles and effectively be missing from the library.
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Conclusion and Future directions
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6.1 Conclusion

This research shows that it is possible to select, with a high efficiency, the secretome of
Gram-positive bacteria, by using a system consisting of a phage display phagemid vector that
does not contain a signal sequence and a glll-deleted helper phage. Gram-positive secretome
proteins, targeted to the virion by their signal sequences, can be directly purified and
functionally characterised. The method developed in this research work is sufficiently
efficient to identify and display 44% of the secretome of Gram-positive bacterium L.

rhamnosus HNOO1 by analyzing fewer than 500 clones from a primary library of 10° clones.

In search for cell-cell adhesion proteins, which may be involved in aggregation and adhesion
processes, L. rhamnosus HNOO1 shot-gun phage display library was screened against HNOO1
cells. A secretome protein Lrh33 was identified in this screen as an HNOO1-binding protein.
Further, binding region of Lrh33 was located to bacterial 1g-like domains type 3 (Big 3). The
receptors for Lrh33 on the HNOOL1 cell surface appear to be loosely attached or easily

degradable molecules or structures on the surface of HNOO1 cells.

Two ORFs (Fn01 and Fn02) were identified in the screening of L. rhamnosus HNOO1 shot-
gun phage display library against human ECM protein fibronectin. However, binding assays
of purified Fn01 and Fn02 phagemid particles showed that they are most likely non-specific
“sticky” proteins that bind many ligands, including BSA, Milk casein, streptavidin and
fibronectin. Fn02 shows strong preference for binding to streptavidin, which was used to

immobilise biotinylated fibronectin in the library panning procedure.
6.2 Future directions

L. rhamnosus HNOO1 is a probiotic bacterium that adheres to the intestinal epithelial cells and
plays a role in immunomodulation of the mucosal immunity. However, thus far mechanisms
or mediators of these probiotic effects have not been defined. As seen in the example of the
successful identification and characterisation of secretome protein Lrh33, the HNOO1 shot-gun
phage display library could be wused in identification of proteins that mediate
adherence/colonisation and immunomodulation of the host GIT. Although fibronectin-binding

proteins were not identified, the HNOO1 phage display library could be subjected to
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biopanning to select for proteins that bind to (i) other extracellular matrix proteins such as
collagen IV, laminin and tenascin, (ii) mucin and (iii) various GIT cell lines (Caco-2, HT29-
MTX). Another area of exploration is to identify HNOO1 proteins that modulate immune
response by assaying purified phagemid particles displaying individual secretome proteins
from the secretome clone bank generated in this work. Assays could include analysis of
induction of cytokines (e.g. IL-12, TGFB1, IL-15) and upregulation of cell surface activation
markers (e.g. CD4,CD56, ICAML1) in human gut epithelial cell lines [55, 284, 285], or
expression of IL-10, IFN-y, and markers of activation or proliferation in human immune cells
(e.g.monocytes and NK cells) [286-288].

In Chapter 1V Lrh33 was characterised as a HNOO1-binding protein that interacts with an
HNOO1 cell surface receptor(s) via either both of or the C-terminal 1g-like domain type 3.
Further mapping, using HNOO1-binding assay and a recombinant PPs displaying only the C-
terminal Big-3 domain, could be performed to establish whether the N-terminal Big-3 domain

is necessary for binding to HNOO1 cell surface.

Due to the complex nature of the HNOO1 cell surface, it is hard to predict the Lrh33 receptor.
The chemical character of the receptor could be characterised by performing various chemical
(proteases and/or sodium periodate treatment) and physical (washing, fractionations)
treatments. Subsequently, chemically/physically-treated HNOOL cells could be used in an
Lrh33-binding assay to determine whether the Lrh33 receptor is a carbohydrate or
proteinaceous in nature and whether it is in the cell wall or membrane fraction. A series of
HNOO1 mutants of major surface proteins and EPS has been constructed in Fonterra (M.
Collett, unpublished observations) and those can be tested for binding to Lrh33, to investigate
whether they are receptors for Lrh33. Since genetic tools for L. rhamnosus HNOO1 are
available, it will be possible to directly examine whether Lrh33 is indeed an aggregation
protein, and to determine its specificity, loss- and gain-of-function mutations could be
constructed - a AIrh33HNOO1 “knock-out” mutant, a trans-complemented strain and a strain

with overexpressed Lrh33.

The SignalP algorithm predicted that the N-terminal hydrophobic TMH of Lrh33 is an N-
terminal membrane anchor rather than a signal sequence due to a poor signal peptidase

cleavage consensus. However, it is necessary to test this prediction by investigation of the
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subcellular localisation of Lrh33 experimentally. This will be achieved by expression of C-
terminally tagged Lrh33 and determining its subcellular location by cell fractionation and

fluorescent microscopy, combined with detection of the tagged Lrh33.

The presence of a cluster of unique ORFs, Irh62, Irh04 and Irh33 is intriguing, as it may
correspond to a functional cluster. Lrh62 and Lrh04 secretome clones were identified in the
secretome library, but were significantly truncated in the periplasm of E. coli (data not
shown). The knock-out approach could therefore be used to test whether these two proteins
contribute to binding of Lrh33 to HNOO1l or aggregation-mediating proteins, either as
receptors or accessory proteins. Knockout mutations of each Irh62 and IrhO4 could be

constructed and tested for aggregation and binding to phage-displayed Lrh33.

It was hypothesised that Irh62, Irh04 and Irh33 may form an operon. This could be examined
by mapping of the transcripts corresponding to this gene cluster and monitoring the relative
expression of the three ORFs using standard methods such as primer extension and northern

blotting.

In recent years, metagenomics or microbial community shot-gun sequencing has enabled
cultivation-independent gene discovery as exemplified in recent metagenomics of human GIT
microbial community [1]. However, even large-scale projects that use next-generation
sequencing methods such as 454 FLX sequencers capture only a fraction of genetic
information in complex microbial communities. More importantly, shot-gun sequencing does
not provide the means for functional analysis of identified genes. The secretome-selective
phage display developed in this research work can be therefore used as novel technology,
metasecretome display, to functionally screen the entire microbial community for the
secretome proteins that interact with host surfaces, immune system and other microbes in

community.

When extrapolated to the metagenome scale, a comparable coverage of the meta-secretome of
a complex microbial community of up to 100 species is achievable with a primary library size
of 108 clones and analysis of approximately 50,000 sequencing reactions, both of which are
easily achievable using standard techniques. Furthermore, Gram-positive Firmicutes

(Clostridiales, Bacilliales and Lactobacilliales) and Actinobacteria (Actinomycetales and
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Bifidobacteriales) are prominent groups of bacteria in the human gut microbial community [1,
2]. Hence, the highly efficient selection of Gram-positive bacterial secretome ORFs achieved
by the direct selection method described in this thesis is crucial to avoid the secretome library
being dominated by Gram-negative secretome proteins [289]. Bioinformatic studies of
archaeal signal sequences suggest that they closely resemble those of bacteria. It is therefore
expected that archaeal signal sequences would be selected using this method [158, 290]. In
contrast, proteins exported via Tat and Sec-independent translocation pathways of Gram-
negative bacteria (type | and Ill secretion systems) would presumably be absent due to the
fundamentally different mechanisms of translocation through the bacterial envelope [138,
139, 291].

The information on the secretome proteins coding sequences in the secretome protein
database could be also used for DNA microarrays to examine the expression of the secretome

proteins under different growth conditions.
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Table A.2.  The plll-targeting signals from L. rhamnosus HNOO1 and annotation of putative ORFs
Secretome Targeting Length of Signal P | Signal LipPred Predicted signal Protein description based on Pfam or COG Accession
ORF? signal displayed (NN)D P (probability sequence/anchor BLAST classification number
peptide value (HMM) score) /InterProScan/SMART/Glimmer
(amino acids) analyses
Lrh01 SS 259 0.692 1 Mykagkhwilftfstitflaggagf Unique hypothetical extracellular EU232015
vfsgngavha/dsn protein
Lrh02 SS 436 0.55 0.997 Mkifkskrstnahparnrkffgigl | Cell division protein (pfam00905), EU232016
igftliviggfvir/fsf Ftsl/penicillin-binding protein 2 Transpeptidase,
Lactobacillus casei ATCC 334 Penicillin binding
protein transpeptidase
domain; (pfam031717),
Penicillin-binding
protein dimerisation
domain.
Lrh03 SS 190 0.851 1 Mkkkvfiitclavmismvigplq Conserved hypothetical EU232017
avga/ada extracellular protein
Lrh04 SS 399 0.644 1 Mrrthfrswkkgkrwifasslivtv | Unique hypothetical extracellular EU232018
igagalesgktvka/dsv protein
Lrh05 N-terminal 386 0.631 Mkisswilrvsliamvilsivftsli Conserved hypothetical protein EU232019
TMH 5-27 wrnp Lactobacillus casei ATCC 334
Lrh06 SS 199 0.797 1 Mrkklligllaclsflwfgthqqvh Conserved hypothetical EU232020
alaeg extracellular protein Lactobacillus
casei ATCC 334
Lrh07 SS 74 0.686 1 Mimlinhallsikkmianicvivlif | Unique hypothetical extracellular EU232021
pggaaa/sts protein
Lrh08 N-terminal 513 0.444 Mlynrvkehvvndkkkmykrg | Possible cell surface protein EU232022
TMH 21-43 sgwvvvsafaialggvaftqvgp | Lactobacillus casei ATCC 334
Vs
Lrh09 Internal 164 0.163 amlsgifipiipviaatglfigl Sucrose PTS, EIIBCA (COG1263) PtsG, EU232023
TMH 112- Lactobacillus casei ATCC 334 Phosphotransferase
134 system IIC
components,
glucose/maltose/N-
acetylglucosamine-
specific
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Lrh10 SS 210 0.826 1 Mkklikwliglaaaglalitavpqi Predicted secreted protein (COG4086) Predicted EU232024
vra/dda Lactobacillus casei ATCC 334 secreted protein
[Function unknown]
Lrh11 SS 64 0.506 1 Mrhnnrhagylfranlkqnfkfs Putative exporter of polyketide EU232025
giwlvilimmiisga/akl antibiotics Lactobacillus reuteri
Lrh12 N-terminal 152 0.505 Mkatsesrrrgrppkrkwmapl | Unique hypothetical protein EU232026
TMH 20-39 avlilglviiggyfyiaqq
Lrh13 Internal 201 0.544 fllgevfisgltiglawlssa Membrane associated EU232027
TMH1-22 transglutaminase-like enzyme
Lactobacillus casei ATCC 334
Lrh14 LSS 269 0.626 0.99 Mkrrmimavmafltmagivisg | Extracellular solute-binding (pfam00497) Bacterial EU232028
[car protein, family 3 Lactobacillus extracellular solute-
reuteri 100-23 binding proteins, family
Lrh15 N-terminal 96 0.368 Mnadkgikrqgrrifigglisfaglf | Signal transduction histidine EU232029
TMH 15-37 Ivigvivfflyer kinase Lactobacillus casei ATCC
334
Lrh16 SS 166 0.885 1 Mkfnkammtlvaavtlagsvs Surface antigen YP_805328.1 (COG3883) EU232030
avtpvfa/dts Lactobacillus casei ATCC 334 Uncharacterized protein
conserved in bacteria
[Function unknown]
Lrh17 SS 446 0.849 1 Mavtfkkighsllaalmimsflipl | Surface protein from Gram- (pfam05738), Cna_B, EU232031
Isagktvha/att positive cocci, anchor region: Cna protein B-type
Cna B-type Enterococcus domain; E-box motif
faecium DO (major pilin protein)
Lrh18 N-terminal 45 0.336 Mhsslgrfvrleiktnvirtsliavlg | Short sequence, no significant EU232032
TMH 21-43 wglipivftitpgslaga hits.
Lrh19 SS 167 0.488 0.991 Mkageaihinkhkvplwavivlf | Carboxy-terminal processing (COG0793), Prc, EU232033
lvalgggvaggl/yal proteinase Lactobacillus casei Periplasmic protease
ATCC 334 [Cell envelope
biogenesis, outer
membrane]
Lrh20 SS 412 0.942 1 Mklktklitivvaflaaisfalpsqv | Putative lysin [Bacteriophage Lc- (pfam01476), LysM EU232034
nal/akg Nu]
Lrh21 SS 130 0.851 1 MKkkklfcfitivmlimpatqvfa/ | Cell surface protein Lactobacillus EU232035
sel casei ATCC 334
Lrh22 N-terminal 355 0.476 Miwkdirksfttswgrffsilllmm | Putative ABC transporter EU232036
TMH 17- lgsfalvglwvagpdr permease protein Lactococcus
39 lactis subsp. cremoris MG1363
Lrh23 SS 470 0.668 1 Mvrkrwtvigsllimaalmggd N-acetylmuramoyl-L-alanine EU232037
valapv amidase/putative S-layer protein
Clostridium tetani E88
Lrh24 SS 142 0.653 0.94 Maaivvifglgfffthggsasa/a | ABC-type sugar transport EU232038
dn system, substrate binding-

component Lactobacillus casei
ATCC 334
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Lrh25 SS 130 0.793 1 Mrlkglvagaitvatlagvgvsgf | Surface antigen YP_807226.1 EU232039
aattvha/add Lactobacillus casei ATCC 334
Lrh26 SS 118 0.8 1 Mnhrswwilplilligfglaglgpv | Beta-propeller domains of (COG1512) Beta- EU232040
ga/asg methanol dehydrogenase type propeller domains of
Lactobacillus casei ATCC 334 methanol
dehydrogenase type
Lrh27 N-terminal 77 0.559 0.101 Matltywlktywyapliiliggfffw | DNA uptake protein related DNA- EU232041
TMH 4-26 qq binding protein Lactobacillus
casei ATCC 334
Lrh28 LSS 228 0.562 1 Mkrlisiavailav/clg Spermidine/putrescine ABC (pfam01547) EU232042
transporter, substrate binding SBP_bac_1, Bacterial
protein Lactobacillus plantarum extracellular solute-
WCFS1 binding protein
Lrh29 SS 316 0.561 1 Mkksiwivgligwvmvifsgm Conserved hypothetical protein EU232043
wggsaga/age EF0711 Enterococcus faecalis
V583
Lrh30 SS 163 0.848 1 Mkkfyvmasmlglgmlglagv | Cell surface protein Lactobacillus EU232044
tptivsa/sdv casei ATCC 334
Lrh31 SS 52 0.842 1 Mkkwllivvlligftcppsgala/v | Unique hypothetical extracellular EU232045
et protein
Lrh32 SS 63 0.85 1 Mkrkwilisllialpimlgalipgktv | Putative glutamine/glutamate (pfam00497), EU232046
aa/agk ABC transporter, membrane- SBP_bac_3, Bacterial
spanning/substrate-binding extracellular solute-
subunit precursor Lactobacillus binding proteins, family
sakei subsp. sakei 23K 3
Lrh33 N-terminal 199 0.384 0.992 Mmrgkglgsalldrhgkfktakv | Unique hypothetical extracellular EU232047
TMH 18-42 rgkwmkasevvlsfsvlvafs protein
Lrh34 N-terminal 381 0.225 Mdngshnfgetpgdgkpgrsa | Trypsin-like serine protease with EU232048
TMH 33-55 ekpkknglkgtaivavvaaligg | PDZ domain Lactobacillus casei
gagggtaywainht ATCC 334
Lrh35 SS 266 0.662 1 MprkwihmImllimivtgigsa/ | Collagen adhesion protein EU232049
avp Bacillus clausii KSM-K16
Lrh36 LSS 241 0.567 0.99 Mktfrkllitillipvillgg/cgf Amino acid ABC transporter, (pfam04069), OpuAC, EU232050
amino acid-binding protein Substrate binding
(Streptococcus agalactiae COH1) | domain of ABC-type
glycine betaine
transport system
Lrh37 SS 291 0.549 0.998 Mrifgeektryrlyksgklwlvali Hypothetical protein LSEI_2320 (pfam06458), EU232051
gffvlaighgpngvka/ssm Lactobacillus casei ATCC 334 DUF1085, Repeat of
unknown function
Lrh38 N-terminal 27 0.234 MkkvInkgsigfligiavglivyla | Transport protein Lactobacillus (pfam00939) EU232052
TMH 9-31 pl plantarum WCFS1 Na_sulph_symp,

Sodium:sulfate
symporter
transmembrane region
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Lrh39 Multiple 370 N-terminal TMH: 4-amino-4-deoxy-L-arabinose (pfam0236), PMT, EU232053
TMHs wtldwwligilvlaa transferase related Dolichyl-phosphate-
glycosyltransferase of PMT family | mannose-protein
Lactobacillus casei ATCC 334 mannosyltransferase
Lrh40 SS 165 0.696 1 Mskkywigsvafagllvgsfsa Hypothetical protein LSEI_2084 EU232054
gslvla/ade Lactobacillus casei ATCC 334
Lrh41 SS 255 0.712 1 Mgkffsnkklialmiallvsiglva | Cell shape-determining protein, (pfam04085), MreC, rod | EU232055
gsiya/snn MreC Lactobacillus casei ATCC shape-determining
334 protein MreC
Lrh42 SS 274 0.616 1 Mkkpigkilwrglgplliaiilvaal | DItD - Protein involved in D- (pfam04918) DItD_M, EU232056
mivpfkfgrssqgatirqa/ass alanine esterification of DItD central region
lipoteichoic acid and wall teichoic
acid Lactobacillus rhamnosus
Lrh43 LSS 288 0.662 0.99 Mtfykkiiaalamvatvgflta/cs | Putative glycine/betaine/carnitine (pfam04069), OpuAC, EU232057
S ABC transporter, substrate Substrate binding
binding lipoprotein precursor domain of ABC-type
Lactobacillus sakei subsp. sakei glycine betaine
23K transport system
Lrh44 SS 261 0.787 1 Marrkrisgilitalmiavvfliww | Predicted esterase Lactobacillus (pfam0075), Esterase EU232058
vpsla/psk casei ATCC 334
Lrh45 SS 241 0.903 1 MKKlistvifsavalsavalskpg | Cell wall-associated hydrolase EU232059
hvna/atk Lactobacillus casei ATCC 334
Lrh46 SS 56 0.561 0.929 Mrvkglimkiliaslamtavvglp | Signal sequence only, no EU232060
rgqvkp/ktm significant hits
Lrha47 N-terminal 155 0.473 Mkllwmefkrqtrsitfviytflvva | hypothetical protein LSEI_0463 EU232061
TMH 13-35 fivmnvwpllsr Lactobacillus casei ATCC 334
Lrhas® SS 26 0.408 Mkhrnrifwlilivagvflvys/tes | Predicted Zn-dependent protease EU232062
Lactobacillus casei ATCC 334
Lrh49 Multiple 278 N-terminal TMH: Ribose/xylose/arabinose/galactos | (COG1172), AraH, EU232063
TMHs lgpllalvvliivtvmsptfvs ide ABC-type transport system, Ribose/xylose/arabinos
permease component e/galactoside ABC-type
Lactobacillus casei ATCC 334 transport systems,
permease components
[Carbohydrate transport
and metabolism]
Lrh50 N-terminal 149 0.378 MKkKiflidllwiglailaglvwsgh Uncharacterized conserved (COG1172), AraH, EU232064
TMH 4-23 d membrane protein Lactobacillus Ribose/xylose/arabinos
casei ATCC 334 e/galactoside ABC-type
transport systems,
permease components
[Carbohydrate transport
and metabolism]
Lrh51 SS 69 0.764 1 Mykakkrwliagtalllmpaffq Adhesion exoprotein (COG1172), AraH, EU232065

pggevha/dsk

Lactobacillus casei ATCC 334

Ribose/xylose/arabinos
e/galactoside ABC-type
transport systems,

permease components
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Lrh52 LSS 84 0.54 1 Mtnhhrlwlwvlllicsliglss/ch | Taurine-binding periplasmic (smart00062), PBPb, EU232066
a protein precursor Clostridium Bacterial periplasmic
tetani E88 substrate-binding
proteins
Lrh53 SS 62 0.52 0.99 Mthsgkkktilfvcatgiatstvva | Putative phosphotransferase (COG3414), SgaB, EU232067
ekt system enzyme |IB Shigella Phosphotransferase
dysenteriae Sd197 system, galactitol-
specific [IB component
[Carbohydrate transport
and metabolism]
Lrh54 SS 97 0.587 0.712 Mmtkkwakvfliigiflvwsgga | Alpha/beta hydrolase superfamily | (COG4814), EU232068
wlwlnrga/tps protein Lactobacillus casei ATCC | Uncharacterized protein
334 with an alpha/beta
hydrolase fold [General
function prediction only]
Lrh55 N-terminal 163 0.441 Marrregkgskspkppkklwrri | Multimodular transpeptidase- (pfam00912), Transgly, | EU232069
TMH 24-46 Ikwtliglilifiagvglfswyakda | transglycosylase PBP 1A Transglycosylase
Lactobacillus salivarius subsp.
salivarius UCC118
Lrh56 SS 201 0.579 0.686 Mkrnnwiwlgligmvivvsa/g Hypothetical protein SMU.1071c (COG4814), EU232070
wy Streptococcus mutans UA159 Uncharacterized protein
with an alpha/beta
hydrolase fold [General
function prediction only]
Lrh57 SS 35 0.467 Mtlsrsgrsimkmtrkrrwliiltvl | Signal sequence only, no EU232071
gvlvvagglv significant hits
Lrh58 N-terminal 68 0.269 Mnkvfdklkpifeaiaankyvsa | LacE Lactobacillus rhamnosus (COG1455) CelB, EU232072
TMH 26-46 irdgfiacmpiiifssifmmiayvp | TCELL-1 Phosphotransferase
n system cellobiose-
specific component 1IC
[Carbohydrate transport
and metabolism]
Lrh59 Multiple 255 N-terminal TMH: Putative sugar-specific (pfam04215), EU232073
TMHs iigniltgaaitialiamlglil permease, SgaT/UlaA SgaT_UlaA, Putative
Enterococcus faecium DO sugar-specific
permease, SgaT/UlaA
Lrh60 SS 64 0.567 0.632 Mnriwdkpwvnrllalllaiglfa/ Hypothetical protein LSEI_1017 EU232074
yvnvesinntrgs/and Lactobacillus casei ATCC 334
Lrh61 Multiple 729 N-terminal TMH: Predicted membrane protein EU232075
TMHs lifisfgvtfvislivfaal Lactobacillus casei ATCC 334
Lrhg2Y SS 807 0.725 0.954 Mhapassaapvassyavaas | Uncharacterized hypothetical EU232076
sdaafa/kqa extracellular protein
Lrh63 SS 246 0.605 1 Mrrfywwlaplllligivigstphw | Hypothetical protein LSEI_2364 EU232077
vha/adq Lactobacillus casei ATCC 334
Lrh64 LSS 141 0.626 0.99 Mkkrlivvilmllalvatg/css Thiamine biosynthesis (pfam02424), ApbE EU232078

membrane-associated lipoprotein
Lactobacillus casei ATCC 334

family. ApbE is involved
in thiamine synthesis
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Lrh65 Multiple 214 N-terminal TMH: H+/citrate symporter (pfam03600), CitMHS, EU232079
TMHs Igvliilgntimnllpwggpta Lactobacillus casei ATCC 334 Citrate transporter
Lrh66 SS 85 0.592 1 Makkrrrftlkkvplaawlviaffa | N-acetylmuramidase EU232080
vgsmlvvssywsqrga/evs Lactobacillus casei ATCC 334
Lrh67 LSS 172 0.681 0.99 Mkkgtwvkallamftvmilvailt | ABC-type sugar transport (pfam01547), EU232081
alcgs system, periplasmic component SBP_bac_1, Bacterial
Lactobacillus casei ATCC 334 extracellular solute-
binding protein
Lrh68 LSS 192 0.779 1 Mrswkkivivvaallalvsvta/c | ABC-type metal ion transport (pfam03180), EU232082
gk system, periplasmic Lipoprotein_9, NLPA
component/surface antigen lipoprotein
Lactobacillus casei ATCC 334
Lrh69 LSS 72 0.523 1 Mmryfrfglhglitnrknlavigial | Hypothetical protein LSEI_2331 EU232083
vali/cqf Lactobacillus casei ATCC 334
Lrh70 Multiple 285 N-terminal TMH: Hypothetical protein LSEI_1227 EU232084
TMHs ylfislliivililtliqy! Lactobacillus casei ATCC 334
Lrh71 LSS 106 0.63 1 MKkfftltlitgaivilaa/cgk Lipoprotein, pheromone EU232085
precursor Lactobacillus salivarius
subsp. salivarius UCC118
Lrh72 SS 57 0.552 1 Mkkaatifaillgidifapggaah Signal sequence only, no EU232086
a/qtq significant hits
Lrh73 Multiple 353 N-terminal TMH: Hypothetical protein LSEI_1109 EU232087
TMHs nfgyafdafypslilipyvwirl Lactobacillus casei ATCC 334
Lrh74° SS 33 0.505 Mkkllrgivaamvavimiggaa | Signal sequence only, no EU232088
pavsvaaa/ess significant hits
Lrh75 SS 235 0.525 0.65 Mavlsrvwgsirwffrrfgvirwlil | Bifunctional (pfam00912), Transgly, | EU232089
Igltvilifsawftyka/kta glycolsyltransferase/transpeptida | Transglycosylase.
se penicillin binding protein 2A
Lactobacillus sakei subsp. sakei
23K
Lrh76 Multiple 233 N-terminal TMH: Uncharacterized membrane- (pfam06570), EU232090
TMHs wllivdgslffmailavmygala bound protein conserved in DUF1129, Protein of
bacteria Lactobacillus casei unknown function
ATCC 334
Lrh77 Internal 249 Ivkniviiliplilligvfgyfas Cell division septal protein (pfam03799), FtsQ, Cell | EU232091
TMH 56-78 Lactobacillus casei ATCC 334 division protein
Lrh78 N-terminal 68 0.586 Mritelirisfralaankrrsfltmlgi | ABC-type antimicrobial peptide EU232092
TMH 21-43 iigiasvvtilsigngik transport system, permease
component Lactobacillus casei
ATCC 334
Lrh79 LSS 128 0.695 0.99 Mkkhivitiaatvligltlig/cgk ABC transporter substrate (pfam04392), DUF534, EU232093
binding/membrane-spanning Protein of unknown
protein Streptococcus function
thermophilus LMG 18311
Lrh80 N-terminal 146 0.546 Miksewlsvikrpmvivvlffitlip | Predicted membrane protein (COG1511), Predicted EU232094
TMH 15-37 aisgvylssmwnt Lactobacillus brevis ATCC membrane protein
[Function unknown]
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Lrh81 LSS 201 0.662 0.99 Mmkrrwligiatgimalalta/cs | ABC-type sugar transport (pfam01547), EU232095
S system, periplasmic component SBP_bac_1, Bacterial
Lactobacillus casei ATCC 334 extracellular solute-
binding protein
Lrh82 SS 256 0.574 1 Mpsrfknkrgvikkiacsaligvs | Hypothetical protein LSEI_2692 EU232096
iiltla/vig Lactobacillus casei ATCC 334
Lrh83 SS 239 0.568 0.996 Mkkstrtilisvvaaivvivggfga | Cell division protein (pfam05223), MecA_N, | EU232097
Ifhw Ftsl/penicillin-binding protein 2 NTF2-like N-terminal
Lactobacillus casei ATCC 334 transpeptidase domain
Lrh84 N-terminal 231 0.335 Mdfrriewiflvvfvglnifigisyfq | Hypothetical protein LSEI_2805 (COG4853), EU232098
TMH 7-29 aqqvd Lactobacillus casei ATCC 334 Uncharacterized protein
conserved in bacteria
[Function unknown]
Lrh85 N-terminal 89 0.436 MKkklhdrhipslifwlvvilvalltm | Predicted membrane protein (COG2409), Predicted EU232099
TMH 12-34 pdvsgivrdkg Lactobacillus casei ATCC 334 drug exporters of the
RND superfamily
[General function
prediction only]
Lrh86 N-terminal 200 0.527 Mkrmlgfmiiifgflgiayfgsgtt Putative ABC transporter (pfam04392), DUF534, EU232100
TMH 4-23 a substrate binding protein Putative secreted
Lactobacillus acidophilus NCFM protein of unknown
function
Lrh87 LSS 33 0.761 0.99 Mrrnlimkkgalwtsaaiassfl/ | Signal sequence only, no EU232101
cst significant hits
Lrhes® No 53 Dithiol-disulfide isomerase (COG2761), FrnE, EU232102
targeting Lactobacillus casei ATCC 334 Predicted dithiol-
signal disulfide isomerase
involved in polyketide
biosynthesis
[Secondary metabolites
biosynthesis, transport,
and catabolism].
Lrhgo® No 170 Predicted hydrolase of the HAD EU232103
targeting superfamily Oenococcus oeni
signal PSU-1

The open reading frames are numbered in the order of identification. Skipped numbers represent the open reading frames that did not carry any

recognisable membrane-targeting sequence.

b3S, signal sequence (Type I); LSS, lipoprotein signal sequence (Type 11), TMH, transmembrane helix. Numbers denote position relative to the

N-terminus of the protein.

“ORFs with SignalP C-score bellow threshold (0.52) due to the short sequence. These were assigned as signal sequence type I rather than N
terminal membrane anchor based on sequence similarity to the nearest homolog that already carries a type | signal sequence.

%Vector pDJO1 provided start codon for Lrh62 (in bold)

*ORFs with no signal sequence or transmembrane helices. Experimentally demonstrated to provide signal sequence-like activity that results in
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assembly of the fusion into a sarcosyl-resistant virion.
’Amino acids in italics correspond to the sequence of predicted transmembrane a helix.
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Figure A.3
1) Nucleotide sequence and translation of Lrh33G ORF
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TTG AAA ACA AAG CAT TGG TCA CTG TTA TTC AAT AAG GCT GGT CAG TCG TTT TTT CTG AAG
AAC TTT TGT TTC GTA ACC AGT GAC AAT AAG TTA TTC CGA CCA GTC AGC AAA AAA GAC TTC
-35 -10

ACT AAA AGA GGT CAA TTT TCA AAG [TTG ATT GGC CTC TTT TCT ACA TAA AAT TGT CCC AAT
TGA TTT TCT CCA GTT AAA AGT TTC AAC TAA CCG GAG AAA AGA TGT ATT TTA ACA GGG TTA

RBS e

GGT TCT TTC AAA AAC GAT TGG ACT CAA GAC ACT GAA GTT TGG AGG GTA TGG ATG ATG AGG

AAG GAA CCG GTG TCA GGT GAT CAA AAT GAA AAG CAC GAT TTA ACT GCG GCT GAC CCA AAT
TTC CTT GGC CAC AGT CCA CTA GTT TTA CTT TTC GTG CTA AAT TGA CGC CGA CTG GGT TTA

ACA CCG GAA AAA AAT TTT CTG AAT GCC AAT GAC TCG AAC GGA CAG GCA GTA CCA ATC GAT
TGT GGC CTT TTT TTA AAA GAC TTA CGG TTA CTG AGC TTG CCT GTC CGT CAT GGT TAG CTA
A I Q A% I G T A% H 12 A I \% G T Y F v Q Y

GCT ATT CAA GTC ATC GGA ACC GTT CAT CCA GCG ATC GTA GGT ACC TAT TTC GTT CAG TAT
CGA TAA GTT CAG TAG CCT TGG CAA GTA GGT CGC TAG CAT CCA TGG ATA AAG CAA GTC ATA
A F T D A B} T G K D \% A Q F S S v T \% T

GCT TTT ACT GAT GCC CCA ACC GGA AAA GAT GTG GCG CAA TTT TCT TCT GTC ACC GTG ACC
CGA AAA TGA CTA CGG GGT TGG CCT TTT CTA CAC CGC GTT AAA AGA AGA CAG TGG CAC TGG
N Q A S A I D E R Q I G G D \4 L P P T P

AAT CAA GCT AGT GCA ATT GAT GAA CGG CAG ATA GGC GGG GAC GTC TTG CCG CCA ACA CCT
TTA GTT CGA TCA CGT TAA CTA CTT GCC GTC TAT CCG CCC CTG CAG AAC GGC GGT TGT GGA

S E T v A A I K T K D T L L A K K S S w
TCA GAA ACA GTG GCT GCA ATC AAG ACA AAA GAC ACT TTG TTA GCT AAA AAA TCA TCA TGG
AGT CTT TGT CAC CGA CGT TAG TTC TGT TTT CTG TGA AAC AAT CGA TTT TTT AGT AGT ACC
T P D I N F \% S A T N S D G A P \% Q L E
ACA CCT GAC ATC AAT TTT GTG AGT GCT ACT AAT AGT GAT GGT GCG CCG GTT CAG CTC GAA
TGT GGA CTG TAG TTA AAA CAC TCA CGA TGA TTA TCA CTA CCA CGC GGC CAA GTC GAG CTT
D I S \Y% T G T A% N P A Y E G T Y F I R 5|
GAT ATT TCG GTA ACA GGT ACG GTT AAT CCG GCT TAT GAA GGA ACT TAT TTC ATC CGT TTT
CTA TAA AGC CAT TGT CCA TGC CAA TTA GGC CGA ATA CTT CCT TGA ATA AAG TAG GCA AAA
S F M D P K L K Q L I A N M A R A% T v v
AGT TTT ATG GAT CCA AAA CTG AAA CAG CTG ATT GCA AAC ATG GCG AGG GTA ACA GTT GTC
TCA AAA TAC CTA GGT TTT GAC TTT GTC GAC TAA CGT TTG TAC CGC TCC CAT TGT CAA CAG

173
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1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

* Two Big-3 domains are highlighted grey

2) Lrh33 BLASTP hits and alignments to the two top hits

Query ID: Lrh33
Query Length: 503 AA

Database Name: nr - All non-redundant GenBank CDS

translations+PDB+SwissProt+PIR+PRF excluding
environmental samples from WGS
Projects Program: BLASTP 2.2.19+

Score
Sequences producing significant alignments: (Bits)
NP 786170.1] cell surface protein precursor [Lb. plantarum) 80.1
YP 001986344.1| Beta-fructosidase [Lb.casei) 78.6
gb|ABD57319.1| Dbeta-fructosidase precursor [Lb. paracasei) 77.8
NP 784643.1| cell surface protein precursor [Lb.plantarum) 76.3
YP 848283.1| «cell wall surface anchor family protein [Listeria) 74.7
BAD88632.1| fructan hydrolase [Lb.casei] 72.8
NP 816151.1] cell wall surface anchor family protein [Enteroco.. 71.2
NP 470145.1| <cell wall anchor domain-containing protein [List.. 68.6
ZP 03056851.1| cell wall surface anchor protein [Enteroco... 65.9
zP 00232462.1| cell wall surface anchor family protein [Lister.. 65.9
NP 464368.1| peptidoglycan binding protein [Listeria mono... 64.7
zP 00229842.1| cell wall surface anchor family protein [Lister. 63.5
YP 013462.1| cell wall surface anchor family protein [Listeria. 63.5
YP 848986.1| hypothetical protein lwe0785 [Listeria welsh... 61.2

E

Value

5e-13
le-12
2e-12
Te-12
2e-11
Te-11
2e-10
1e-09
8e-09
9e-09
2e-08
5e-08
5e-08
2e-07

174
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NP_786170.1
GENE ID: 1063145 1p 2795 | cell surface protein precursor
[Lactobacillus plantarum WCFS1] Length=1039

Score = 80.1 bits (196), Expect = 5e-13,
Identities = 59/178 (33%), Positives = 91/178 (51%), Gaps = 18/178 (10%)

Lrh33 160 SSWTPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTGKDVAQFSSV 219
S+W P+ NF NA DS+GQ + ATI+V+GT G Y + Y FTD TG+ +++
Sbjct 716 STWQPQSNFQONATDSDGQTLDWSAIEVVGTPDWITAGDYRLTYQFTD-KTGQ--LVTATM 772

Lrh33 220 TVINQASAIDERQIGGDVLPPTPSETVAAIKTKDTLLAKKSSWTPDINEFVSATNSDGAPV 279
TVT DE+ +E+ + ++ D+ + Sw P N V AT+ +G +
Sbjct 773 TVIVVIEEADEQ---—-—--——-—-— AESQSDLQIHDSTITVGESWQPSDNLVLATDVNGGEL 821

Lrh33 280 QLEDISVTGTVNPAYEGTYFIRFSFMDPKLKQLIANMARVTVVSSLTSKPN---PGAS 334
L D+ VTGTV+ GY + + + D o+ +A VTVV++ N PGA+
Sbjct 822 SLADLVVTGTVDTNQAGVYQVTYQYTDAS-GQVEFTRVATVTVVAASDGDTNTEQPGAT 878

Score = 48.9 bits (115), Expect = 0.001,
Identities = 42/155 (27%), Positives = 65/155 (41%), Gaps = 28/155 (18%)

Lrh33 161 SWIPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTGKDVAQFSSVT 220
+W + F ADHG A+ + + +GV+ + G Y + Y + +Q  ++T
Sbjct 638 TWHAQDGFDGATDKDGHAIDFNDVTITGEVNTMVPGDYQITYTYG---—---- SQTQTIT 689

Lrh33 221 VT---NQASAIDERQIGGDVLPPTPSETVAAIKTKDTLLAKKSSWTPDINFVSATNSDGA 277
VT NQAS + A+ T S+W P NF +AT+SDG
Sbjct 690 VTVKENQASL--——-—————-—- NLYQONHATVHTDG---QGTSTWQPQSNFQNATDSDGQ 733

Lrh33 278 PVQLEDISVIGTVNPAYEGTYFIRFSFMDPKLKQL 312
+ I VvV GT + GY++ F DK QL
Sbjct 734 TLDWSAIEVVGTPDWTTAGDYRLTYQFTD-KTGQL 767

Score = 42.0 bits (97), Expect = 0.15,
Identities = 25/67 (37%), Positives = 35/67 (52%), Gaps = 1/67 (1%)

Lrh33 155 TIAQKSSWIPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTGKDVA 214
TI SWP N+ ADNG + + + V GTV G Y V Y +TDA +G+
Sbjct 797 TITVGESWQPSDNLVLATDVNGGELSLADLVVTGTVDTNQAGVYQVTYQYTDA-SGQVET 855

Lrh33 215 QFSSVIV 221
+ ++VIV
Sbjct 856 RVATVIV 862

Score = 38.1 bits (87), Expect = 2.0,
Identities = 17/57 (29%), Positives = 28/57 (49%), Gaps = 0/57 (0%)

Lrh33 248 AIKTKDTLLAKKSSWIPDINFVSATNSDGAPVQLEDISVTGTVNPAYEGTYFIRFSF 304
++ DT L +W F AT+ DG + D+++TG VN G Y I +++
Sbjct 625 SLTVHDTELHAGGTWHAQDGFDGATDKDGHAIDENDVTITGEVNTMVPGDYQITYTY 681
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YP 001986344.1
GENE ID: 6404417 foskE | Beta-fructosidase [Lactobacillus casei BL23]
Length=493

Score = 78.6 bits (192), Expect = le-12,
Identities = 53/168 (31%), Positives = 84/168 (50%), Gaps = 25/168 (14%)

Lrh33 162 WTPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYEFVQYAFTDAPTGKDVAQFSSVTV 221
W NF++A D++G + ++ V G+V P GY V Y++TDA G V +++TV
Sbjct 39 WNAADNFVSATDADGNGIDFKSVNVSGSVDPTKPGKYEVTYSYTDAG-GNQVGAKATITV 97

Lrh33 222 TNQASAIDERQIGGDVLPPTPSETVAAIKTKDTLLAK--KSSWTPDINEFVSATNSDGAPV 279
T A+IK KD+ L + W NEVSAT++DG +
Sbjct 98 Vo STKASIKAKDSTLVAGPDTKWNAADNFVSATDADGNGI 136

Lrh33 280 OQLEDISVTGTVNPAYEGTYFIRFSFMDPKLKQLIANMARVTVVSSLTS 327
+ ++V+G+V+P G Y + +S+ D o+ A A +TVVS+ S
Sbjct 137 DFKSVNVSGSVDPTKPGDYEVTYSYTDAGGNQVSA-KATITVVSTKAS 183

Score = 78.2 bits (191), Expect = 2e-12,
Identities = 52/165 (31%), Positives = 83/165 (50%), Gaps = 25/165 (15%)

Lrh33 162 WTPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTGKDVAQFSSVTV 221
W NF++A D++G + ++ V G VP G Y V Y++TD G V+ +++TV
Sbjct 199 WNAADNEFVSATDADGNGIDFKSVNVSGNVDPTKPGKYEVTYSYTDVG-GNQVSAKATITV 257

Lrh33 222 TNQASAIDERQIGGDVLPPTPSETVAAIKTKDTLLAK--KSSWIPDINFVSATNSDGAPV 279
T A+IK KD+ L + W NFVSAT++DG +
Sbjct 258 V-———-——mmmmmmmm oo STKASIKAKDSTLVAGPDTKWNAADNFVSATDADGNGI 296

Lrh33 280 QLEDISVTIGTVNPAYEGTYFIRFSFMDPKLKQLIANMARVTVVSS 324
++++V+G+V+P G Y + +S+ D o+ A A +TVVSS
Sbjct 297 DFKNVNVSGSVDPTKPGKYEVTYSYTDAGGNQVSA-KATITVVSS 340

Score = 77.4 bits (189), Expect = 3e-12,
Identities = 53/168 (31%), Positives = 84/168 (50%), Gaps = 25/168 (14%)

Lrh33 162 WTPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTGKDVAQFSSVTV 221
W NF++A D++G + ++ V G+V P G Y V Y++TDA G V+ +++TV
Sbjct 119 WNAADNFVSATDADGNGIDFKSVNVSGSVDPTKPGDYEVTYSYTDAG-GNQVSAKATITV 177

Lrh33 222 TNQASAIDERQIGGDVLPPTPSETVAAIKTKDTLLAK--KSSWIPDINFVSATNSDGAPV 279
T A+IK KD+ L + W NEFVSAT++DG +
Sbjct 178 V-———-—-—-—mmmmm—mm STKASIKAKDSTLVAGPDTKWNAADNFVSATDADGNGI 216

Lrh33 280 QLEDISVTIGTVNPAYEGTYFIRFSFMDPKLKQLIANMARVTVVSSLTS 327
+ ++V+G V+P G Y + +S+ D o+ A A +TVVS+ S
Sbjct 217 DFKSVNVSGNVDPTKPGKYEVTYSYTDVGGNQVSA-KATITVVSTKAS 263
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3) Lrh33 conserved domains [CDART search]
Multi-dom E-value

acterial Ig-like domain (group 3)

CD Length: 68 Bit Score: 46.85 E-value: 8e-06

10 20 30 40 50
T Tt U S S TN [P UM [P
Lrh33 249 IKTKDTLLAKKSSWTPDINFVSATNSDGAPVQLEDISVTGTVNPAYEGTYFIRFSF 304

pfam07523 2 IEAHDSTIYVGDSWDAEDNEVSATDKDGKAVDEFSDVTVSGTVDTTKAGTYEVTYTY 57

acterial Ig-like domain (group 3)

CD Length: 68 Bit Score: 42.99 E-value: le-04
10 20 30 40 50 60

T T e T T L T
Lrh33 155 TIAQKSSWTPEKNFLNANDSNGQAVPIDAIQVIGTVHPAIVGTYFVQYAFTDAPTgkdvagfsSVIVT 222
pfam07523 8TIYVGDSWDAEDNEVSATDKDGKAVDESDVTVSGTVDTTKAGTYEVTYTYDGVSK-————-——— TITVT 67

177



