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Abstract 
 

The accessory secretion (aSec) system is a protein export pathway uniquely present in gram-

positive bacteria and dedicated to the secretion of large, glycosylated cell-wall anchored adhesins 

called serine rich repeat proteins (SRRPs). This system has been primarily characterised in 

pathogens in the context of biofilm formation and virulence. The recent discovery of aSec and 

SRRPs in Limosilactobacillus reuteri strains ATCC 53608 and 100-23 provided new insights into 

the structure, strain specific glycosylation and function of SRRPs in symbiotic gut bacteria but 

the aSec machinery has not been investigated. In L. reuteri, aSec consists of the translocation 

machinery (SecA2, SecY2, Asp4), chaperones (Asp1, Asp2, Asp3) and a variable number of 

glycosyltransferases (GTs) that O-glycosylate the secretory target SRRP. Here, a combination of 

biochemical, biophysical, and structural approaches was used to investigate the structure and 

function of aSec components in L. reuteri ATCC 53608 and 100-23 strains. To this aim, 

recombinant proteins of the L. reuteri aSec pathway were produced in E. coli and purified 

individually or in complex.  

The crystal structure of LrGtfC100-23, one of the GTs involved in strain-specific glycosylation of 

SRRP, was determined by X-ray crystallography showing a classical GT-B fold. Site-directed 

mutagenesis of LrGtfC100-23 revealed the importance of Ser238 in conferring UDP-Glc specificity 

as shown using thermal shift assays while LrGtfC C240W53608 mutation introduced promiscuity 

with positive thermal shifts for both UDP-Glc and UDP-GlcNAc ligands.  

Small-angle X-ray scattering (SAXS) and Alphafold2 approaches were used to construct 

structural models of individual aSec components and complexes. The LrSecA2-SecY2-Asp453608 

complex consisted of a predicted dimerised motor-ATPase SecA2, membrane protein SecY2 and 

Asp4. LrAsp1-Asp2-Asp353608 formed a 1:1:1 complex, where LrAsp253608 exhibited 

acetylesterase activity. Native SRRPs purified from both L. reuteri ATCC 53608 and 100-23 

strains showed high binding avidity to both LrAsp1-Asp2-Asp353608 and the secretion complex 

LrSecA2-SecY2-Asp453608 with cross-strain recognition.  

Together these data suggest a highly regulated and conserved secretion process that progresses 

the SRRP secretion cargo through O-glycosylation, O-acetylation, and transport in a sequential 

manner. This work opens new avenues of research for further biophysical characterisation by 

cryo-EM and potential for glycoengineering applications. 
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1.1 The vertebrate gastrointestinal tract 

1.1.1 Anatomy and physiology 

The vertebrate gastrointestinal (GI) tract and its accessory organs including salivary glands, liver, 

gallbladder, and exocrine pancreas are involved in the digestion of food, absorption of nutrients, 

waste elimination, as well as immune surveillance through gut associated lymphoid tissue 

(GALT).  The composition of the GI tract can vary between vertebrates reflecting evolutionary 

history driven by differing features in food chemistry, which is a major driver in diversification 

of gut morphology, physiology, and biochemistry (pH, enzymes, bile salts, and mucus) (1, 2). 

Carnivores have a relatively simple GI anatomy with a shorter colon reflecting the digestion of 

high-protein dietary intake, whereas folivorous species may have an enlarged colon and caecum 

by comparison and frugivorous species developing intermediary structures (3). So, while mice, 

pigs, and humans share many of the major key anatomical organs of the digestive tract 

(oesophagus, stomach, small intestine, and large intestine), their sizes, functions and 

physiological properties are fundamentally different. For example, rodent stomachs are divided 

into glandular (thick walled with columnar epithelia) for secretion of mucus, stomach acid, 

enzymes, and non-glandular (thin walled with squamous epithelia) for food storage as well as 

digestion (4). Conversely the human and pig stomach is glandular type, with the pig stomach 

being 2-3 times larger with different distributions of cell types (cardiac mucosa) (Figure 1.1) (5).  

 

Figure 1.1 Schematic representation of the vertebrate gut anatomy. Mouse and human gut 

schematic annotated and taken from (6). Porcine gut schematic annotated and taken from (7). 
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The GI tract is covered by mucus layer whereby the composition, organisation, glycosylation, and 

thickness vary along the GI tract and between species (8, 9). The stomach and large intestine have 

a two-layered mucus system, composed of an inner, attached mucus and an outer, unattached, 

loose mucus layer, while the small intestine has a loose and penetrable mucus layer, consistent 

with the physiology of these organs (10).  The average mucus thickness in the stomach is around 

52 μm in rodents, 144 μm in humans, and 190 μm in pigs while in the large intestine, the inner 

mucus thickness estimates are ≈50 µm in mice and ≈200 µm in humans (11-13). Secreted gel-

forming MUC2 (Muc2 in rodents) are the main structural components of mucus in the small and 

large intestine while gel-forming MUC5AC and MUC6 are the main mucins in the stomach (10).  

Mucin glycosylation profiles also show regio-specificity along the GI tract. The terminal epitopes 

show considerable variation with a decreasing gradient of fucose and ABH blood group 

expression and an increasing gradient of blood group Sda/Cad-related epitopes and sialic acid 

from the ileum to the colon in humans and reverse gradients in mice where the small intestine is 

dominated by sialylated structures and the colon with those terminating in fucose (Figure 1.2) 

(14, 15).  
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Figure 1.2 Biogeography of the mouse gastrointestinal microbiota. From top to bottom: 

confocal micrographs of intestinal sections stained with ulex europaeus-1 lectin (green) 

recognising fucose and 4′,6-diamidino-2-phenylindole (blue in epithelium, red in lumen). Fucose 

is most abundant in the mouse distal colon and less so in the caecum and proximal colon. The 

epithelial boundary is overlaid (magenta). A schematic of the distal mouse GI tract with following 

smaller schematics of characteristics for each intestinal location showing structure and bacterial 

localisation are heterogeneous along the longitudinal and transverse axes of the murine GI tract. 

The MUC2-dependent layer becomes increasingly dense and impenetrable by microbes towards 

the colon.  The density and diversity of bacteria increase along the longitudinal axis, with the 

small intestine favouring facultative anaerobic, proteolytic bacteria, and the colon favouring 

anaerobic, saccharolytic bacteria. Along the transverse axis, most bacteria are spatially segregated 

from the host tissue by immunological and physical barriers (16, 17), with a few notable 

exceptions (18-20). Mucus structure in live animals is reviewed in (21). AMP = antimicrobial 

peptide. sIgA = secretory IgA. SFB = segmented filamentous bacteria. Figure from (22). 

 

Together, these differences have an impact on the fitness of the organism to respond to its dietary 

challenges but may also affect the localisation as well as colonisation strategies of the trillions of 

microbes inhabiting the GI tract. 
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1.1.2 The gut microbiota 

The gut microbiota is comprised of bacteria, viruses, fungi, archaea, and some eukaryotes whose 

populations vary across the intestinal biogeography (23). The gut microbiota is involved in 

metabolism, physiology, nutrition acquisition, immune function and is therefore considered 

another ‘organ’ of the GI tract due to its global impacts on the host organism (24, 25). This is 

particularly apparent whereby disruptions of the microbiota (or conditions of dysbiosis) have been 

associated with an increasing number of diseases such as obesity, diabetes, chronic inflammatory 

diseases but also neurological or brain disorders (26).  

Most bacterial species inhabiting the vertebrate gut microbiota are members of four phyla: 

Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes (27, 28). The gut microbiota 

composition varies along and across the GI tract, due to the chemical, nutritional, and 

immunological gradients across the gut topography (Figure 1.2) (22). These microbial 

communities may differ between individuals within a species, however the notion of a ‘core 

microbiome’ has been suggested which describes microbial features common within a species 

(29, 30). This may include microbial populations present at certain times throughout the 

organism’s lifespan, microbes involved in essential biological functional processes for the host, 

and microbes that may have co-evolved with the host to improve ecological fitness. 

The evolution of complex life has always occurred in association with bacteria, so as a result there 

is an increasing research focus on the role microbes play in adaptation and natural selection. 

Microbiomes (the collective genome of the microbiota) greatly extend the number of genomes in 

one organism and can consequently have a substantial phenotypic effect on their host, thus 

potentially providing a stronger adaptive potential (31). The hologenome theory, albeit 

controversial, purports that the combined genomes of host and associated microbiota should be 

assigned as one evolutionary unit and together contribute to the overall ecological fitness (32, 33). 

For bacterial-mammal associations, phylosymbiosis (“microbial community relationships that 

recapitulate the phylogeny of their host”) is apparent where there is higher compositional 

similarity between gut bacteria colonising related hosts versus distantly related hosts (34). 
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Conversely inheritance of relative microbial abundance between generations is not always 

vertically transmittable and can be influenced by a variety of factors. This diversity of inheritance 

and modularity of microbiomes complicates the matter of modelling microbial impact on host 

evolution.  

The gut microbiota composition is subject to various changes due to selective pressures 

originating from various intrinsic and extrinsic factors that can occur over the entirety of an 

organism’s lifespan (Figure 1.3) (35, 36). For example, in humans, starting from birth, the method 

of infant delivery and breast feeding is a critical stage in the vertical transmission of commensal 

bacteria from the maternal host to the offspring (37). Early colonisation by gut symbiotic 

Bifidobacterium and Lactobacilli strains has a huge impact on the development of the infant gut 

microbiota, metabolism, and health (37-39). The commensal microbial diversity is modified 

throughout the entire aging process and favours different compositions at various milestone 

developmental periods e.g., infancy, adolescence, adulthood (Figure 1.3 (35). Host genetics may 

also create dispositions towards particular commensals, as shown in twin studies, whereby gut 

microbiota composition is more similar between monozygotic twins than between dizygotic twins 

(40, 41). Medical interventions to diseases, such as treatments with broad-spectrum antibiotics 

have a major impact on the gut microbiota composition (42). During homeostasis, the gut 

microbiota is also greatly affected by the diet, which can change the metabolic landscape through 

nutrient availability for the various microbial members, thus enforcing selective pressures (43, 

44). Finally, the gut can also be transiently colonised through the ingestion of probiotics (“live 

microorganisms that, when administered in adequate amounts, confer a health benefit on the 

host”), or the consumption of fermented foods, such as live yogurts, which contain bacteria able 

to populate or modulate the gut microbiota (45-47). 
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Figure 1.3. Factors which may influence the gut microbiota composition in humans during 

lifespan milestones. Information assimilated from (24, 37, 39, 42-45, 48). 

1.2 Limosilactobacillus reuteri: a model gut symbiont 

1.2.1 Host specialisation of L. reuteri strains 

 
L. reuteri is present in the gut of a diverse range of vertebrates and has been the subject of great 

interest in respect to the co-evolutionary relationship it displays with its hosts (49). L. reuteri 

belongs to the taxonomic classification of Bacteria, Firmicutes/Bacillota, Bacilli, Lactobacillales, 

Lactobacillaceae and has recently been reclassified from Lactobacillus to Limosilactobacillus 

based on core genome phylogeny, (conserved) pairwise average amino acid identity, clade-

specific signature genes, physiological criteria and the ecology of the organism (50).  

In vertebrates such as rodents, pigs and chickens, L. reuteri is considered a dominant species of 

the GI tract (51, 52). In humans, the symbiotic relationship with L. reuteri appears to be 

ambiguous since its discovery in the mid-20th century as an autochthonous (indigenous) species. 

A recent taxonomic study reported that only 4% of individuals harboured L. reuteri, in line with 

the decline in human microbiome diversity predicted to be a result of medical interventions, diets 

and lifestyles (53-56). However, other studies showed that L. reuteri could be repeatedly isolated 
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from human gastric biopsies over a period of several months from 4 out of 12 patients (57, 58). 

In addition, L. reuteri has also been isolated from human breast milk, highlighting the capacity 

for vertical transmission from mother to infant and a possible role in early colonisation of the 

infant gut (59, 60).  

In rodents, the murine forestomach, in pigs the pars esophagea (stomach), and in chickens, the 

crop, all have a stratified squamous epithelium composed of various columnar cell types, which 

for mouse have been observed coated with L. reuteri biofilms, as shown by electron microscopy 

(Figure 1.4AB) (61-63). Conversely, humans lack stratified squamous epithelia and colonisation 

by L. reuteri is confined to the mucus as shown using human small intestinal biopsies (Figure 

1.4C) (64). L. reuteri has been shown to transmit horizontally through animal behaviours, for 

example, rodents exhibit coprophagy, as well as vertically to subsequent generations through 

breast milk and vaginal mucus contact in pigs, thus being transferred maternally to the offspring 

(65).  
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Figure 1.4. Host specific associations of L. reuteri strains. (A) L. reuteri 100-23 biofilm were 

visible on the stratified squamous epithelium present in the forestomach of an ex-Lactobacillus-

free mouse 7 days post-inoculation. (B) L. reuteri cells were shown attached directly to stratified 

cells. These micrographs were produced by transmission electron microscopy and taken from (61) 

(C) Scanning electron microscopy of duodenal biopsies incubated with L. reuteri ATCC 6475 for 

6 hr (D) L. reuteri appeared restricted to the outer mucus layer and did not contact the duodenum 

epithelium surface. Taken from (64).  

 

L. reuteri host-specific adaptation is apparent at the genomic level. Analysis of the population 

structure of a large collection of L. reuteri strains from multiple vertebrate hosts highlighted the 

host-constrained diversification of L. reuteri populations. Amplified-fragment length 

polymorphism (AFLP) of 16S rRNA genes revealed distinct clusters that are host specific for 

rodent (B, D, E), pig (A, Cii) and human (Ciii) (Figure 1.5) (66).   
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Figure 1.5. Amplified-fragment length polymorphism (AFLP) analysis of L. reuteri 

strains. Searches were performed using strains from humans, rodents (mice and rats), pigs and 

poultry (chicken and turkey). A neighbour-joining phylogeny of 165 strains based on 439 

markers obtained from two AFLP primer pairs was generated, and branches were coloured 

according to host origin. Taken from (66). 

 

Some of these host clades were interrupted with L. reuteri strains mostly of human, bovine or 

chicken origin, perhaps as a result of recombination. Further multi-locus-based analysis leading 

to the construction of a more detailed genealogy tree for three conserved loci also revealed 

dominant host-specific clades (66). This analysis confirmed that although recombination was 

prominent in L. reuteri strains, it did not confound the ancestry of individual lineages. The 

ecological fitness of L. reuteri strains within preferential natural host niches has been 

demonstrated in vivo using mouse models (67). It was found that only L. reuteri strains isolated 
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from rodents could effectively colonise germ-free (GF) mice and outcompete L. reuteri strains 

from pig, chicken, or human origin, resulting in biofilm formation (Figure 1.6) (67). Similar strain 

specific colonisation in GF mice by L. reuteri strains has been observed consistently (68-70). 

Analysis of faecal samples of vertebrates administered L. reuteri strains from humans, pigs, 

chicken, and rodent reported a strong host adaptation of L. reuteri to rodents and chickens, 

indicating a joint evolution of this bacterial species with several vertebrate hosts (71). 

Additionally, it is important to note that cohabitation of biofilms in rodents can result in ecological 

facilitation between two geographically distinct vertebrate gut symbionts (L. reuteri and 

Lactobacillus taiwanensis), highlighting that interspecies interactions in the gut microbiota can 

also be a factor in driving host specific adaptation (72). Taken together, these data suggest that 

the specific environment provided by distinct vertebrate hosts is a key driver of diversification of 

the ancestral L. reuteri population.  

 

Figure 1.6. Biofilm formation of L. reuteri strains is associated with host type. (A) 

Quantification of biofilm density (relative to biofilm of strain 100-23) by confocal microscopy 

and cell counts in germ-free mouse forestomach contents of L. reuteri strains two days after 

gavage with a single dose of ∼107 cells. Bars are colour coded according to host origin (green, 

rodent; blue, human; red, pig, and orange, chicken). Confocal micrographs showing density 

and pattern of bacteria (red) by strains (B) Lpuph (mouse), (C) Mlc3 (mouse), (D) 

DSM20016T (human), and (E) ATCC 53608 (pig). From (67). 
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1.2.2 L. reuteri colonisation factors 

 
As a gram-positive bacterium, L. reuteri has a peptidoglycan cell wall layer surrounding the cell 

membrane (36). Briefly, peptidoglycans are synthesised from nucleotide precursors, N-

acetylmuramic acid (MurNAc), D- or L-amino acids, which are then covalently linked to lipid 

carriers to form lipid I, or further modified with UDP-GlcNAc to form lipid II (37, 38). These are 

then polymerised by dedicated transglycosylases and transpeptidases to form cross-linked 

peptidoglycans forming the cell wall (39). The cell wall is then further decorated with 

exopolysaccharides (EPS) and various cell wall embedded proteins. Finally, Lactobacilli are 

usually surrounded by glycosylated, proteinaceous S-layers (Figure 1.7) (40).  

 

Figure 1.7. Schematic representation of the cell surface architecture in Lactobacilli. The cell 

membrane of Lactobacilli is coated with a multi-layer consisting of peptide-glycan, lipotechoic 

acids (LTA), wall teichoic acids (WTA), various cell wall associated proteins. This is followed 

by an exopolysaccharide (EPS) coating and S-layer proteins. Adapted from (73). 

 

Components present on the cell surface are a primary point of interaction for bacteria with their 

surroundings and also contribute to the various host colonisation strategies to adapt to 

physiological differences in the GI tracts of vertebrates. Several surface proteins such as mucus 

binding protein (MUB, CmbA), large surface protein (Lsp) and serine-rich repeat protein (SRRP) 
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have all been shown to mediate interaction of L. reuteri with the host tissues in a strain-specific 

manner in vitro (74-77). The binding mechanisms of MUB, through its long and linear multi-

repeat structure with mucin glycans, are predicted to potentiate the retention of bacteria within 

the outer mucus layer (78) while SRRP has been shown to be essential for biofilm formation of 

rodent L. reuteri strains in gnotobiotic mice (67). These proteins contain LPXTG cell wall binding 

motifs, are large, have binding regions and contain multiple repeated motifs. The LPXTG motif 

is integral to cell-wall integration which is carried out by sortases present in the periplasm between 

the cell membrane and cell wall that carry out transpeptidation in a fairly conserved manner for a 

wide range of substrates (79, 80). Briefly the LPXTG motif is cleaved and a Thr residue of the 

cleaved product is subsequently crosslinked to an acceptor active amino group of the gram-

positive peptidoglycan cell wall stem peptide (80).  

Additional factors involved in host-strain colonisation of L. reuteri in the GI tract include 

biologically active prophages advantageous for killing competitor strains, or the production of 

metabolites often associated with health promoting properties, such as reuterin (a mixture of 

different forms of 3-hydroxypropionaldehyde) (81, 82). Reuterin is a potent antimicrobial derived 

from glycerol metabolism, which has been shown to inhibit the growth of bacteria, but also yeasts, 

fungi or viruses (83). Other L. reuteri antimicrobial metabolites include lactic acid, acetic acid, 

ethanol or reutericyclin, and conversely cross-feeding relationships with other bacteria, such as 

Bifidobacterium bifidum in mouse, where trophic interactions based on 1,2-propandiol also 

increased ecological fitness (84, 85). All these competitive advantages are predicted to be 

involved in potential beneficial health outcomes whereby for example, L. reuteri was shown to 

protect against enteropathogenic E. coli (EPEC) infection, a major cause of diarrheal infant death 

in developing countries, by competing for binding sites through strain-specific adhesins (86). 

Diarrhoeal diseases are also a major burden in animal husbandry, where incidence can be lowered 

in piglets fed with L. reuteri I5007 (a pig strain) due to inhibition of enterotoxigenic E. coli (87, 

88). Research on identifying probiotic L. reuteri strains for humans and animal husbandry is 
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ongoing and the European Food Safety Authority (EFSA) has recognised the beneficial effects of 

L. reuteri CECT 8700 as a zootechnical additive and gut flora stabiliser (89).  

In summary, L. reuteri is a good model organism to study the evolutionary and biochemical 

mechanisms underpinning bacteria-host interactions. 

1.3  Bacterial protein glycosylation 

 
Glycosylation is a common polypeptide medication in nature whereby carbohydrates can be 

covalently bound to proteins through glycosidic linkages catalysed by glycosyltransferases (GTs) 

to the amide nitrogen of Asn residues (N-glycosylation), and the hydroxyl oxygen of Ser/Thr 

residues (O-glycosylation). Bacterial protein glycosylation can occur in the periplasmic space 

where a glycan attached to a lipid carrier (lipid-linked oligosaccharide) is transported from 

cytoplasm to periplasm via a flippase allowing for en bloc protein glycosylation by an 

oligosaccharyltransferase (OST) (90-92). Protein glycosylation in bacteria can also occur in a 

stepwise sequential addition by GTs in the cytoplasm.  

N-glycosylation systems have been mainly discovered in gram-negative bacteria with some 

exceptions, such as Mycoplasma sp., with Campylobacter jejuni as the model organism (93-95). 

In C. jejuni, nucleotide activated sugars are assembled onto a undecaprenylphosphate carrier and 

are flipped across the inner-membrane into the periplasm, where subsequently the OST PglB can 

transfer the broad range of structurally diverse glycan donors on to a specific protein acceptor 

sequence: Asn/Asp-X-1-Asn-X+1-Ser/Thr (X-1,+1 ≠ Pro) (96, 97). Homologues of PglB are present 

in most δ- and ε- proteobacteria, however the organisation of gene clusters encoding GTs and 

number of OSTs can vary greatly between species and even strains (98). In contrast to the en bloc 

glycosylation pathway observed in Campylobacter, β- and γ-proteobacteria use a sequential 

addition pathway for cell surface adhesins, such as the HMW1 from Haemophilus influenza (99).  

O-glycosylation is widespread for bacteria and is particularly abundant for large-cell surface 

structures (100). For example, in several gram-negative, the major subunit of type IV pili PilE 

has been shown to be glycosylated with trisaccharides in Neisseria meningitidis, which is carried 
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out en bloc by the OST Pgl (101). Similar pathways have also been identified in Neisseria 

gonorrhoeae and Pseudomonas aeruginosa for pilin glycosylation (102, 103). An en bloc protein 

O-mannosylation pathway has been identified in some gram-positive Actinomycetes including 

Mycobacterium, Corynebacterium and Streptomyces (104-106). Stepwise cytoplasmic O-

glycosylation has been well-studied in flagellins, where glycosylation is essential for flagellar 

motility and can vary in complexity of length and number of sugar moieties (107). Stepwise O-

glycosylation also occurs along with dedicated secretion systems for the glycosylated cargo, as is 

the case for the accessory secretion (aSec) system present in some gram-positive bacteria 

including L. reuteri (108).  

1.4 Bacterial secretion systems 

All domains of life secrete circa one-third of their entire proteome for it to be across or inserted 

within biological membranes. As a result, dedicated membrane associated systems have evolved 

to facilitate this export and summarised in Figure 1.8. There are several ways to categorise and 

subdivide these by shared characteristics. One way is to organise secretion systems dedicated to 

crossing ‘self’-cell membranes (Sec, Tat, Type I, Type II, Type V, Type X secretion systems) or 

other recipient cell membranes (Type III, IV, VI) (109, 110). There are also secretion systems 

dedicated to specific processes such as type VIII for curli protein (amyloid fibre) biogenesis in 

gram-negative bacteria, or secretion systems only present in specific groups of organisms, for 

example type IX in Bacteroidetes, type VIIA in Mycobacteria sp and VIIB in Firmicutes 

(Staphylococcus aureus) (111, 112). The different membrane and cell-wall compositions between 

gram-positive, gram-negative, or species-specific structures (mycobacterial envelopes) also 

require different secretion pathways. Briefly, gram-negative bacteria are surrounded by a thin 

peptidoglycan cell wall, which itself is surrounded by an inner membrane and outer membrane 

containing lipopolysaccharide (LPS), whereas gram-positive bacteria lack an outer membrane, 

but are surrounded by thicker layers of peptidoglycan as described above (113) (Figure 1.7). The 

space between layers is generally referred to as the periplasmic space or periplasm. The number 

of secretion systems is constantly being updated, but this section aims to provide a brief overview 
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about the main gram-positive and gram-negative bacterial “type” secretion systems determined 

so far (for a summary, see Figure 1.8). 

 

Figure 1.8. Summary schematic of secretion systems in bacteria. Type I (yellow), II (orange), 

V (light blue), VIII (red), IX (turquoise), X (white) have multiple steps when crossing between 

cell membrane to the outer membrane. SecYEG (or Sec or General Secretion Pathway) (light 

green) and TAT (dark green) facilitate transport across the inner membrane for a majority of 

secretion systems. The aSec system (pink) shares similarities with SecYEG but is dedicated for 

transport for gram-positive bacteria. Type III (brown), Type IV (purple), Type VI (grey) are 

dedicated for transport to host membranes. Finally Type VII (dark blue) secretion systems are 

typically found in gram-positive bacteria, but also appear to export through specific envelope 

conditions as in the mycobacterial envelope. This information was assimilated from (109, 110, 

114-117). MFP = Membrane Fusion protein. OMP = Outer Membrane Protein. OMV = Outer 

Membrane Vesicle. 

 

1.4.1 The general secretion pathway (GSP) or Sec 

 
Secretion through the GSP (or Sec) is a multi-step process that can be divided into three main 

stages (Figure 1.9) (116): (1) Protein sorting and targeting (2) Translocation (3) Release and 

maturation.  Proteins targeted for secretion are considered pre-proteins and typically carry a 

cleavable N-terminal signal peptide (SP), which is typically between 20-30 residues long and 
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contains a positively charged N-terminus, a hydrophobic core and a polar C-terminal end 

containing a peptidase recognition site. Lipoprotein SPs secreted via the GSP contain a modified 

lipobox motif with a LxxC consensus sequence whereby the cysteine residue becomes a target 

for lipidation and membrane anchorage (118). Targeting to the membrane SecYEG translocon 

occurs co-translationally, or post-translationally where a major determining factor is the 

hydrophobicity of the SP and destination of the protein. Piloting factors such as the 

ribonucleoprotein signal-recognition particle (SRP) can target inner membrane proteins for 

secretion co-translationally along with the SecYEG-bound SRP receptor FtsY. SRP can also 

target YidC, which can insert membrane proteins in a cooperative manner with the translocon 

(119, 120). SecA-dependent targeting occurs co-translationally when determined by a highly 

hydrophobic SP, and post-translationally when further supported by chaperones such as the 

ribosomal trigger factor for less hydrophobic SPs, or SecB (121, 122). The SecB chaperone is not 

commonly present in gram-positive bacteria and is only associated with gram-negative bacteria 

or Mycobacterium tuberculosis (123). Other analogous proteins have been shown to fulfil similar 

roles to SecB, for example CsaA in Bacillus subtilis (124). Binding by cytosolic factors to the 

pre-protein can occur while the polypeptide chain is being elongated but is not necessarily 

mechanistically involved in protein synthesis (125). SecB bound pre-proteins are brought directly 

to the SecA subunit of the translocase machinery (119, 126) (Figure 1.9).  
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Figure 1.9. Schematic representation of the general secretion pathway (GSP) in bacteria. 

The bacterial pre-protein translocase subunits consist of the SecYEG pre-protein-conducting 

channel (green) and the ATPase motor SecA (yellow). SecYEG can associate with the auxiliary 

proteins SecDFYajC and YidC (blue). (The secretion GSP process follows the sequential events: 

(1) binding of SP target pre-protein (red) by cytosolic chaperones SecB or FtsY and association 

with translocase machinery, (2) ATP-driven transport of target pre-protein through translocase 

machinery, and (3) translocation of the pre-protein into the periplasmic space or laterally 

embedded into the cell membrane and cleavage of the SP by signal-peptidases I or II allowing for 

proper folding. Adapted from (116). 

 

The translocase describes a trans-membrane protein channel built of SecY, SecE and SecG 

forming a heterotrimer as well as a mobile SecA ATPase, which drives translocation using ATP 

hydrolysis (127). The SecDF-YajC also interact with the translocon channel and have been 

implicated with release of the preprotein on the periplasmic side, stabilising SecY as well as 

forming a holo-translocon with SecYEG and YidC which becomes more dependent on proton-

motive force (128, 129). The structure and biophysical properties of SecA have been extensively 

studied (126, 127, 130-133).  The domain organisation of SecA consists of a nucleotide binding 

domain (NBD) and two intramolecular regulator of the ATPase (IRA) domains which contain a 

conserved DEAD motor, as well as a pre-protein binding domain (PBD) (Figure 1.10). The DEAD 

motor is highly flexible to regulate ATPase activity (131). ADP binding stabilizes the domain, 

however; it still acts allosterically controlling the PBD. Protein binding of SecA is two-fold 
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whereby the PBD can bind the SP on the mature pre-protein domains and the tip of the C-terminus 

has also been shown to interact with translocating polypeptides (134). The oligomeric state of the 

SecA component appears difficult to capture in its most physiological relevant state. Despite 

being usually isolated as both parallel and anti-parallel dimers from a broad range of bacteria such 

as T. thermophilus, E. coli, or S. aureus strains, the crystal structure of SecA from Bacillus subtilis 

168 favoured a monomeric state (135). 

 

Figure 1.10 Structure of monomeric B. subtilis SecA1 and M. tuberculosis SecA2. Monomeric 

BsSecA168 (PDB: 1TF5) and MtSecA2H37Rv presented as a cartoon with annotated and coloured 

folds. Nucleotide binding domain 1 (NBD1) (light blue), NBD2 (dark blue), protein-protein cross-

linking domain (PPXD) (light green), helical scaffold domain (HSD) (cyan), and helical wing 

domain (HWD) (orange), helical domain (HD) (purple). Adapted from (136, 137). 

 

The structures of SecY from Thermus thermophilus HB8 and E. coli K12 have been solved by X-

ray crystallography and cryo-EM as part of the SecYEG complex. The SecYEG trimer may be 

sufficient for translocation, although there could be dimeric SecYEG pores or even higher-order 

assemblies with ribosomes (Figure 1.11) (127). The pore is formed between the halves of SecY 

each containing five transmembrane helices. The inactive channel harbours a α-helical plug and 
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a ring of six hydrophobic residues, which prevent ion leakages or dissipation in the proton motive 

force. A consensus has yet to emerge on the dynamics of protein translocation through this system 

and several models have been proposed including i) a processive power-stroke movement of the 

substrate for every ATP-molecule hydrolysed or ii) passive diffusive motions given directionality 

at the expense of ATP through a Brownian Ratchet movement (133). Other auxiliary proteins 

have been defined (such as SecD or SecF), which are required for a functional channel, but their 

roles have not been completely elucidated (138).  

 

Figure 1.11. Structures of the SecYEG complex from T. thermophilus HB8. The 

TtSecYEGHB8 complex in a cartoon ribbon presentation where SecY is coloured green, SecE is 

orange, and SecG is purple (PDB: 5CH4). SecA (shaded pink) and preprotein (line) bind 

cytoplasmic regions of SecY. Adapted from (139).  

1.4.2 Tat secretion pathway 

 
Twin-arginine translocation (Tat) secretion also allows for initial translocation across the cell 

membrane and is also involved in some of the other “Type” secretion systems. It was first 

discovered in both prokaryotes and chloroplasts and can be essential for virulence in pathogenic 

bacteria such as Pseudomonas aeruginosa and Yersinia pseudotuberculosis, as well as viability 
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of some halophilic archaea (109, 140). In contrast to the Sec system, it is dedicated to fully folded 

proteins, uses a proton motive force, and responds to a different SP sequence containing an N-

terminal arginine dipeptide providing its namesake (Arg-Arg-Polar amino acid-Phe-Leu-Lys) 

(141-143). The Tat pathway of protein secretion consists of 2–3 components: TatA, TatB, and 

TatC. In a representative E. coli K12 model, TatABCD are part of one operon whereby TatE is 

located on another chromosome locus (144). TatA is an L-shaped small protein composed of one 

transmembrane helix and one amphipathic helix which forms the translocation channel (145). 

TatB is involved in SP recognition and NMR revealed a structural fold in 4- helices that have 

flexible regions suitable for interactions with a diverse range of substrates (146). TatC is a 

transmembrane protein with 6 transmembrane helices as shown by the crystal structure of TatC 

from Aquifex aeolicusVF5 (PDB: 4B4A) (147).  

In summary, the protein translocation process begins with essential signal peptide recognition and 

substrate binding to a TatBC complex. Upon formation of the TatBC–substrate protein complex, 

the TatA subunits are recruited. Together, perturbation of the cell membrane by the 

transmembrane domains may facilitate transport (142). However, different versions of Tat 

systems exist, for example minimalistic pathways in Staphylococcus aureus containing only 

TatA, TatC, and Tat systems containing multiple TatAC translocation channels as reported in B. 

subtilis 168 (143, 148, 149).  

1.4.3 Type I secretion system 

 
The type I secretion system is exclusive to gram-negative bacteria and consists of a series of 

complexes that translocate primarily toxins from the cytoplasm directly across the cell envelope 

thus bypassing the periplasm completely (150, 151). The translocation follows a particular 

sequence of events which have been primarily characterised in the E. coli model for the secretion 

of hemolysin in a virulence context: (1) an accessory protein that spans from the periplasm to the 

cytoplasm is critical for the stabilisation of an inner membrane ABC-transporter with the outer 

membrane translocation tunnel (TolC), resulting in (2) a complex formation between the 

membrane transporter and TolC allowing for recognition of a C-terminal recognition sequence in 
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the secretory target, (3) the energy for translocation is then facilitated by ATP hydrolysis, which 

also opens the translocation tunnel, and (4) the substrate is secreted and the trimolecular complex 

between the ABC-transporter, TolC and the secretory target dissociates. 

1.4.4 Type II secretion system 

 
The type II secretion system is exclusive to gram-negative bacteria and utilises the 

aforementioned Tat and Sec pathways for initial secretion across the inner membrane. A 

combination of X-ray crystallography and more recently cryo-EM investigations have provided 

new insights into the pilus-like biomolecular machinery of E. coli K12, allowing secretion of a 

wide variety of virulence factors, metalloproteases, and digestive enzymes without the need for 

an identifying SP (152).  The architecture of the translocation machinery is extremely complex 

with 40-70 proteins hypothesised to span from the cytoplasm and extending beyond the outer 

membrane with ATP as an energy donor for translocation (115, 153). Folded substrates are 

recruited in the periplasm activating the ATPase portion in the cytoplasm, allowing for transport 

through the translocation channel in the outer membrane portion called the secretin (153). 

1.4.5 Type III secretion system 

 
The type III secretion system is well described and forms a characteristic “nano-syringe”, 

allowing gram-negative pathogens (e.g.  Salmonella typhimurium strains) to inject toxins into host 

cells in an ATP-dependent manner (154, 155). Briefly, this complex is a multicomponent structure 

that contains the following: (A) an inner membrane anchor, (B) an export machinery with 

substrate recognition and ATP-hydrolysis function, (C) a needle-like filament that serves as a 

translocation channel for proteins and effectors and (D) the translocation pore, which inserts into 

the eukaryotic host cell membrane. The activity of this secretion system is closely linked with the 

virulence and infection process of the pathogen.  

1.4.6 Type IV secretion system 

 
The type IV secretion system is dedicated to DNA-nucleoprotein molecules and facilitates 

conjugation between gram-negative/positive bacteria and has been associated with horizontal 
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gene-transfer between bacterial species (and even interkingdom transfer) (114). Type IV secretion 

systems have been subdivided into IVA, IVB and “other”. Type IVA are systems structurally and 

functionally resembling the well-described Agrobacterium tumefaciens VirB/D4 which has been 

applied for the genetic modification of plants (114). Type IVB are systems resembling Legionella 

pneumophila Dot/Icm (156). “Other” refers to those that have no ancestral relatedness to the IVA, 

IVB pathways or have not been well characterised. Mechanistically, there is a lot of variation in 

Type IV systems, but all recruit multiple ATPases for secretion (156). 

1.4.7 Type V secretion system 

 
The type V secretion system allows for transport across gram-negative outer membranes, and thus 

relies on the Sec pathway for the primary translocation across the inner membrane. Type Vs are 

subdivided from Va to Ve (157). Type V secretion is considered unusual compared to other 

secretion systems, as it has a high compositional diversity between bacteria. Briefly, a complex 

is formed between the passenger domain containing a cleavable SP sequence (the functional 

protein to be secreted), a linking region, and a membrane translocating b-barrel domain. In type 

Va, the membrane translocating domain forms the initial pore allowing the passenger substrate to 

bypass the membrane before autocatalytically cleaving and releasing it into the extracellular space 

(158).  In type Vb, the passenger domain and membrane translocating domain are separate, and 

thus no cleavage step is necessary for transport into the extracellular space (159). The Type Vc 

are obligate trimers and mainly encompass trimeric autotransporter adhesins (TAAs) (160). Type 

Vd are similar to Va but contain an additional periplasmic domain structurally similar to the 

membrane secretion domain (160). Type Ve are similar auto-transporters to Va, but the order of 

passenger and membrane translocation domain are reversed (161). Transport is not driven by 

ATP, but rather through free energy from folding the passenger protein through the membrane. 

Notably, the type V system is aided by other outer-membrane systems, such as, BamA, which 

facilitate the initial pore formation (162). 
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1.4.8 Type VI secretion system 

 
The type VI secretion system is a large, contractile ATP dependent puncturing structure that is 

utilised by gram-negative bacteria for a myriad of effector protein secretion but has also been 

heavily implicated with bacterial communication in a contact-dependent manner (163). Type VI 

secretion systems are anchored to the cell envelope by a 1700 kDa membrane core complex 

comprised of 10 heterotrimeric complexes containing the proteins TssJ, TssL and TssM. This acts 

as a docking site for a cytoplasmic baseplate (TssEFGK) which is assembled around a spike 

(VgrG-PAAR) (164, 165). TssBC polymerises into a contractile sheath and is coordinated by 

TssA, which most commonly ends up forming a distal cap at the end of the sheath and tube (166). 

This sheath surrounds an inner tube composed of hexameric rings of hemolysin-coregulated 

protein (Hcp). Cargo can be Hcp-dependent which is then stored in the inner tube lumen, or cargo 

can be associated with the outside of the spike by associating with VgrG, or PAAR. Typically 

type VI secretion systems contain multiple homologues of Hcp, VgrG and/or PAAR proteins to 

accommodate specificity towards their respective effectors (167). The sheath can contract rapidly 

which allows the Hcp-VgrG-PAAR to propel out of the secreting cell and into the target cell thus 

delivering cargo effectors. Overall, the ancestral function of type VI secretion targets other strains 

and species of bacteria, however, systems targeting eukaryotic cells have also been identified in 

the context of pathogenesis (168).  

1.4.9 Type VII secretion system 

 
The type VII secretion system is exclusive to some gram-positive bacteria often with lipidated 

cell walls that require specialised systems to circumvent it (such as the mycomembrane of M. 

tuberculosis strains). However, type VII systems have also been identified in other gram-positive 

acteria, leading to further classification into lettered systems VIIa and VIIb. The mycobacterial 

Type VIIA secretion system contains 5 conserved membrane components (EccB, EccC, EccD, 

EccE and MycP with a 6:6:12:6:3 stoichiometry) which form the secretion system across the inner 

membrane, for which now two high resolution CryoEM structures exist for M. tuberculosis and 

Mycobacterium xenopi (111, 169-171). The overall membrane assembly can be described as a 
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trimer of dimers, whereby each dimer contains one MycP and two protomers with each containing 

one copy of EccB, EccC, EccE and two copies of EccD. Chaperones like EspG prevent 

aggregation of secretion substrates. Both EccC and EccA contain nucleotide-binding domains 

(NBDs) consistent with ATPase activity (172). Particularly EccC performs an active role adopting 

an extended and contracted form on the cytoplasmic side which may provide a basis for substrate 

selection, recognition, and transport across the membrane (171). No structural data so far provides 

a foundation to hypothesise how the transport across the mycomembrane is facilitated (117). VIIb 

has been best described in S. aureus strains although bioinformatic work has identified candidates 

present in many other gram-positives such as Streptococci, B. subtilis strains (112, 173). The main 

characteristics shared between Type VIIa and VIIb secretion systems are a conserved ATPase and 

the presence of a specific C-terminal SP on the substrate (174).  

1.4.10 Type VIII secretion system 

 
The type VIII secretion system is exclusively involved in curli biogenesis. Curli are amyloid fibres 

and a major proteinaceous component of a complex extracellular matrix produced by many 

Enterobacteriaceae and are involved in adhesion, auto-aggregation, and biofilm formation (175, 

176). Their amyloidogenic and tangled nature makes them toxic due to aggregative potential. 

Transport begins with secretion of the curli subunits (CsgA and CsgB) via Sec across the inner 

membrane. In the periplasm, CsgC prevents premature folding and polymerisation of the CsgA 

fibre and CsgE chaperones it towards the CsgG transmembrane channel. Recruitment and (partial) 

enclosure of CsgA in the secretion complex is proposed to create an entropy gradient over the 

channel that favours CsgA’s outward diffusion as an unfolded, soluble polypeptide (177). 

1.4.11 Type IX secretion system 

 
Type IX secretion system, also known as the Por secretion system (PorSS) or PerioGate, is 

exclusively present in the Bacteroidetes phylum (178). First, the cargo proteins are guided by a 

classical SP to the Sec machinery in the inner membrane. During translocation, the SP is cleaved 

off by type I signal peptidase, and the cargo is released into the periplasm. In the periplasm, 
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transported proteins fold into a stable conformation, as indicated from the accumulation of their 

soluble forms in the periplasm of T9SS secretory mutants. Whether the cargo proteins require 

chaperone(s) to assist in folding and/or guiding them to the outer membrane translocon is still 

unknown (179). Substrates for the Type IX secretion system have a conserved C-terminal domain 

which is important for recognition by the outer membrane porin, although there is a large variety 

of functional attributions to the proteins secreted by this system including their involvement in 

nutrition, virulence and motility (180).  

1.4.12 Type X secretion system 

 
The Type X secretion system in gram-negative bacteria describes a two-step pathway for transport 

of substrates using holins (inner membrane) and cell wall editing peptidoglycan hydrolases 

(muramidases) located in the periplasm to make space for transport across the outer membrane 

via mechanisms like outer membrane vesicle (OMVs) formation (110). In the S. marcescens 

DB10 model, peptidoglycans are held to the outer membrane through the presence of lipoproteins 

(110). Here, ChiX is transported into the periplasmic space, where it cleaves cross-bridges. 

Localisation of this activity allows for subsequent crowding of substrates which can then be 

transported by the formation of OMVs, as shown in Salmonella enterica serovar Typhi (181). 

Holin/muramidase clusters associated with enterotoxins were also discovered in E. coli and 

Cronobacter sakazakii strains (110). 

1.5 The accessory secretion system 

1.5.1 The accessory secretion system in pathogens 

 
The accessory secretion (aSec) system, also known as “non-canonical secretion system” or 

“SecA2/Y2” is restricted to gram-positive bacteria and often considered as non-essential for 

survival (182). This system appears to be specialised for the transport of post-translationally 

modified, glycosylated cell-wall anchored proteins, as opposed to pre-proteins. However, two 

versions aSec pathways have been observed so far. Bacteria such as Mycobacteria, Clostridium 

difficile or Listeria sp., only possess SecA2, i.e., the paralog of SecA, where it has been 
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characterised in the context of virulence for targeting proteins that have typical Sec SP, no SP and 

even Tat SP (183, 184). On the other hand, many Streptococci (S. parasanguinis, S. gordonii), 

and Lactobacilli including L. reuteri have a dedicated gene cluster containing SecA2, SecY2 and 

other accessory secretion proteins. The relationship between these two secretion systems is 

illustrated in Figure 1.12 (185).   

 

Figure 1.12. Models for SecA2-dependent export. In aSec systems, a SecA2-exported protein 

(shown in grey) is predicted to be exported either through an accessory secretion system 

translocon or the canonical SecA1/SecYEG translocon with the assistance of SecA2. The example 

of a translocon is modelled on the SecA2/SecY2 system of S. gordonii M99. Adapted from (185).  

 

SecA2 is homologous to SecA from the GSP, whereby sequence alignments and structural 

modelling predict many conserved domains (185, 186). This was further validated by the 

resolution of SecA2 crystal structures from M. tuberculosis H37Rv (PDB: 4UAQ) and C. difficile 

630 (PDB: 6SXH) (187, 188). These include a DEAD-like motor domain containing nucleotide 

binding domains (NBD) and an intramolecular regulator of ATPase (IRA). The ability to 

hydrolyse ATP has been demonstrated in vitro (130, 189). Generally, SecA2 appears to be smaller 

than SecA due to the truncated C-terminal linker domains and helical wing domains, which are 



39 
 

located near the pre-protein binding cleft in SecA, implicated in substrate recognition. The 

significance of these truncations is pending further research, however the generation of SecA-

SecA2 chimeric proteins has been shown to result in non-functional proteins in S. gordonii M99 

and DL1 strains (189). SecA2 has also been shown to interact with SP components of the secretion 

cargo, so these structural differences could be related to substrate recognition specificity (190). 

This suggests that the aSec system with only SecA2 interacting with the SecYEG channel of the 

GSP and the aSec system containing the full pathway cluster may be fundamentally different not 

only in relation to their secretion cargo, but also in their oligomeric interactions.  

SecY2 forms the main transmembrane pore and is a paralog of SecY from the GSP. No crystal 

structure of SecY2 is currently available. Genetic SecY2 knockout strains did not seem to 

significantly affect the export of glycosylated secretome in S. aureus H37rv strain, but this also 

supports findings that the export of glycosylated products is not entirely dependent on the aSec 

pathway (191).  

Asp4 and Asp5 are accessory secretion proteins that are reminiscent of SecE and SecG, however, 

they appear to be non-essential and are present variably across aSec gene clusters of gram-positive 

bacteria, so their roles remain to be unravelled (192). 

The secretion-cargo transported by the SecA2-SecY2-Asp4-Asp5 translocation machinery has so 

far been exclusively identified as large, cell-wall anchored glycosylated adhesins referred to as 

serine-rich repeat proteins (SRRPs). These proteins are characterised by large serine-rich repeat 

regions (SRR) flanking a binding region (BR) and the presence of an elongated SP sequence 

distinguishing them from other secretion systems (108, 193) (Figure 1.13). The role of the 

extended SP is not fully understood; however, the presence of a polybasic motif and hydrophobic 

core have been shown to facilitate protein-lipid interactions and thus may aid in the trafficking 

process (194). The glycosylation profile of SRRs varies depending on the nature and number of 

glycosyltransferases (GTs) encoded within their respective aSec clusters (195). To date, several 

SRRPs associated with the aSec system across gram-positive bacteria, mainly in Streptococcus 
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and Staphylococcus pathogenic bacteria, have been functionally characterised, revealing a range 

of binding partners involved in adhesion and biofilm formation (Table 1.1) (108, 196-199).  

Figure 1.13 General architecture of SRRPs in gram-positive bacteria. SRRPs transported by 

the aSec system contain a long signal-peptide (SP) (blue), a short alanine-serine-threonine domain 

(AST), the first serine rich region (SRR1) (yellow), a binding region (BR) (green), a larger second 

serine rich region (SRR2) and an LPXTG cell wall anchoring motif.  

 

 

Table 1.1. Functionally characterised SRRPs from gram-positive bacteria.  

SRRP name Bacterial origin Binding target 

Fap1 

Streptococcus 

parasanguinis FW213 
Saliva-coated hydroxylapatite, other S. 
parasanguinis FW213 cells  (200, 201) 

Streptococcus oralis IE12 
Salivary mucin (Mucin 7- MUC7), sialic 

acid containing glycan epitopes 

(platelets, oral epithelial cells)(202) 

FapA 

Streptococcus oralis F0392 

Inter/intraspecies(203) 
FapB 

FapC Sialic acid containing substrates in 

saliva (203) 

GspB 
Streptococcus gordonii M99 

Human salivary proteins, sialyl-T 

antigen, glycoprotein Ibα (204, 205) 

Hsa 
Streptococcus gordonii DL1 

Sialyl-T antigen, α(2,3) 
sialyllactosamine, sialic acid-containing 

MUC7, human salivary proteins, 

glycoprotein Ibα(204, 205) 

SRRP 

Streptococcus sanguinis SK1 
Sialyl-T antigen, sialyl-Lewis X, α(2,3) 

sialyllactosamine(206) 

Streptococcus sanguinis 

NCTC10712 
Sialyl-T antigen, sialyl-Lewis X, α(2,3) 

sialyllactosamine(206) 

Streptococcus. sanguinis SK678 
Sialyl-Lewis X, α(2,3) 
sialyllactosamine(206) 

Streptococcus mitis SF100 Sialyl-T antigen(206) 

Limosilacotobacillus. reuteri 

100-23 
Mouse forestomach stratified squamous 

epithelium(207) 

Limosilacotobacillus. reuteri 

ATCC 53608 

Porcine gastric mucin, DNA, intestinal 

epithelium, polygalacturonic acid, 
rhamnogalacturonan I and chondroitin 

sulfate A(208) 

PsrP Streptococcus pneumoniae 

TIGR4 
Keratin-10, PrsP, extracellular DNA, 

syalilated ligands on platelets (196, 209) 

SraP 
Staphylococcus aureus COL 

Sialylated ligands on platelets (198) Staphylococcus aureus ISP479C 

Staphylococcus aureus PS750 

SRR-1 Streptococcus agalactiae 

CNCTC10/84 
Fibrinogen, keratin-4 (210, 211) 
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SRR-2 
Streptococcus agalactiae COH1 Fibrinogen (212) 

SssP1 
Streptococcus suis CZ130302 

HEp-2, human microvessel endothelial 
cells, sialylated structures (213) 

SrpA 
Streptococcus cristatus CR311 

Corynebacterium matruchotii ATCC 

11426 (214) 

Fusobacterium nucleatum 364 (214) 

Streptococcus salivarius 

JIM8777 
Inter/Intraspecies (215) 

SrpB Streptococcus salivarius 

JIM8777 
Epithelial cells (HT-29, A549, FaDu, 

HEp-2) (215) 

SrpC Streptococcus salivarius 

JIM8777 

Extracellular matrix components (-

Mucin2 MUC2, fibronectin, MaxGel 
ECM, laminin, elastin) (215) 

 

The Asp1-Asp2-Asp3 complex composed of Asp1, Asp2 and Asp3 (or Gap1, Gap2, Gap3 in S. 

parasanguinisFW213) are defined as chaperones for the fully glycosylated substrates and 

associate with the cell membrane and SecA2, and thus are predicted to aid in the translocation 

process (216). The crystal structures of Asp1, Asp1 in complex with Asp3, and Asp1 in complex 

with Asp2 and Asp3 have been solved by X-ray crystallography from S. gordonii M99 and S. 

pneumoniaeTIGR4  (see Table 1.2) (217). These data suggest that Asp1 and Asp3 are structurally 

related to carbohydrate-binding proteins. Asp1 appears to be a catalytically inactive member of 

the GT-B family of glycosyltransferases, and Asp3 is similar to the carbohydrate binding module 

(CBM) domain of carbohydrate-active enzymes (classified in the CAZy database, 

http://www.cazy.org/Carbohydrate-Binding-Modules.html) (218). The presence of carbohydrate-

binding motifs in Asp1 and Asp3 is in agreement with the prediction that substrates of aSec are 

exclusively glycosylated proteins. These binding interactions were highlighted to be fundamental 

for the transport of GspB, the SRRP from S. gordonii M99, with site-directed mutagenesis studies 

revealing Y131 in S. gordonii M99 Asp3 (SgAsp3M99) as a critical residue for secretion (218).  

Additionally, the Asp1-Asp2-Asp3 complex from S. gordonii M99 (SgAsp1-Asp2-Asp3M99) 

complex has been shown to interact with phospholipids when incubated with liposomes (217). 

On the other hand, pulldown assays and size-exclusion gel filtration between Asp1 and Asp3 with 

secretion substrates have failed to show strong interactions so far (219). Although a direct binding 

of Asps to carbohydrates of secretion cargo has not yet been shown, the low-binding affinity can 

http://www.cazy.org/Carbohydrate-Binding-Modules.html
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be characteristic of CBMs (220). The Asp1-Asp2-Asp3 complex from S. pneumoniae TIGR4 

(SpAsp1-Asp2-Asp3TIGR4) complex has been shown to increase ATPase activity of SpSecA2TIGR4 

in in vitro assays (216). 

The Asp2 protein of S. gordonii M99 strain (SgAsp2M99) has been determined to be an 

acetyltransferase that modifies O-GlcNAc moieties on SRR domains of GspB (221). Asp2 has a 

C-terminal serine-based catalytic triad reminiscent of a diverse group of enzymes, including 

esterases, proteases, lipases, and glycoside hydrolases (150). Whilst targeted mutations of the 

SgAsp2M99 catalytic domain had no effect on transportation, it abolished acetylation and 

consequent transportation was rerouted via the canonical system instead of the aSec pathway 

(221). S. gordonii M99 lacking O-acetylated GspB had significantly reduced virulence and 

platelet binding capability and transportation was rerouted to the other secretion pathways instead 

of the aSec system (221). Further evidence to suggest that Asp2 acts as an acetyltransferase is that 

the SRR protein cargo of Streptococcus salivarius JIM8777 aSec system has acetylated O-

GlcNAc moieties (221). In summary, Asp2 appears to be critical to the aSec transport of secretion 

targets and the biological function of the substrate, but the precise catalytic steps mediated through 

the enzymatic activity of Asp2 remain to be elucidated including presence of cofactors, or its 

protein complex partners Asp1 and Asp3.  

Taken together, the pathogen models show that SRRPs relevant for virulence and attachment to 

host components are transported by a dedicated aSec system. These adhesins are modified by 

glycosyltransferases and Asp1-Asp2-Asp3 before reaching the membrane-localised SecA2-

SecY2-Asp4-Asp5 translocation complex. Disruption of the secretion system has adverse 

consequences on post-translational modifications (glycosylation, acetylation) of the secretion 

cargo and subsequent pathogenicity (193, 222). Table 1.2 summarises some of the existing 

structural information available for aSec systems in gram-positive bacteria. While the secretion 

target SRRPs and their binding regions (BRs) have been characterised in L. reuteri ATCC 53608 

and 100-23 strains, the structural components of the aSec system, SecA2-Y2 and Asps have only 

been studied in pathogenic bacteria. 
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Table 1.2. Summary of aSec proteins discovered in gram-positive bacteria. BR refers to 

binding region of the secretion cargo SRRPs. References are provided to studies reporting the 

discovery of aSec proteins (from SecA2Y2 and SecA1SecA2 systems) in bacteria and to those 

which have been structurally characterised. 

Bacterial Family aSec Protein PDB 

 Aerococcaceae including: 

Ignavigranum sp. (223) 

  

Bacillacea including: 

Bacillus sp. (224) 

Lycinibacillus sp.(225) 

Parageobacillus sp. (226) 

Clostridiaceae 

Clostridium sp. (186) 

CdSecA2630 (188) 6SXH, 6T4H 

Corynebacteriaceae 

Corynebacterium sp.(227) 

  

Enterobacteriaceae 

Enterococcus sp. (228) 

Lactobacillaceae Including: 

Leuconostoc sp., (229) 

Lactobacillus sp.,(195) 

Limosilactobacillus sp.(195) 

LrSRRP-BR53608 (208) 5NXK 

LrSRRP-BR100-23 (208) 5NY0 

Listeriaceae Including: 

Listeria sp.(230) 

  

Mycobacteriaceae Including: 

Mycobacterium sp. (187) 

MtSecA2H37rv (137) 4AUQ 

Staphylococcaceae 

including: 

Staphylococcus sp. (231, 232) 

Macrococcus sp. (232) 

SaSraP-BRNCTC8325 (161) 4M00, 4M02 

Streptococcaceae including: 

Streptococcus sp. (197, 222) 

SpPsrP-BRTIGR4 .(141) 3ZGH 

SpAsp1-Asp2- Asp3TIGR4 

(216). 

6LNW 

SgAsp1-Asp3M99 (217) 5VAE 

SgAsp1M99 (217) 5VAF 

 

1.5.2 The accessory secretion system in L. reuteri 

L. reuteri aSec pathway clusters have been identified in the genomes of strains isolated from 

murine and porcine hosts, however no aSec pathway appears to be present in human isolates. L. 

reuteri clusters in these strains contain the SRRP, SecA2, SecY2, Asp1, Asp2, Asp3, a varying 

number of glycosyltransferases (gtfs), but all contain GtfA, GtfB and GtfC (Figure 1.14) (233).  
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Figure 1.14. Organisation of aSec clusters from L. reuteri strains. A) L. reuteri 100-23 aSec 

cluster, (B) L. reuteri ATCC 53608 a Sec cluster. The genes encoding the SecA2/Y2 translocation 

machinery are shown in red, the accessory secretion proteins Asp1-5 in blue and the priming GTs, 

GtfA and GtfB. Genes encoding additional GTs are shown in green and the genes encoding 

SRRPs are in teal. Black arrows represent genes that are not part of the aSec machinery. HP: 

hypothetical protein. Adapted from (233). 

 

The SecA2/Y2 cluster and SRRP in the murine isolate L. reuteri 100-23 have been shown to be 

critical for adhesion of the bacteria to the forestomach epithelium of the murine GI tract, as shown 

by colonisation experiments in mice with L. reuteri 100-23C (a plasmid-free derivative strain of 

100-23) wild-type and mutants (Figure 1.15) (207). Mutants lacking the srrp gene (annotated as 

Lr_70902) showed the most pronounced reduction in colonisation, compared to other targeted 

adhesin genes tested. Mutants of the secA2 gene showed defective adhesion that was not 

completely eliminated, suggesting that SRRPs may still be secreted through other means (207). 

This is in agreement with aSec-alternative secretion of GspB in S. gordonii M99 strain, albeit 

with less efficiency or to fitness detriment (234).  

 

Figure 1.15. Characterization of in vivo biofilms of L. reuteri 100-23C variants. Confocal 

micrographs of forestomach tissue from mice colonized with wild type and mutant L. reuteri 100-

23C two days after gavage with 107 cells (A) wild type, (B) secA2 mutant, and (C) lr70902 (SRRP) 

mutant. Taken from (207). 
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SRRPs from L. reuteri ATCC 53608 strain (isolated from pig) and 100-23 strain (isolated from 

mouse) have recently been characterised in terms of structure, glycosylation, and role in adhesion/ 

host specificity (195). SRRPs are typically composed of several discrete subdomains: a long N-

terminal SP of around 90 amino acids, followed by an alanine-serine-threonine (AST) domain, a 

short serine-rich repeat region (SRR-1), a binding region (BR), a longer second SRR (SRR-2) and 

a C-terminal cell wall anchoring motif (LPTXG) (Figure 1.16) (208). The crystal structures of 

BRs from SRRPs of L reuteri ATCC 53608 and 100-23 strains have been determined. They 

display a β-solenoid fold formed of repetitive right-handed helix of parallel β-sheets (Figure 1.17). 

In addition, SRRP-BR53608 was shown to bind to the epithelium and to dietary components in a 

pH-dependent manner (208). Phylogenetic analyses of L. reuteri SRRP-BRs based on amino acid 

alignments showed one group consisting mainly of SRRPs from porcine isolates that included 

strain ATCC 53608, but also rodent isolate 100–23, a second group mainly of pseudo-SRRPs 

from rodent and sourdough strains and a third group of pseudo-SRRPs of porcine origin (108).  

 

Figure 1.16. Schematic domain organisation of L. reuteri SRRPs. (A) L. reuteri 100-23 SRRP 

(LrSRRP100-23), (B) L. reuteri ATCC 53608 SRRP (LrSRRP53608). Domains are labelled as 

follows: A, cell wall anchor including LPXTG motif; N1, nonrepeat region 1; N2 (BR), nonrepeat 

region 2 (putative binding region); N3, nonrepeat region 3; S, secretion signal sequence; SRR-1, 

serine-rich region 1; SRR-2, serine-rich region 2. The beginning amino acid position is indicated 

below each domain. Regions of the BR that were resolved by crystallography are shaded grey and 

span amino acids 257-623 for LrSRRP100-23 and amino acids 262-571 for LrSRRP53608. Taken from 

(208). 

 

 



46 
 

 

 

Figure 1.17. Crystal structures of LrSRRP53608-BR262–571 and LrSRRP100-23-BR257–623. (A) 

Cartoon representation of LrSRRP53608-BR262–571. The β-strands in putative binding regions PB1, 

PB2, and PB3 are shown in deep blue, magenta, and red, respectively; α-helices are dark green, 

and β-strands of the loop are yellow. (B) Cartoon representation of LrSRRP100-23-BR257–623. PB1, 

PB2, and PB3 β-strands are in light green, cyan, and pink, respectively. The α-helix is in brown, 

and loop β-strands are in beige. The black spheres indicate the gaps in the model between amino 

acids 413–421 and 568–583. (C) Cartoon cross-section of LrSRRP53608-BR262–571. (D) Cartoon 

cross-section of LrSRRP100-23-BR257–623 showing β-solenoid superhelices along the helical axis 

from the N to the C terminal. In both, β1 and α2 are omitted for clarity. The black arrow is the 

direction in which the polypeptide chains fold around the helical axis, showing a right-handed 

superhelix. The helical twist down each β-sheet is indicated by yellow arrows. Along the helical 

axis, the β-strands in each parallel β-sheet increasingly twist toward the left with respect to each 

other. Taken from (208). 

 

SRRPs from L. reuteri 100-23 and ATCC 53608 strains have been shown to be differentially 

glycosylated (235). O-glycosylation is initiated by the two glycosyltransferases, LrGtfA and 

LrGftB, which form a LrGtfAB complex mediating the addition of N-acetylglucosamine 

(GlcNAc) to Ser/Thr residues in the SRR domains. In LrSRRP100-23, this is followed by addition 
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of Glc by LrGtfC100-23 whereas SRRP53608 is extended by another GlcNAc by LrGtfC53608, 

reflecting the ligand preference of LrGtfC100-23 and LrGtfC53608 for UDP-Glc and UDP-GlcNAc, 

respectively (235). L. reuteri 100-23 aSec system also has additional glycosyltransferases 

(LrGtfE/GtfD) which may lead to further elongation of the O-glycan chain (233, 235). 

Furthermore, in vivo glycoengineering in E. coli led to glycosylation of LrSRRP53608 variants with 

α-GlcNAc and GlcNAcβ (1→6) GlcNAcα moieties (235). Together these data indicate that 

LrSRRP100-23 and LrSRRP53608 are modified with Hex-Glc-GlcNAc and di-GlcNAc moieties, 

respectively (Figure 1.18). It is then expected that LrAsp1-Asp2-Asp3 chaperones modify SRRPs 

bringing them to the secretion complex formed by a LrSecA2-SecY2-Asp4 complex for export 

across the cell membrane as proposed in Figure 1.18, although the mechanisms of transport and 

characterisation of the protein complexes mediating these steps remain to be demonstrated. It was 

hypothesised that the strain-specific glycosylation of SRRP adhesins could contribute to L. reuteri 

host-adaptation strategy. 
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Figure 1.18. Glycosylation mechanisms of SRRPs from L. reuteri strains ATCC 53608 and 

100-23. The LrGtfA/B complex initiates the glycosylation of the L. reuteri SRRPs with GlcNAc 

residues, while LrGtfCs extends the glycans with either GlcNAc (LrSRRP53608) or Glc 

(LrSRRP100-23). The glycosylated LrSRRP53608 is then secreted through the aSec system, whereas 

the LrSRRP100-23 is further glycosylated by LrGtfD/E before secretion. Adapted from (233). 
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Aim and objectives 
  

The overall aim of this PhD project is to characterise the accessory secretion (aSec) system in the 

gut symbiont L. reuteri. Beyond being a model vertebrate symbiont to study host-strain 

adaptation, L. reuteri also has beneficial applications across species. The aSec system dedicated 

to the translocation of large-cell wall anchored adhesins called SRPPs, has primarily been 

investigated in human pathogenic bacteria in the context of virulence. Thus far, work related to 

L. reuteri aSec system has focused on the characterisation of the secretion cargo SRRP, while the 

cytoplasmic sequence of glycan modification, translocation and the molecular mechanisms 

underpinning these events are yet to be elucidated.  

To address this knowledge gap, the aSec components of L. reuteri ATCC 53608 and 100-123 

strains from porcine and rodent hosts, respectively, have been heterologously expressed and 

purified individually or in complex for (1) biochemical characterisation using enzymatic activity 

and binding assays and (2) structural analysis through X-ray crystallography, Alphafold2 and 

small-angle x-ray scattering (SAXS).  Together these approaches provided new structural insights 

into the function of aSec systems in gut symbionts. 
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2.1 Bacterial strains and culture conditions 

2.1.1 Limosilactobacillus reuteri  

The L. reuteri strains used in this work, ATCC 53608 and 100-23, were grown aerobically at 

37°C statically and light protected using de Man, Rogosa and Sharpe (MRS) or Lactobacillus 

defined medium type II (LDMII) broth (Table 2.1). MRS was composed of 10 g proteose peptone 

no.3, 10 g beef extract, 5 g yeast extract, 20 g dextrose, 1 g polysorbate 80, 2 g ammonium citrate, 

5 g sodium acetate, 0.1 g magnesium sulphate, 0.05 g manganese sulphate, 2 g dipotassium 

phosphate, dissolved in 1 L of water and sterilised by autoclave at 121°C for 30 min at 15 pounds 

per square inch (PSI). LDMII was composed of 1.5 g K2HPO4, 1.5 g KH2PO4, 15 g sodium 

acetate, 0.22 g sodium citrate, 50 mg tryptophan, 50 mg, asparagine, 50 mg cysteine, 50 mg 

glycine, 50 mg serine, 50 mg alanine, 50 mg phenylalanine, 50 mg histidine, 50 mg isoleucine, 

50 mg methionine, 50 mg proline, 50 mg threonine, 50 mg valine, 50 mg valine, 50 mg tyrosine, 

50 mg leucine, 50 mg glutamine, 50 mg aspartic acid, 50 mg glutamic acid, 0.2 mg thiamine-HCl, 

0.04 mg para-aminobenzoic acid, 0.4 mg calcium pantothenic acid, 1.0 mg niacin, 0.5 mg 

pyridoxine-HCl,  0.05 mg biotin, 0.1 mg folic acid, 0.4 mg riboflavin, 10 mg adenine sulphate, 

20 mg uracil, 10 mg guanine-HCl, 50 mg cytidine, 1.6 µg thymidine, 1.0 mL Tween-80, 0.164 g 

MgSO4.H2O, 23.4 mg MnSO4.7H2O, 13 mg FeSO4.7H2O, and 30 g sucrose was dissolved in 1 L 

of water and sterilised by filtration through a 0.22 µM filter (236).  

Table 2.1. Limosilactobacillus reuteri strains and culture conditions. 

L. reuteri strain origin starter culture 

conditions 

growth culture 

conditions 

ATCC 53608 porcine intestine, 

www.ATCC.org 

de Man, Rogosa and 

Sharpe (MRS) broth 

Lactobacillus defined 

medium type II 

(LDMII) (236) 100-23 mouse forestomach 

(207) 

 

2.1.2 Escherichia coli 

 
The E. coli strains used in this work were DH5α (New-England Biolabs) and STELLAR 

(TakaraBio) for plasmid propagation and cloning, as well as BL21(DE3) (New-England Biolabs) 

for heterologous expression of target aSec proteins (Table 2.2). E. coli strains and derivatives 
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were grown in Luria-Bertani (LB) (Miller) broth composed of 10 g peptone, 5 g yeast extract and 

10 g sodium chloride dissolved in 1 L water and sterilised by autoclave at 121°C for 30 min at 15 

PSI. Auto-induction medium (AIM) used for the heterologous expression of recombinant aSec 

proteins was AIM-LB Broth Base including Trace elements (Formedium) composed of 10 g 

tryptone, 5 g yeast extract, 3.3 g ammonium sulphate, 6.8 g potassium dihydrogen phosphate, 7.1 

g disodium hydrogen phosphate, 0.5 g glucose, 2.0 g lactose, 0.15 g magnesium sulphate and 0.03 

g trace elements, dissolved in 1 L of water and sterilised by autoclave at 121°C for 30 min at 15 

PSI. Antibiotics were used depending on antibiotic resistance genes introduced by plasmid 

vectors with carbenicillin used at 100 µg/mL, kanamycin at 50 µg/mL and chloramphenicol at 34 

µg/mL final concentrations (as listed in Table 2.4).  

Table 2.2. Escherichia coli strains and culture conditions. 

E. coli strain origin starter Culture 

Conditions 

growth culture 

conditions 

DH5α NEB 

(international.NEB.com) 

LB ± antibiotics LB ± antibiotics 

STELLAR TakaraBio 

(www.takarabio.com) 

LB± antibiotics LB ± antibiotics 

BL21(DE3) NEB 

(international.NEB.com) 

LB± antibiotics AIM (Formedium) 

± antibiotics 

 

2.2 Cloning, site-directed mutagenesis, and heterologous expression 

2.2.1 Genomic DNA purification 

Genomic DNA (gDNA) was extracted from L. reuteri ATCC 53608 and 100-23 strains grown 

overnight using the Monarch® Genomic DNA Purification Kit (New-England Biolabs) as per 

manufacturer’s instructions for gram-positive bacteria. Briefly, L. reuteri cells were harvested by 

centrifugation at 12,000 rpm for 1 min. The supernatant was discarded, and the pellet resuspended 

in 10 mM Tris-HCl pH 8.0 by vortexing. A lysozyme (Merck) solution of 25 mg/mL was prepared 

and 20 μl was added to the L. reuteri cell suspension along with 100 μl of Monarch® tissue lysis 

buffer. Following incubation at 37°C until the suspension became clear. 10 μL Proteinase K 

(New-England Biolabs) was added and incubated at 56°C for 45 min in a thermal mixer 
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(Thermofisher) at 1000 rotations per min (rpm). Then 3 μL of RNase A (New-England Biolabs) 

was added and incubated at 56°C for 10 min in a thermal mixer (Thermofisher) at 1000 rpm. The 

resulting lysate was then mixed with Monarch® gDNA Binding Buffer and purified with 

dedicated Monarch® gDNA purification columns. L. reuteri gDNA was eluted from the column 

using TE buffer (10 mM Tris-HCl pH 8.0 with 1 mM EDTA) and quality and quantity analysed 

by NanodropTM 2000 (Thermofisher). 

2.2.2 Cloning and heterologous expression 

 
Primers were designed for the amplification of DNA encoding aSec protein targets from L. reuteri 

ATCC 53608 and 100-23 genomic DNA by polymerase chain reactions (PCR) for the purpose of 

cloning into multiple-cloning sites of expression vector plasmids (Table 2.3). Primer synthesis 

and quality assurance was carried out by Eurofins Genomics (https://eurofinsgenomics.eu/).  

Table 2.3. Primers used in cloning of aSec components. 

Primer (5’→3’) Template Annealing 

temperature 

°C 

Target Restriction 

site 
Cloning vector 

F’: ccgcgcggcagccatgattatttagttcctgcttgg 

L. reuteri 

ATCC 

53608 

gDNA 

63 Asp1 NdeI 
R’: gtgcggccgcaagcttcacttcgttaaaactttttcc pET28b HindIII 
F’: ccgcgcggcagccataatgtcttacagttaggc 62 Asp2 NdeI 
R’: gtgcggccgcaagctttattctcctcgtccaaaagc pET28b HindII 
F’: 

ccgcgcggcagccatatgcagcagtttattaatcaagg 
61 Asp3 NdeI 

R’: gtgcggccgcaagcttaaattcaaaagagggataa pET28b HindIII 
F’: gcgcggcagccataatgattatttagttcctgcttgg 60 Asp1-Asp2-

Asp3 

NdeI 

R’: 

taaattcaaaagagggataaattcaaaagagggataa 
pET15b EcoRI 

F’: aggagatataccatgcattgaaaatcg 58 Asp4 EcoRI 
R’: taaattcaaaagaggattcggaggctgaacta pET15b BamHI 
F’: cgcgcggcagccatatgccaaatttctc 59 SP NdeI 
R’: 

taaattcaaaagaggattcttatataattctctatcgagtat 
pET15b HindIII 

F’: ccgcgcggcagccatgctgacatttaatctaatatgg 62 Asp2 NcoI 
R’gtgcggccgcaagctattctaaattactacttgtgagc pET28b AvrII 
F’: accacagccaggatcatgctgaaactctatactct 58 SecY2 BamHI 
R’: tgcggccgcaagctattctatatgtgattacattta prSFduet-1 

MCS 1 

HindIII 

F’: accaggacatacatgctgtgcaaatatttacgc 63 SecA2 NdeI 
R’gtagcgtgccgtaatatattctgtctatttacgcggacgg pRSFduet-1 

MCS 2 

AvrII 

F’: ccgcgcggcagccatacgtaccccaattttaggttac 62 SecA2 NdeI 
R’: gtgcggccgcaagctttaattaaaatgaacaattaa pET28b HindIII 
F’: 

ccgcgcggcagccatatgctatattaaggtctctatagg 
59 Asp2 NdeI 
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R’ gtgcggccgcaagctattctgcaactgacagtctcc L. reuteri 

100-23 

gDNA 

pET28b HindIII 
F’: ccgcgcggcagccatatgctagtgcttactctagg 60 SecA2 EcoRI 
R’: gtgcggccgcaagctattctttggacatctgacc pET28b HindIII 

 

PCR reactions (25 µL) contained 12.5 µL Q5 Hi-Fi 2X Master Mix (New England Biolabs), 1.25 

µL 10 µM forward primer, 1.25 µL 10 µM reverse primer, 1 µL genomic template DNA and 

nuclease-free water. PCR was performed in a T100TM Thermal Cycler (Bio-Rad) with the 

following steps: initial denaturation at 98°C for 30 sec; 30 amplification cycles with 10 sec 

denaturation at 98°C, annealing for 20 sec at temperatures predicted using New England Biolabs 

web-tool (http://tmcalculator.neb.com/#!/main) and extension time of 20 sec/kb at 72°C; followed 

by a final extension for 2 min also at 72°C.  

The PCR products encoding the aSec components from L. reuteri ATCC 53608 and L. reuteri 

100-23 were then cloned into pET15b, pRSFduet-1, pET28b, pET28a, pETcoco-1 and pOPINF 

vectors (Table 2.3). A full list of plasmids, inserts, purification fusion-tags, protease cleavage 

sites and antibiotic-resistance cassettes used for this work is provided in Table 2.4. These plasmids 

allow the fusion of the insert with an affinity purification tag to facilitate further purification, and 

expression of the recombinant protein is under control of a lactose (lac) inducible promoter. 

Briefly, the plasmids were linearised using restriction enzymes from New England Biolabs 

according to manufacturer’s instructions at restriction sites listed in Table 2.3. The digestion 

products were confirmed by electrophoresis using agarose gels and then purified using the 

Monarch® PCR & DNA Cleanup Kit (New England Biolabs).  

The In-fusion HD cloning plus (Takara) was used to generate the recombinant plasmids according 

to the manufacturer’s instructions. Briefly, 2 µL of the In-fusion HD enzyme premix (Takara) 

was added to the linearised plasmid (at 50-200 ng) and PCR-amplified insert (10-200 ng) in a 

final volume of 10 µL. DNA concentrations were estimated using NanoDrop™ 2000 

(Thermofisher). The suspension was then used to transform competent E. coli Stellar (TakaraBio) 

cells. Briefly, approximately 5 ng of DNA was added to the thawed Stellar cells and incubated on 

ice for 30 min. The cells were then heat-shocked for 45 sec at 42°C. A volume of 900 µL SOC 

(Super Optimal Broth with Catabolite Repression), was added to the transformation reaction to a 

http://tmcalculator.neb.com/#!/main
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final volume of 1 mL and incubated with shaking at 160 rpm for 1 hr at 37°C. 1 L of SOC contains 

20 g tryptone, 5 g yeast extract, 4.8 g MgSO4, 3.6 g dextrose, 0.5 g NaCl and 0.18 g KCl. An 

aliquot of 100 µL was plated on selective medium with appropriate antibiotics (Merck) depending 

on the resistance cassette of the plasmid (see Table 2.4). Plates were incubated at 37°C overnight. 

Recombinant colonies were grown in LB liquid culture at 37°C shaking for 4-5 hr.  Plasmids were 

extracted using the Monarch® Plasmid Miniprep Kit (New England Biolabs). The presence of 

the gene was first determined by analytical digest followed by agarose gel electrophoresis and the 

integrity of the insert confirmed by sequencing using the Mix2Seq kit (Eurofins) with T7 

promoter specific primers “F’: TAATACGACTCACTATAGGG”. 

Once validated for sequence integrity, recombinant plasmid DNA (3 ng/µL for single-plasmid 

and 1 ng/µL for co-transformation) was used to transform E. coli Bl21(DE3) (Novagen).  Briefly, 

the suspension was incubated on ice for 30 min before heat-shocking at 42°C for 10 sec. The 

transformation reaction was completed to 1 mL with SOC medium and incubated at 37°C shaking 

for 1 hr before plating on selective media. 

Table 2.4. Summary of recombinant plasmids encoding LraSec components.  

Plasmid(s) Insert(s) Tags and 

Resistance Casettes 

Plasmid Map 

pOPINF-LrGtfC53608* LrGtfC53608 H6-tag, AmpR, C3-

cleavage site 

Supplementary 

Figure S1.1 pOPINF-LrGtfC 

F174L53608  

LrGtfC F174L53608  

pOPINF-LrGtfC53608 

P238S 

LrGtfC53608 P238S 

pOPINF-LrGtfC 

C240W53608  

LrGtfC C240W53608  

pOPINF-

LrGtfCD101A53608  

LrGtfCD101A53608  

pET28a-LrGtfC100-23* LrGtfC100-23 H6-tag, KanR, 

thrombin cleavage 

site 

Supplementary 

Figure S1.2 pET28a-LrGtfC L174F100-

23  

LrGtfC L174F100-23  

pET28a-LrGtfC S238P100-

23  

LrGtfC S238P100-23  

pET28a-LrGtfC 

W240C100-23  

LrGtfC W240C100-23  

pET28a-LrGtfCD101A100-

23  

LrGtfC D101A100-23  

pET28b-LrAsp153608 LrAsp153608 Supplementary 

Figure S1.3 

pET28b- LrAsp253608 LrAsp253608 Supplementary 

Figure S1.4 pET28b- 

LrAsp2S349A53608 

LrAsp2S349A53608 
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pET28b- LrAsp2100-23 LrAsp2100-23 Supplementary 

Figure S1.5 

pET28b-LrAsp353608 LrAsp353608 Supplementary 

Figure S1.6 

pET15b- LrAsp1-Asp2-

Asp353608 

LrAsp1-Asp2-Asp353608 H6-tag, AmpR Supplementary 

Figure S1.7 

pET28b-LrSecA253608 LrSecA253608 H6-tag, KanR, 

thrombin cleavage 

site 

Supplementary 

Figure S1.8 pET28b-

LrSecA2K114A53608 

LrSecA2K114A53608 

pET28b-LrSecA2100-23 LrSecA2100-23 Supplementary 

Figure S1.9 

pET28b-LrSecY253608 LrSecY253608 Supplementary 

Figure S1.10 

pET15b- LrAsp453608 LrAsp453608 AmpR Supplementary 

Figure S1.11 

pET15b- LrSP53608 LrSP53608 H6-tag, AmpR, 

thrombin cleavage 

site 

Supplementary 

Figure S1.12 

pET15b-LrSRR1100-23* LrSRR1100-23 H6-tag, AmpR, Supplementary 

Figure S1.13 

pETcoco-1-LrGtfA-GtfB-

GtfC53608* 

LrGtfA-GtfB-GtfC53608 ChlR Supplementary 

Figure S1.14 

pRSFDUET-1-LrSecA2-

SecY253608 

LrSecA2-SecY253608 H6-tag, KanR Supplementary 

Figure S1.15 

pRSFDUET-1-LrGtfA-

GtfB53608* 

LrGtfA-GtfB53608 KanR Supplementary 

Figure S1.16 

*Plasmids were generated by Dr Dimitris Latousakis in (235). 

2.2.3 Site-directed mutagenesis  

 
Site-directed mutagenesis for LrGtfCs, LrSecA253608 and LrAsp253608 was carried out by PCR 

using a method adapted from Edelheit et al. (2009) (Figure 2.1) (237) . Briefly, forward, and 

reverse primers listed in Table 2.5 for mutagenesis targets were used in separate single-primer 

reactions in parallel using high-fidelity polymerase Platinum SuperFI II (Thermofisher), which 

using an annealing temperature of 60°C resulted in PCR products containing parental plasmid 

DNA, the 5’-3’ and 3’-5’ amplicons were then combined and mixed by pipette aspiration. The 

mixture was then denatured at 95°C for 5 min, and slowly cooled down in a sequential thermal 

ramp from 90°C to 25°C (90°C for 2 min, 80°C for 2 min, 70°C for 2 min, 60°C for 2 min, 50°C 

for 2 min, 40°C for 2 min, 30°C for 2 min and 25°C for 2 min), promoting random annealing of 

plasmid strands. The products were digested with DpnI removing methylated parental template 

strands leaving only the annealed, mutated plasmids.  The digestion product was used to transform 

E. coli as described above (see section 2.2.2).  All reagents and restriction enzymes were from 

New England Biolabs.  
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Table 2.5. Primers for site-directed mutagenesis of LraSec proteins. 

Primer Template Annealing 

Temperature 

°C 

Site-Directed 

Mutagenesis Target 

F:ggtaattaatcttgctggtaacc LrGtfC53608-

pOPINF 

60 LrGtfC F174L53608  
R’ccaatggtcgttctaattaatgg 

F’:gtcaaatgagagttattgtaaaa LrGtfC P238S 53608  
R’ttttacaataactctcatttgac 

F’:tgagccatattggaaaaactacatg LrGtfC C240W53608  
R’ catgtagtttttccaatatggctca 

F:gtttatgggcgcgcaatcagatcc LrGtfC D101A53608  
R’ggatctgattgcgcgcccataaac 

F’:ggtaattaattttgctggtaacc 

LrGtfC100-23-

pET28a 

LrGtfC L174F100-23 
R’: ggttaccagcaaaattaattacc 

F’: tggtcaaatgagccatattggaaaaac LrGtfC S238P100-23  
R’: gtttttccaatatggctcatttgacca 

F’: tggtttagtatgttcaaatgagtc LrGtfC W240C100-23  
R’: gactcatttgaacatactaaacca 

F’: agtttatgggctggcaatcagatcc LrGtfC D101A100-23  
R’: ggatctgattgccagcccataaact 

F’: ttcatcgctagcctgcgcttatcat LrAsp253608-

pET28b 

LrAsp2 S349A53608 
R’: atgataagcgcaggctagcgatgaa 

F’: aacatgcgtgcgccatctgactgc LrSecA253608-

pET28b 

LrSecA2 K114A53608 
R’: gcagtcagatggcgcacgcatgtt 
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Figure 2.1. Flow-chart of the single-primer site-directed mutagenesis method. The parental 

plasmid is shown in grey colour and the two PCR synthesized strands are shown in blue and 

purple. The letter “X” marks the position of the mutation. Taken from (237). 

2.3 Protein purification  

2.3.1 Production and purification of recombinant aSec proteins 

E. coli Bl21(DE3) pre-cultures harbouring the recombinant plasmids were grown overnight and 

used to inoculate LB AIM (Formedium) supplemented with the appropriate antibiotics in bevelled 

conical flasks (see Table 2.4). The cultures were grown aerobically under 200 rpm shaking for 3 

hr at 37°C and then for 60 hrs at 16°C. Cells were pelleted by centrifugation at 4°C for 30 min at 

5000 rpm. 

Cells were then lysed, and proteins extracted using the BPER Complete Reagent (Thermofisher) 

in 150 mM NaCl and 20 mM Tris pH 7.9 following manufacturer’s instructions and then sonicated 

at 50% amplitude with a 3.1 mm probe on ice 5 times in 30 sec intervals with 30 sec pauses. The 

suspension was then centrifuged at 4°C at 10,000 rpm for 30 min to separate soluble and insoluble 

protein fractions. 
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For LrSecA2-SecY2-Asp453608, the lysis step was modified as follows. The cell pellet was 

resuspended in phosphate buffered saline (PBS) pH 7.5 with 3 mM CHAPS and protease 

inhibitors (0.1 mM PMSF and 1 mM benzamidine) and sonicated at 50% amplitude with a 3.1 

mm probe on ice 5 times in 30 sec intervals with 30 sec pauses. This mixture was then incubated 

on a rotary shaker at 4°C for 7 hr. The solution was then centrifuged at 10,000 rpm for 30 min at 

4°C to separate soluble and insoluble protein fractions.  

Purification of his-tagged proteins was carried out using nickel-nitrilotriacetic acid (NiNTA). 

Briefly, clarified extracts of soluble proteins were loaded onto a 2.5 mL gravity flow His-Bind® 

Column (Novagen) according to the manufacturer’s instructions. Bound proteins were eluted in 

the column strip buffer (150 mM NaCl, 20 mM Tris and 100 mM EDTA) with the aim to release 

all nickel bound proteins, as high concentrations of imidazole would impact downstream 

purification processes.   

When needed, his-tag removal by thrombin or C3-protease cleavage was performed at 4°C 

overnight using 1 unit of bovine thrombin (Merck) or 1-unit C3-protease (provided by 

collaborators at University of East Anglia) and 10 mL of up to 3 mg/mL protein in column strip 

buffer containing 10 mM CaCl2. The thrombin and cleavage product were separated using the 1 

mL HItrap Benzamidine Fast Flow column on the ÄKTA Pure (GE Healthcare). C-3 cleavage 

products were cleaned-up using size-exclusion chromatography. 

Purification of recombinant proteins with O-GlcNAc, such as LrgSRR153608, was carried out by 

gravity flow using agarose-bound wheat germ agglutinin (agWGA) (VectorLabs) as previously 

described (235). Briefly, clarified soluble protein extracts were bound and washed with 10 column 

vol of HEPES buffer (20 mM HEPES pH 7.5, 200 mM NaCl), and the bound proteins were eluted 

with six column vol of HEPES buffer containing 500 mM GlcNAc. The proteins were extensively 

dialysed in H2O to remove any free GlcNAc. 

Further purification of recombinant proteins was carried out by size-exclusion gel filtration 

(SEGF) chromatography.  Briefly, proteins were concentrated to 2.5 mL by centrifugation using 
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a Vivaspin® 10,000 MWCO spin-filter at 4°C and 8000 rpm. The samples were then loaded onto 

a gravity flow desalting PD-10 column (Merck) and buffer-exchanged into 150 mM NaCl, 20 

mM Tris pH 7.9. This solution was further spin-filter concentrated to 1 mL and loaded onto a 

HiLoad® 16/600 Superdex® 75 pg column (GE Healthcare), or a HiLoad® 16/600 Superdex® 

200 pg column (GE Healthcare). SEGF purification was conducted on the ÄKTA Pure FPLC (GE 

Healthcare) using an initial loading volume of 2 mL, at a flow rate of 0.75 mL/min and monitored 

by UV-detection to determine fraction collection. Proteins were eluted in 150 mM NaCl, 20 mM 

HEPES at pH 7.5 in 1 mL or 1.8 mL fractions. Protein complexes were further concentrated using 

Vivaspin® 100,000 MWCO spin-filter by centrifugation at 4°C and 5000 rpm.  

2.3.2 Purification of native LrSRRP  

 
Purification of LrSRRP53608 and LrSRRP100-23 was conducted as previously described (235). 

Briefly, L. reuteri 100-23 and ATCC 53608 strains were grown in LDM-II for 24 hr at 37°C 

aerobically until cell density were in stationary phase (OD600nm >2.5). The bacteria were discarded 

following centrifugation at 10,000 rpm for 10 mins. Ammonium sulphate was added to the spent 

medium at a final concentration of 60% (w/v) to precipitate the proteins. The suspension was 

stirred overnight at 4°C. The precipitated proteins were recovered by centrifugation at 10,000 rpm 

for 30 min. The proteins were resuspended in HEPES buffer (HEPES 20 mM, NaCl 150 mM, pH 

7.5) and LrSRRP purified by gravity flow affinity chromatography, using agarose-bound wheat 

germ agglutinin (agWGA), as described above (see section 2.3). Loosely bound proteins were 

removed with 10 column volumes of HEPES buffer, and the bound proteins were eluted with six 

column volumes of HEPES buffer containing 500 mM GlcNAc. The proteins were extensively 

dialysed in H2O to remove any free GlcNAc. 

2.4 Protein analysis 

 

2.4.1 Protein gel electrophoresis and staining 

 
Proteins were separated under denaturing conditions on sodium dodecyl sulphate–polyacrylamide 

gel electrophoresis (SDS-PAGE). Briefly, NuPAGE™ LDS Sample Buffer (Invitrogen) was 
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added to protein samples and boiled at 80°C for 5 min. Samples were loaded onto NuPAGE™ 4-

12% Bis-Tris gels (Invitrogen) and run at 200V for 50 min in 1 X NuPAGE™ MOPS buffer.  

For native-PAGE analysis, the NuPAGE Tris-Acetate Gels 3-8% (Invitrogen) were used 

according to manufacturer’s instructions with some modification of voltage and runtime to 

facilitate separation of native proteins. In native-PAGE, proteins are separated according to the 

net charge, size, and shape of their native structure. Briefly, purified protein samples were 

combined with Novex™ Tris-Glycine Native Sample Buffer (Invitrogen) and run at 150V for 65 

min in 1 X Novex™ Tris-Glycine Native Running Buffer (Invitrogen).  

Gels were stained with InstantBlue™ (Expedeon) for 10 min at room temperature and imaged 

using a fluorchemE (ProteinSimple). Gels destined for western-blotting were not stained at this 

stage and were transferred to Tris-Glycine Transfer Buffer (Invitrogen) for subsequent 

processing.  

2.4.2 Western blot analysis 

 
SDS-PAGE or native gels were blotted onto a polyvinylidene difluoride (PVDF) membrane at 

30V for 2 hrs in NuPAGE transfer buffer using an X-cell II blot module (ThermoFisher 

Scientific). The blots were then incubated in a Protein-free (PBS) blocking solution 

(ThermoFisher Scientific) for 1 hr. Protein with his-tag fusions could be detected by incubation 

with anti-his HRP monoclonal antibody (Invitrogen) at 1:1500 dilution in PBS for 30 mins and 

visualised using the Clarity™ Western ECL Substrate (BioRad) according to manufacturer’s 

instructions. Glycoproteins with O-GlcNAc moieties were detected by incubation with 

fluorescein-WGA (VectorLabs) at 5 µg/mL in PBS for 1 hr. After staining, blots were washed 

with H2O and scanned on a GS-800 calibrated densitometer (Bio-Rad, UK) with default settings 

for colorimetric and fluorescein analysis respectively.  
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2.5 Protein structural characterisation  

 

2.5.1 Protein crystallisation  

 
Crystallisation trials were dispensed in 96 well crystallisation trays (Molecular Dimensions) for 

sitting drop vapour diffusion, using the Gryphon crystallisation robot (Art Robbins Instruments). 

Crystallisation trials were conducted for the following proteins and at the concentrations listed in 

Table 2.6.   

Table 2.6. Crystallisation trial conditions for recombinant LraSec proteins. Recombinant 

aSec proteins were exposed to different buffer for crystallisation. 

aSec protein 

 

Concentrations 

(mg/mL) 

Protein buffers Crystallisation 

conditions 

(Molecular 

Dimensions) 

LrGtfC53608 

10 
20 mM TrisHCl pH 

8.0, 150 mM NaCl  

PGA-ScreenTm 

PACT-PremierTm 

12 

20 mM HEPES pH 

7.5, 150 mM NaCl  

Wizard polyethylene 

glycol-IonTm 

3D-Structure 

ScreenTm 

15 

20 mM TrisHCl pH 

8.0, 150 mM NaCl,  5 

mM UDP 

The BCA ScreenTm 

Clear Strategy 

ScreenTm 

20 mM TrisHCl pH 

8.0, 150 mM NaCl, 5 

mM UDP-GlcNAc 

Morpheus I and II® 

JGSC PlusTm 

LrGtfC100-23 

9 
20 mM TrisHCl pH 

8.0, 150 mM NaCl  

PGA-ScreenTm 

PACT-PremierTm 

18 

20 mM TrisHCl pH 

8.0, 150 mM NaCl, 5 

mM UDP-Glc 

Clear Strategy 

ScreenTm 

20 mM TrisHCl pH 

8.0, 150 mM NaCl, 1 

mM UDP 

JGSC PlusTm 

20 mM TrisHCl pH 

8.0, 150 mM NaCl, 1 

mM UDP-GlcNAc 

3D-Structure 

ScreenTm 

LrAsp153608 

5 
20 mM HEPES pH 

7.5, 100  mM NaCl  

PGA-ScreenTm 

PACT-PremierTm 

10 

20 mM MES pH 6.5, 

100  mM NaCl 

Wizard polyethylene 

glycol-IonTm 

3D-Structure 

ScreenTm 

20 

20 mM HEPES pH 8, 

200  mM NaCl 

The BCA ScreenTm 

Clear Strategy 

ScreenTm 

LrAsp253608 

7.5 
20 mM HEPES pH 8, 

200  mM NaCl 

3D-Structure 

ScreenTm 

12.5 

20 mM HEPES pH 8, 

200  mM NaCl, 1 mM 

pNP-acetate 

Clear Strategy 

ScreenTm 

The BCA ScreenTm 
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15 

20 mM HEPES pH 8, 

200  mM NaCl, 1 mM 

Acetylcholine 

MIDAS ScreenTm 

PACT-PremierTm 

LrAsp2100-23 

7.5 
20 mM HEPES pH 8, 

200  mM NaCl 

3D-Structure 

ScreenTm 

12.5 

20 mM HEPES pH 8, 

200  mM NaCl, 1 mM 

pNP-acetate 

Clear Strategy 

ScreenTm 

The BCA ScreenTm 

15 

20 mM HEPES pH 8, 

200  mM NaCl, 1 mM 

Acetylcholine 

MIDAS ScreenTm 

PACT-PremierTm 

LrSecA253608 

8 
20 mM HEPES pH 

7.8, 100  mM NaCl 

PGA-ScreenTm 

PACT-PremierTm 

12.5 

20 mM HEPES pH 

7.8, 100  mM NaCl, 1 

mM ATP 

Clear Strategy 

ScreenTm 

JGSC PlusTm 

16 

20 mM HEPES pH 

7.8, 100  mM NaCl, 1 

mM GTP 

3D-Structure 

ScreenTm 

MIDAS ScreenTm 

LrSecA2100-23 

10 
20 mM HEPES pH 

7.8, 100  mM NaCl 

PGA-ScreenTm 

PACT-PremierTm 

15 

20 mM HEPES pH 

7.8, 100  mM NaCl, 1 

mM ATP 

Clear Strategy 

ScreenTm 

JGSC PlusTm 

LrSecY253608 

5 
20 mM HEPES pH 

7.4, 100  mM NaCl 

Clear Strategy 

ScreenTm 

10 
20 mM BTP pH 7.0, 

100  mM NaCl 
JGSC PlusTm 

15 
20 mM MES pH 6.5, 

100 mM KCl 

MemStart-MemSys 

ScreenTm 

LrAsp1-Asp2-Asp353608 

10 

20 mM HEPES pH 

7.4, 100  mM NaCl, 

1% glycerol 

Clear Strategy 

ScreenTm 

JGSC PlusTm 

3D-Structure 

ScreenTm 

MIDAS ScreenTm 

15 

PGA-ScreenTm 

PACT-PremierTm 

MemStart-MemSys 

ScreenTm 

LrSecA2-SecY2-

Asp453608 

3 
20 mM HEPES pH 

7.8, 100  mM NaCl 

Clear Strategy 

ScreenTm 

5 JGSC PlusTm 

10 
20 mM HEPES pH 

7.8, 100  mM NaCl, 1 

mM ATP 

3D-Structure 

ScreenTm 

12.5 

MIDAS ScreenTm 

PGA-ScreenTm 

PACT-PremierTm 

15 
20 mM Tris pH 8.1, 

50 mM NaCl 

MemStart-MemSys 

ScreenTm 
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2.5.2 X-ray crystallography 

 
Crystallising conditions for 10 mg/mL LrGtfC100-23 wereP: 0.2 M potassium thiocyanate, 0.1M 

bis-Tris propane pH 7.5, 20% w/v polyethylene glycol for the apo form and co-crystallised with 

1 mM UDP, or in 0.2 M ammonium citrate dibasic, 20% (w/v) PEG 3,350 with 1 mM UDP-

GlcNAc. Crystals were sent to Diamond Light Source (Oxford, UK) for diffraction analysis. 

Diffracting datasets obtained at a wavelength of 0.9762Å were solved by molecular replacement 

using Streptococcus parasanguinis Gtf3 glycosyltransferase (PDB 3QKW) as a model by Dr 

Gareth Ashworth, Hans Pfalzgraf and Dr Andrew Hemmings at the University of East Anglia 

(UEA) (238).  

2.5.3 Size-exclusion chromatography coupled small angle x-ray scattering (SEC-

SAXS) 

 
SEC-SAXS was performed at the Diamond Light Source (Oxford, UK) operating using a 

HiLoad® 16/600 Superdex for size-exclusion and a scattering vector (q) range from 0.0032 to 

0.38 Å-1 (239). Briefly, LrAsp253608, LrAsp1-Asp2-Asp353608 and LrSecA2-SecY2-Asp453608 were 

prepared at 10 mg/mL in HEPES pH 7.5, 200 mM NaCl and flash-frozen. Data were analysed in 

BioXtas RAW using ATSAS and GNOM plug-ins to derive pair distance distribution function 

(P(r)), scattering angle at 0 (I(0)) as well as other constants needed for structural interpretation 

and model construction (240-242). Ab initio electron density determination was conducted from 

solution scattering data using DENSS (243). Molecular weight estimations were conducted by 

volume of correlation, Porod volume and Bayesian inference (244-246).  

2.5.4 Protein homology modelling 

 
Homology modelling of LrGtfC53608 was conducted using SwissModel using the LrGtfC100-23 

structure as a template (247). The model was evaluated based on QMean statistics (a predictor of 

quality of local similarities between target and template) for quality assessment (248). 
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2.5.5 Alphafold2 structural modelling 

 
Alphafold2 was used to construct models of LrGtfAB53608, LrGtfAB100-23, LrAsp153608, LrAsp1100-

23, LrAsp253608, LrAsp2100-23, LrAsp353608, LrAsp3100-23, LrAsp453608, LrAsp1-Asp2-Asp353608, 

LrSecA253608, LrSecA2100-23, LrAspY253608 and LrSecY2100-23 (249). This was done through 

submission of aSec protein amino-acid sequences derived from publicly available sequence data 

and executed using the Google Collaboratory Alphafold2 trained with structures available in the 

protein data bank (PDB), UniProtv2021_04, UniRef90: v2022_01, MGnify v2022_05, and BFD 

(250).  

2.5.6 PDB-Image processing and rendering 

 
Mol* (/'molstar/) was used to produce and render graphical representations of protein 3D-

structural models and is a web-based open-source toolkit for visualisation and analysis of large-

scale molecular data (251). Superimpositions and structural homology analysis were also 

performed in Mol* and compared with Gesamt superimpositions in CCP4mg for validation (252). 

2.5.7 Protein domain movement analysis 

 
DynDom was used to determine domains, hinge axes and hinge bending residues in proteins 

where two or more conformations were available, such as LrGtfC100-23 in the presence or absence 

of UDP or UDP-GlcNAc (253). 

2.6 Enzymatic assays for characterisation of aSec proteins 

2.6.1 Malachite green ATP/GTPase assays 

The Malachite Green Phosphate Assay Kit (MAK307, Merck) was used to measure the release of 

free orthophosphate from ATP or GTP hydrolysis by LrSecA253608, LrSecA2K114A53608, 

LrSecA2100-23, the LrSecA2-SecY2-Asp453608 complex and the LrAsp1-Asp2-Asp353608 complex 

according to the manufacturer’s instructions (Figure 2.2). A free phosphate standard was provided 

in the kit to be used for quantification. ATP (Merck) or GTP (Merck) was used as a substrate at 

50 µM, 100 µM, 150 µM, 250 µM, 500 µM and 750 µM concentration in a final volume of 100 
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µL. The final concentration of proteins used was 180 nM (molarity derived from protein 

theoretical molecular weight and mg/mL by absorbance at 280 nm and predicted protein 

extinction coefficient) in a reaction buffer containing HEPES pH 7.5, 200 mM NaCl and 1 mM 

MgCl2. The reaction product was monitored at 610 nm using a Fluostar Optima 96-well plate 

reader (BMG-Labtech) in clear low-binding 96-well plates (BMG-Labtech) at 25°C. Kinetic 

analysis and non-linear regression analysis were applied using Microsoft Excel. 

 

Figure 2.2 Schematic of Malachite Green ATP-assay. ATP-hydrolysis by ATPases releasing 

ADP and inorganic phosphate in the presence of malachite green forms a green molybdate (Mo) 

complex detectable at 610 nM. 

 

2.6.2 Acetylesterase assays  

 

2.6.2.1 p-nitrophenyl (pNP)-acetate assay 

 
Acetylesterase activity was determined by measuring the hydrolysis of the p-nitrophenyl (pNP)-

acetate (Merck) following adaptation and combination of several methods (216, 219, 221) (Figure 

2.3). The reaction was performed in 96-well microtiter plates (BMG-Labtech) with a total volume 

of 200 μL. The reaction buffer was the same as the enzyme storage buffer (20 mM HEPES pH 

7.5, 200 mM NaCl, 1% glycerol) and pNP-acetate (1 M stock dissolved in 100% ethanol) was 

used at 0.025, 0.5, 5, 7.5 mM final concentration. Purified LrAsp253608, LrAsp2S349A53608, 

LrAsp2100-23 and LrAsp1-Asp2-Asp353608 were added to the mixture at a final concentration of 600 

nM for monomeric proteins and 300 nM for protein complexes (molarity derived from protein 

theoretical molecular weight and mg/mL by absorbance at 280 nm and predicted protein 

extinction coefficient). The reaction was carried out for 30 min at 30°C. The release of pNP was 

measured by monitoring change in absorbance at 405 nm using a Fluostar Optima 96-well plate 
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reader (BMG-Labtech). This experiment was performed with 10 replicates and kinetic analysis 

and non-linear regression were applied using Microsoft Excel. 

 

Figure 2.3. Schematic of acetylesterase assay using pNP-acetate. The substrate pNP-acetate 

can be hydrolysed by acetylesterases into acetate and pNP which can be detected at 405 nM 

 

2.6.2.2 Indoxylacetate enzymatic assay 

 
Acetylesterase activity was also measured by the hydrolysis of indoxylacetate (Merck) into 

indigogenic indoxyl and acetate (Figure 2.4). The reaction was performed in 96-well microtiter 

plates (BMG-labtech) in a total volume of 200 μL. The reaction buffer was the same as the enzyme 

storage buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 1% glycerol) and indoxylacetate (stock of 

100 mM dissolved in 100% DMSO) was used at 50, 100, 150, 200 and 250 µM final 

concentration. Purified LrAsp253608, LrAsp2S349A53608 and LrAsp2100-23 were added to the 

reaction mixture at 150 nM final concentration (molarity derived from protein theoretical 

molecular weight and mg/mL by absorbance at 280 nm). The reaction was carried out for 120 

min at 30°C. The release of indoxyl was measured by monitoring change in absorbance at 375 

nm using a Fluostar Optima 96-well plate reader (BMG-Labtech). This experiment was 

performed with 3 replicates and kinetic analysis and non-linear regression were applied using 

Microsoft Excel. 

Inhibition of indoxylacetate hydrolysis by LrAsp2 proteins was tested using paraoxonethyl 

(solubilised to working concentrations in reaction buffer) following similar reaction conditions 

(enzyme storage and reaction buffer were 20 mM HEPES pH 7.5, 200 mM NaCl, 1% glycerol). 

Inhibitor kinetics were determined by addition of paraoxonethyl at 25, 50, 100, 150, 200, 250, 

300 µM final concentration at the beginning of the reaction. From % rate inhibition, inhibitor 
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kinetic parameters, such as the half-maximal inhibitory concentration (IC50), were derived using 

data processing packages like Microsoft Excel.  

 

 

 

Figure 2.4 Schematic of acetylesterase assay using indoxylacetate. Indoxylacetate can be 

hydrolysed into an indoxyl complex which can be detected at 375 nm. Chemicals such as 

pesticides like paraoxonethyl can act as inhibitors to acetylesterases catalysing this reaction. 

2.7 In vitro binding assays 

 

2.7.1 ELISA-based binding assays 

 
ELISA-based binding assays were performed using the Nunc MaxiSorp™ high protein-binding 

capacity 96 well ELISA plates (Thermofisher). First, recombinant aSec proteins were 

immobilised overnight at 4°C. Following 3 washing steps with washing buffer (PBS containing 

0.05% Tween 20), the plate was incubated for 1 hr with blocking buffer (PBS containing 0.05% 

Tween 20 and 0.1% BSA). The plate was then washed three times with washing buffer, followed 

by incubation with purified his-tagged aSec protein (analyte) for 1 hr. Then the plate was washed 

3 times with blocking buffer and incubated with 1:1000 6x-His Tag monoclonal antibody 

(HIS.H8), HRP (Invitrogen) for 1 hr. After antibody incubation, the plate was washed three times 

with washing buffer and then incubated with 100 µL 3,3′,5,5′-tetramethylbenzidine (TMB) 

substrate (Thermofisher) for 5 min to allow for colour development. The reaction was quenched 

with 100 µL 2N H2SO4 and an end-point OD measurement was made at 450 nm and 570 nm 
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(reference wavelength). BSA and PBS in place of an immobilised protein served as negative 

controls. Two different protein preparations were used each in triplicate for protein complexes 

(n=6) and three different protein preparations were used for monomeric proteins (n=3), except for 

LrGtfCs (n=4). The immobilised aSec proteins and binding partners (analytes) are listed in Table 

2.7.  

Table 2.7. Summary of recombinant aSec proteins used in ELISA-based binding assays. 

Immobilised protein 

(coated to well) 

Analyte protein Analyte concentration 

(µg/mL) 

LrSRRP53608 

LrGtfC53608 20  

LrAsp153608 15  

LrAsp253608 15  

LrAsp1-Asp2-Asp353608 5 and 10  

LrSecA253608 10  

LrSecA2100-23 10  

LrSecA2-SecY2-Asp453608 5 and 10  

LrSRRP100-23 

LrGtfC100-23 20  

LrAsp153608 15  

LrAsp253608 15  

LrSecA253608 10  

LrSecA2100-23 10  

LrSecA2-SecY2-Asp453608 5 and 10  

LrgSRR1100-23 

LrGtfC53608 20  

LrGtfC100-23 20  

LrAsp153608 15  

LrSP53608 

LrGtfC53608 20  

LrGtfC100-23 20  

LrAsp153608 15  

LrSecA2-SecY2-Asp453608 5 and 10 

LrSecA253608 

LrAsp153608 5  

LrAsp253608 5  

LrAsp1-Asp2-Asp353608 5  

 

2.7.2 Biolayer interferometry (BLI) 

 
BLI was performed using the Octet RED96 system (ForteBio). Assays were conducted in black 

96-well plates (Nunc™ F96 MicroWell™ plate, Thermo Scientific) at 30 °C, under shaking (1000 

rpm) using pre-hydrated ARG2 Octet® Amine Reactive 2nd-Generation Biosensors (ForteBio). 

Assays were conducted as follows: (1) biosensor equilibration in H2O for 600 sec (2) amine-

coupling activation with EDC/NHS (10:20 mM) for 300 sec (3) ligand loading in 10 mM sodium 

acetate buffer pH 5.8 for 400  sec (4) biosensor quenching with 1 M ethanolamine pH 9.0 for 200 

https://www.sartorius.com/download/552130/amine-reactive-second-generation-biosensors-datasheet-en-sartorius-data.pdf
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sec (5) baseline in reaction buffer containing PBS pH 7.4 and 0.001% Triton X100 for 60 sec (6) 

association with analyte in reaction buffer for 900 sec, and (7) dissociation in reaction buffer for 

900 sec. The immobilised proteins (ligands) and the association partner proteins (analytes) used 

in this work are listed in Table 2.8. Binding kinetics were treated for global fit using a 1:1 binding 

model with incomplete dissociation analysed in the ForteBio Octet data analysis version 11.1 

software package using triplicate data (n=3).  

Table 2.8. Summary of recombinant aSec proteins used in BLI binding kinetics.  

Immobilised protein Analyte protein Analyte concentration 

(nM) 

LrSRRP53608 
LrAsp1-Asp2-Asp353608 75, 100, 150, 200, 250 

LrSecA2-SecY2-Asp453608 30, 60, 90, 120, 150 

LrSRRP100-23 
LrAsp1-Asp2-Asp353608 75, 100, 150, 200, 250 

LrSecA2-SecY2-Asp453608 30, 60, 90, 120, 150 

Anti-His6 HRP monoclonal 

antibody (Invitrogen) 
LrSecA2-SecY2-Asp453608 30, 60, 90, 120, 150 

LrSecY253608 LrSecA253608 10,20 

 

2.7.3 Thermal shift assay  

 
The thermal shift assays (TSA) or thermofluor were conducted in the StepOnePlus Real Time 

PCR system (Thermofisher). Reactions were performed in a final volume of 25 µL using 20 µM 

protein and SYPRO Orange (Merck) dye at 10X final concentration as previously described (254). 

For LrGtfC WT and mutant, the binding reactions were conducted in 50 mM Tris pH 7.5, 100 

mM NaCl in the absence or presence of 3 mM UDP-Glc (Carbosynth) or 3 mM UDP-GlcNAc 

(Carbosynth). A thermal ramp from 20 – 90°C was used at 1.5% stepwise increases. Samples 

(n=4) were randomised in a MicroAmpTm 96-well plate (Thermofisher) and resulting melt-curve 

data analysed in Microsoft Excel. 

2.8 Bioinformatic tools 

 
Genetic and protein sequence visualisation and alignments were performed in Mega11 (255). 

Protein structure bioinformatics was conducted using PROTPARAM and PRO-SITE from 

Expasy Swiss Institute of Bioinformatics (256, 257). 
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2.9 Statistics and data processing tools 

 
Data organisation and manipulation (such as non-linear regression analysis) was performed using 

Microsoft Excel. For statistical work, G*Power was used for determination of sample-sizes and 

appropriate statistical tests (249). The statistical tests were performed in Microsoft Excel, or 

equipment associated software, for example, Data Analysis v11.1 software for BLI binding 

kinetics using the Octet (see section 2.7.2). 
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3.1 Introduction 

 
The biosynthesis of glycans and glycosylation of various molecules is mediated by 

glycosyltransferases (GT); enzymes that transfer sugar moieties from activated donor molecules 

to specific acceptors thus forming glycosidic bonds. GTs belong to a large subclass of enzymes 

categorised in 115 families (as of April 2022) based on sequence identity in the CAZy database 

(www.cazy.org). In bacteria, protein glycosylation has mainly been characterised in pathogens, 

whereby complex oligosaccharide structures have been shown to play key role in pathogenicity 

(258-260). Both N-and O-glycosylation pathways have been found in prokaryotes showing 

similarities with eukaryotic and archaeal kingdoms (99, 260). N-glycosylation refers to glycans 

linked with the amide nitrogen atom of Asn residues of the protein acceptor. For gram-negative 

bacteria, such as Campylobacter jejuni, the presence of N-glycosylation has been demonstrated 

as essential for viability (261). No N-glycosylation pathways have been determined in gram-

positive bacteria thus far. O-glycosylation occurs at the oxygen atom of Ser, Thr, or Tyr residues 

as is the case of L. reuteri SRRPs (195, 235). Recent studies reported O-glycosylation of flagellin 

of E. coli and Salmonella enterica strains(262, 263). GTs involved in either N- or O-glycosylation 

show specificity for the type of glycosidic bond (α or β) via conserved mechanisms. 

There are two widely accepted catalytic mechanisms in GTs (Figure 3.1) (264). The inverting 

mechanism follows a single displacement by a nucleophilic attack of the acceptor on the C-1 of 

the sugar donor inverting the anomeric stereochemistry, which may also require divalent cations 

(e.g., Mg2+, Mn2+) (Figure 3.1A). The retaining mechanism proposes a double displacement 

whereby the intermediate state is a covalently bound glycosyl-enzyme complex (Figure 3.1B).  

 

http://www.cazy.org/
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Figure 3.1. Proposed catalytic mechanisms of GTs (A) Inverting GTs utilise a direct-

displacement that results in an inverted anomeric configuration via a single oxocarbenium ion-

like transition state. (B) Retaining GTs may use a double-displacement mechanism involving the 

formation of a covalently bound glycosyl-enzyme intermediate. R = a nucleoside, a nucleoside 

monophosphate, a lipid phosphate, or phosphate (phosphorylases classified as GTs); and R'OH, 

an acceptor group (e.g., another sugar, a protein, or an antibiotic). Taken from (264). 

 

Cytosolic GTs in eukaryotes and prokaryotes can display GT-A type or GT-B type folds (265). 

The GT-A fold is primarily characterised by an open, twisted β-sheet surrounded by α-helices on 

both sides generating two closely flanking Rossman-like folds (a series of alternating β and α 

helical segments wherein the β-strands are hydrogen bonded forming a β-sheet) (264, 266). 

Modified GT-A type enzymes exist where the order of β-strands vary (e.g., in sialyltransferases) 

(267). The GT-B fold also forms two β-α-β Rossman folds, but these are less tightly associated 

than in GT-A and, by facing each other, can form an active-site cleft (264). Transmembrane GTs 

contain 8-13 transmembrane helices and are categorised as GT-C type folds (268). GT structures 
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have also been described as flexible with several mobile loops, that can accommodate diverse and 

sometimes large acceptor substrates (269). 

In general, GTs show specificity for donor-sugar, acceptor, and type of linkage (one enzyme = 

one linkage hypothesis) (270). In GT-A fold enzymes, the N-terminal domain is the site of sugar-

nucleotide recognition whilst the C-terminal domain is responsible for binding the acceptor 

molecule (271-273). The roles of the C- and N-terminal domains are reversed in GT-B fold 

enzymes. In comparison to GT-A fold enzymes, GT-B C-terminal domains share higher sequence 

similarity between themselves reflecting similar donor-sugars, whereas the greater variety in 

potential acceptors leads to a more diverse N-terminal domains (272, 273). There are many 

examples where GTs have been engineered to alter specificity for the sugar donor, sugar acceptor, 

or enzymatic rate of the reaction. For example, a triple mutant of the glucosyltransferase OleD 

from Streptomyces antibioticus ATCC 8663 was reported to have a 60-fold higher catalytic 

efficiency with UDP-Glc and additionally displayed an improved promiscuity towards using other 

glycosyl donors in vitro (274). Chimeric GTs have also been generated taking advantage of highly 

homologous sequence identity to ‘switch’ specificity towards respective sugar nucleotides (275). 

O-glycosylation of Ser/Thr residues is an important post-translational modification occurring on 

a range of acceptors including protein cargos secreted through the aSec pathway such as cell-

surface adhesins SRRPs (195).  The number and types of GTs encoded in the L. reuteri aSec 

secretion pathway are strain-dependent (Figure 3.2) (195). The L. reuteri ATCC 53608 aSec 

operon encodes gtfA, gtfB and gtfC, whereas the L. reuteri 100-23 aSec operon encodes gtfA, gtfB, 

gtfC, gtfD, gtfE and gtfF (Figure 3.2) (235). Previous work showed that the conserved primary O-

GlcNAc moiety is deposited by a LrGtfA-GtfB (LrGtfAB) complex in L. reuteri SRRPs (235). 

This step is conserved in pathogenic bacteria like S. gordonii M99 and S. parasanguinis FW213 

strains (238, 276). Mutation of gtfB in L. reuteri 100-23 inhibited transport of SRRP, highlighting 

the importance of the initial GlcNAc deposition for secretion (235). Subsequent glycosylation by 

LrGtfC introduces the strain-specific glycosylation patterns observed in both native LrSRRPs (di-

GlcNAc in LrSRRP53608 and Hex-Glc-GlcNAc in LrSRRP100-23) and glycoengineered SRR 
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regions (LrgSRR) in E. coli (235). The sugar nucleotide preferences of LrGtfC were determined 

by saturation transfer difference NMR and thermofluor or differential scanning fluorimetry (DSF) 

with LrGtfC53608 specific for UDP-GlcNAc and LrGtfC100-23 UDP-Glc (235).  

The aim of the work reported in this chapter was to characterise biochemically and structurally 

GTs present in L. reuteri 53608 and 100-23 with a focus on LrGtfCs as the main mediator of 

strain-specific glycosylation of LrSRRPs.  

 

Figure 3.2. Organisation of the aSec clusters identified in Limosilactobacillus genomes. The 

genes encoding the translocases SecA2 and SecY2 are shown in red, the accessory secretion 

proteins Asp1–Asp2-Asp3 in blue and the priming GTs, GtfA and GtfB, in yellow. Genes 

encoding additional GTs are shown in green and the genes encoding serine-rich repeat proteins 

are illustrated in black. White arrows represent genes that are not part of the SecA2 machinery. 

The GTs of L. reuteri ATCC 53608 and 100-23 aSec systems are shown in yellow boxes. Adapted 

from (195). 
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3.2 Results 

3.2.1 Production of recombinant LrGtfCs  

 
For the biochemical and structural characterisation of LrGtfCs encoded by the L. reuteri aSec 

operon, recombinant LrGtfC53608 and LrGtfC100-23 were produced heterologously in E. coli as his-

tagged proteins using the recombinant plasmids containing LrGtfC100-23 in pET28a and 

LrGtfC53608 in pOPIN-F (235). In addition, site-directed mutagenesis was used to produce 

catalytic and binding site mutants of LrGtfC53608 and LrGtfC100-23 (see section 3.2.3) following the 

Single-Primer Reactions in Parallel (SPRIP) protocol. This approach differed from traditional 

double-primer PCR mutagenesis methods by synthesising two mutant DNA strands from the 

template plasmid separately using single primers for subsequent annealing (237) (for 

experimental details see section 2.2.3).  

Recombinant LrGtfC100-23 and LrGtfC53608 WT and mutants were purified by nickel affinity 

chromatography (NiNTA) showing expected sizes of 38 kDa on SDS-PAGE (Figure 3.3A). 

Bands that were apparent around 72 kDa may be contaminants or a dimerised form of LrGtfCs 

(76 kDa).  For protein crystallisation, his-tags were removed by 3C-protease and thrombin 

cleavage for LrGtfC100-23 and LrGtfC53608, respectively. Further purification using size-exclusion 

gel filtration (SEGF) for LrGtfC53608 retained higher molecular weight oligomers of LrGtfC53608 

or contaminants that co-eluted in all relevant fractions (Figure 3.3B). The yield of recombinant 

LrGtfCs WT and mutant was around 10 mg/L of E. coli culture after purification by NiNTA and 

SEGF (Appendix 3, supplementary Table S3.1). 
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Figure 3.3 SDS-PAGE of purified recombinant GtfCs variants from L. reuteri ATCC 53608 

and 100-23. (A) Recombinant LrGtfC100-23 (expressed from pET28a) and LrGtfC53608 (expressed 

from pOPIN-F) WT and mutant proteins were produced in E. coli BL21(DE3) and purified by 

NiNTA. His-tag removal was performed for the WT proteins using thrombin or 3C-protease for 

LrGtfC100-23 and LrGtfC53608, respectively. (B) Protein fractions of recombinant LrGtfC53608 

purified by NiNTA and SEGF. Proteins were analysed by SDS-PAGE under denaturing 

conditions on 10% agarose and a molecular weight ladder was also run for size estimation. The 

gels were stained with instant-blue (Coomassie).  
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3.2.2 Structural Characterisation of LrGtfCs 

 
Purified recombinant LrGtfC100-23 and LrGtfC53608 were used in crystallisation trials in the 

presence or absence of ligands (Appendix 2, supplementary Figure S2.1, supplementary Figure 

S2.2). LrGtfC100-23 was successfully crystallised in the absence of a ligand as well as with UDP or 

UDP-GlcNAc under the following conditions: 10 mg/ml LrGtfC100-23 apo form and with UDP, 0.2 

M potassium thiocyanate, 0.1 M bis-Tris propane pH 7.5, 20% w/v polyethylene glycol and in 

0.2 M ammonium citrate dibasic, 20% (w/v) PEG 3,350 with UDP-GlcNAc. X-ray 

crystallography of crystals used in subsequent analysis had a P 21 21 21 orthorhombic space 

group. No crystals suitable for X-ray diffraction were observed for LrGtfC53608. The 3D structures 

were then solved by Dr Gareth Ashworth and Hans Pfalzgraf as part of the Hemming’s group at 

the University of East Anglia (UEA, Norwich Research Park). 

The crystal structure of LrGtfC100-23 obtained at 3.18 Å resolution was consistent with a tetramer 

for the apo enzyme, as well as in a complex with UDP or UDP-GlcNAc (Figure 3.4A). Co-

crystallisation attempts with UDP-Glc substrate failed to identify the ligand in the active-site, 

possibly due to LrGtfC100-23 enzymatic activity. The monomers displayed a classic GT-B fold 

consisting of two similar Rossman fold subdomains containing a conserved central 6 stranded β 

sheet (Figure 3.4B). A flexible loop was observed close to the sugar-nucleotide binding site. This 

is an important structural determinant in GTs as demonstrated in glutamyltransferases from B. 

subtilis 168 and may act as a lid to the active site during catalysis (277). 

Homology modelling of LrGtfC53608 was carried out using the crystal structure of LrGtfC100-23 as 

the template using Swissmodel (278). This allowed for superimposition of the active sites with 

UDP and UDP-GlcNAc bound structures, which helped identify key residues at different 

conformational stages which may be involved with strain-specific differences in sugar specificity 

of LrGtfC100-23 and LrGtfC53608 (Figure 3.4C). In LrGtfC100-23, the presence of UDP-GlcNAc led 

to a transition of Trp240 and Tyr239 away from the active site cavity, whilst His250 and Asn249 

rotated inwards. Additionally, domain movement tracing was carried out using DynDom 

revealing a 4.2° rotation of the C-terminal domain in red relative to the N-terminal domain in blue 
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along a hinge region in green (Figure 3.4D) (253). In both LrGtfC 3D-models, a catalytic Asp101 

was conserved along with a His250, which due to its spatial proximity may interact with UDP. 

The superimposition of LrGtfC100-23 active site onto LrGtfC53608identified residues which may 

play a role in LrGtfC100-23 and LrGtfC53608 reported sugar specificity (UDP-Glc for LrGtfC100-23 

and UDP-GlcNAc for LrGtfC53608). The following residues were selected for site-directed 

mutagenesis: Leu174, Ser238 and Trp240 in LrGtfC100-23 corresponding to Phe174, Pro238 and 

Cys240 in LrGtfC53608 (see section 3.2.3). 

 

Figure 3.4. Structural characterisation of LrGtfCs. (A) Tetrameric LrGtfC100-23 X-ray crystal 

structures in the absence of ligand superimposed with UDP-bound and UDP-GlcNAc-bound 

states as cartoon models and transparent molecular surface representations coloured by chain. (B) 

Single monomer of LrGtfC100-23 in complex with UDP in cartoon representation coloured by 

secondary-structures. (C) Active site of LrGtfC100-23 bound to UDP (orange), UDP-GlcNAc (blue) 

and superimposition of LrGtfC53608 homology model to LrGtfC100-23 bound to UDP-GlcNAc 

active site (pink) (D) Representation of DynDom N-(blue) and C-terminal (red) domain rotation 

of LrGtfC100-23 apoenzyme upon binding to UDP-GlcNAc with mobile residues highlighted 

(green). 
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3.2.3 Targeted engineering of LrGtfC donor specificity 

 
Alignment analysis of the amino acid sequences of 19 publicly available LrGtfC sequences were 

used to determine if the binding site residues identified in the structural analysis (see section 3.2.2) 

followed host-specific patterns (Table 3.1, Figure S4.1). For residues at position 240, this 

appeared to be the case whereby most L. reuteri strains from porcine hosts (pink) shared the 

Cys240 representative of LrGtfC53608, whereas L. reuteri strains from rodent (grey) and chicken 

(red) shared exclusively the Trp240 representative of LrGtfC100-23. A similar pattern was shown 

for residue 174, however with 3/11 porcine L. reuteri strains sharing the Leu174 with LrGtfC100-

23. In pig isolates, only L. reuteri pg3b strain had both Trp240 and Leu174 found in LrGtfC100-23 

as also shown for rodent/chicken strains. Uniquely, LrGtfC100-23 was the only sequence containing 

Ser238 while all other sequences had Pro in this position. Taken together, LrGtfC residues 

corresponding to position 174 and 240 appeared to be host-specific and were therefore selected 

for site-directed mutagenesis. 
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Table 3.1. Occurrence of LrGtfC binding site residues across L. reuteri strains isolated from 

different hosts. Amino acid alignment using MUSCLE was utilised to classify L. reuteri LrGtfC 

sequences relative to the nature of residues found at position 174, 238 and 240 in LrGtfC100-23 

and LrGtfC53608. L. reuteri strains from rodents are shaded grey, from pigs are shaded pink, and 

from chicken are shaded orange.  

 

Guided by the sequence alignment and structural analysis of the LrGtfC100-23 crystal structure and 

LrGtfC53608 homology model, site-directed mutagenesis was used to generate catalytic inactive 

mutants targeting the Asp101 residue in LrGtfC D101A53608 and LrGtfC D101A100-23, or residues 

potentially implicated in sugar specificity: LrGtfCP238S53608, LrGtfC C240W53608, LrGtfC 
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F174L53608 and LrGtfC S238P100-23, LrGtfC W240C100-23, LrGtfC L174F100-23.  Mutants of LrGtfCs 

were expressed recombinantly in E. coli and purified as described in section 3.2.1 (Figure 3.3).  

In order to investigate the sugar specificity of the mutants, a thermofluor approach was used to 

monitor potential shifts in thermal stability upon binding UDP-sugars. SYPRO Orange 

fluorescent dye binds hydrophobic surfaces but is quenched by water. Upon thermal denaturation 

of proteins, the hydrophobic core is exposed leading to higher fluorescence signal which can be 

measured to report differences in the melting temperature (Tm ˚C) in the presence or absence of 

potential ligands. Here LrGtfC53608 and LrGtfC100-23 at 20 μg/mL were subjected to an increasing 

+2% thermal gradient from 25˚C - 90 ˚C in the absence or presence of 3 mM UDP-Glc or 3 mM 

UDP-GlcNAc (Figure 3.5). The LrGtfC53608 WT showed a positive shift in Tm ˚C for UDP-

GlcNAc compared to the conditions with no ligand, or in the presence of UDP-Glc (Figure 3.5A). 

LrGtfC P238S53608 showed a positive thermal shift upon addition of UDP-Glc, but not with UDP-

GlcNAc, whereas the other three mutants (LrGtfC C240W53608, LrGtfC F174L53608, LrGtfC 

D101A53608) showed a positive shift to UDP-GlcNAc as observed in LrGtfC53608 WT (Figure 3.5B-

E).  

For LrGtfC100-23, an expected positive thermal shift was observed upon addition of UDP-Glc 

compared to UDP-GlcNAc and no ligand conditions (Figure 3.5F).  A similar effect was observed 

for LrGtfC S238P100-23, LrGtfC L174100-23 and LrGtfC D101A100-23 mutants (Figure 3.5G, I, J). In 

contrast, LrGtfC W240C100-23 showed a positive thermal shift with both UDP-GlcNAc and UDP-

Glc. This was the only residue that introduced some degree of donor promiscuity effect to 

LrGtfC100-23 (Figure 3.5H).  

The thermal shifts of LrGtfCs determined from the mean derivative data in Figure 3.5 are 

summarised in Table 3.2. Taken together, these results showed that site-directed mutagenesis of 

residues in the active site of LrGtfCs could induce changes in UDP-sugar specificity as was the 

case for LrGtfC P238S53608 to UDP-Glc or LrGtfC100-23 W240C100-23 for both UDP-GlcNAc and 

UDP-Glc. Additionally, mutation of the catalytic Asp (D101) to Ala did not impact the thermal 

stability of both LrGtfC53608 and LrGtfC100-23, suggesting the catalytic mutants retained the 
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capacity to bind the ligand. The LrGtfCD101A catalytic mutants remain to be tested for enzymatic 

activity in vitro and in ligand-complex for X-ray crystallography. 
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Figure 3.5. Thermal shift analysis of LrGtfC variants. (A) LrGtfC53608 WT (B) LrGtfC 

P238S53608 (C) LrGtfC C240W53608 (D) LrGtfC F174L53608 (E) LrGtfC D101A53608 (F) LrGtfC100-

23WT (G) LrGtfC S238P100-23 (H) LrGtfC W240C100-23 (I) LrGtfC L174F100-23 (J) LrGtfC 

D101A100-23. Recombinant LrGtfC53608 and LrGtfC100-23 WT and mutant proteins in 50 mM Tris 

pH 7.5 were analysed by Thermofluor in the absence or presence of 3mM UDP-Glc or 3 mM 

UDP-GlcNAc. n=4, data points expressed as sample means. 
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Table 3.2.  Summary of Thermofluor binding assays of LrGtfC variants. 

LrGtfC53608 

LrGtfC 
a 

Tm°Ca 

No ligand  3 mM UDP Glc  3 mM UDP GlcNAc  

WT 48.27 ± 0.3 48.7 ± 1.1 51.32 ± 0.4 

P238S 48.11 ± 1.2 51.41 ± 0.84 49.14 ± 0.4 

C240W 48.15 ± 0.3 49.12 ± 1.1 52.30 ± 1.3 

F174L 48.26 ± 0.4  48.24 ± 1.2 50.63 ± 1.0 

D101A 48.27 ± 0.3 48.5 ± 0.1 50.99 ± 0.4 

LrGtfC100-

23 

WT 48.32 ± 0.2 53.34 ± 0.2 48.35 ± 0.3 

S238P 47.38 ± 0.1 50.11 ± 0.7 48.29 ± 0.3 

W240C 48.51 ± 0.4 51.14 ± 0.5 51.23 ± 0.2 

L174F 48.42 ± 0.3 51.32 ± 0.4 48.33 ± 0.1 

D101A 48.13 ± 0.2 51.33 ± 0.4 48.35  0.4 
aRecombinant LrGtfC53608 and LrGtfC100-23 WT and mutant proteins in 50 mM Tris pH 7.5 

analysed by Thermofluor in the absence or presence of 3 mM UDP-Glc or 3 mM UDP-GlcNAc. 

(n=4). 

 

 

3.2.4 LrGtfC acceptor recognition specificity 

 
The main predicted acceptor for LrGtfCs of the aSec system is the O-GlcNAc attached to SRRs 

of the SRRP secretion cargo. The extended SP of SRRPs is unique to the accessory secretion 

system and may play a role in the presentation of the SRRPs for their glycosylation by the aSec 

system. To gain insight into L. reuteri GtfC acceptor specificity, an ELISA based binding assay 

was conducted with the native fully glycosylated SRRP purified from L. reuteri ATCC 53608 or 

100-23, recombinantly produced LrgSRR1100-23 partially glycosylated by LrGtfAB100-23 and the 

LrSRRP53608 signal-peptide (SP53608).  

Native SRRPs were purified from L. reuteri spent medium as previously described using agWGA-

affinity chromatography and detected by fluorescein-WGA on western blot at a size over 240 kDa 

(Figure 3.6A) (235). 

The LrSRR1100-23 region (spanning amino acid residues 100 to 205) cloned in pET15b and co-

expressed with LrGtfA-GtfB-GtfC100-23 (LrGtfABC100-23) cloned in a pETcoco-1resulted in the 

expression of a glycosylated protein LrgSRR1ABC100-23 detected by fluorescein-WGA on western 

blot at an apparent molecular weight between 45-66 kDa (Figure 3.6B). This recombinant form 

of LrgSRR1ABC100-23 was previously confirmed to be predominantly glycosylated with GlcNAc 
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(by LrGtfAB100-23) and Glc (by LrGtfC100-23) (235). Here, a partially glycosylated gSRR1100-23 

without a his-tag was generated as the presence of his-tag on the immobilised binding partner 

would interfere with the design of the binding assay (outlined in section 2.7.2).  Briefly, the 

LrSRR1100-23 region (spanning amino acid residues 100 to 205) was cloned into E. coli pET15b 

and co-expressed with LrGtfAB100-23 cloned in pETduet-1. The recombinant LrgSRR1AB100-23 

was purified using agWGA chromatography and detected on western blot by fluorescein-WGA 

(Figure 3.6B). This protein showed a lower molecular weight, between 35-45 kDa as compared 

to 45-66 kDa for LrgSRR1ABC100-23, in line with the absence of additional glycosylation beyond 

O-GlcNAc.  

The LrSP53608, corresponding to residues 1-95 of LrSRRP53608 was cloned into pET28b with his-

tag and thrombin cleavage site which allowed for on-column his-tag removal and subsequent 

removal of thrombin by benzamidine affinity chromatography (see section 2.3.2 for experimental 

details). The recombinant LrSP53608 proteins eluted from the NiNTA and benzamidine affinity 

chromatography steps were analysed by SDS-PAGE, showing a band at the predicted 11 kDa 

(Figure 3.6C).  

Time constraints and technical challenges in molecular cloning prevented production of 

LrgSRR153608 and LrSP100-23 constructs. In addition, attempts to produce unglycosylated forms of 

LrSRR or LrSRRP led to misfolding and aggregation of the recombinant proteins, further 

confirming the importance of glycosylation in folding and secretion, as reported earlier for 

LrSRRP53608 (208, 235). 
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Figure 3.6. Purification of LrSRRP-derived protein variants. (A) Western-blot of native 

LrSRRP53608 and LrSRRP100-23 extracted from spent medium by ammonium precipitation and 

purified by WGA affinity chromatography, stained with fluorescein-WGA. (B) Western-blot of 

recombinant LrgSRR1100-23 glycosylated with LrGtfABC100-23 (LrgSRR1ABC100-23) or 

LrGtfAB100-23 (LrgSRR1AB100-23) purified by WGA affinity chromatography stained with 

fluorescein-WGA. (C) SDS-PAGE of SP53608 purified by NiNTA and benzamidine affinity 

chromatography, stained with Coomassie instant blue stain (green box). 

 

Binding of LrGtfC53608 and LrGtfC100-23 to immobilised LrSRRPs, LrgSRR1AB100-23 partially 

glycosylated with LrGtfAB100-23, LrSP53608 and BSA (negative control) was determined by ELISA 

using an anti-his HRP fusion monoclonal antibody. Statistical inference was used to determine 

differences between test conditions by two-tailed student t-tests.  

Both LrGtfC53068 and LrGtfC100-23 showed significant binding to their respective native LrSRRPs 

as compared to BSA (p=0.002, degrees of freedom (df) =4) (Figure 3.7). Neither of the LrGtfCs 

showed association with LrSP53608. Both LrGtfCs significantly bound to the recombinant 

LrgSRR1AB100-23, with LrGtfC100-23 showing higher binding than LrGtfC53608 (p=0.005, df=4). 
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Taken together, these data suggest that the partially glycosylated regions of the LrSRRP are the 

main putative binding partners of LrGtfCs, irrespective of strain origin of the protein acceptor.   

 

Figure 3.7. ELISA-based binding assay between LrGtfCs and native LrSRRPs or 

recombinant SRRP domains. (A) LrGtfC53608 at 20 μg/mL final concentration was added to 

wells coated with LrSRRP53608, LrSP53608 LrgSRR1AB100-23, BSA and PBS. (B) LrGtfC100-23
 at 20 

μg/mL final concentration was added to wells coated with LrSRRP100-23, LrSP53608 

LrgSRR1AB100-23 BSA and PBS. Experiments were performed in triplicate and binding by 

monitoring OD 450-570 nm following TMB hydrolysis by anti-his-HRP monoclonal antibodies. 
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3.2.5 LrGtfAB protein structures 

 
The Alphafold2 models revealed GT-B folds for both LrGtfA53608 (green) and LrGtfB53608 (blue) 

(Figure 3.8A). The typical Rossman folds forming the canonical ‘U’ shape was apparent for both 

enzymes. These models were superimposed with the existing crystal structure of the GtfAB 

tetramer from S. gordonii M99 strain (SgGtfABM99) co-crystallised with UDP-GlcNAc (PDB: 

59EU) (276). On inspection of the active site of LrGtfAB53608, the residues needed for catalysis 

(Glu413) or UDP binding (Lys342 and Arg337) were found to be conserved in LrGtfA53608 

(Figure 3.8B). LrGtfB53608 lacked these residues and the cleft itself was smaller (12Å) when 

compared to LrGtfA53608 (27.9 Å), as depicted in the molecular surface model representation 

(Figure 3.8C).  

LrGtfA53608 and LrGtfB53608 share 74% and 75% amino acid sequence identity with LrGtfA100-23 

and LrGtfB100-23, respectively. The structural model of LrGtfAB100-23 indicated a high structural 

homology to LrGtfAB53608, with conserved active site residues in LrGtfA100-23 (Glu418, Lys345, 

Arg342) (Figure 3.8D). In contrast, residues involved in catalysis, or UDP-sugar binding were 

absent in LrGtfB100-23. The cleft size of LrGtfB100-23 was smaller than LrGtfA100-23 at 15.4 and 24.6 

Å, respectively, whereas for the LrGtfAB53608 complex this was 12 and 27.9 Å for LrGtfB53608 and 

LrGtfA53608, respectively. 
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Figure 3.8 Alphafold2 structural model of the LrGtfAB complex. (A) LrGtfA53608 (green) and 

LrGtfB53608 (blue) cartoon structure representation generated using Alphafold2 superimposed 

with SgGTFABM99 crystal structure (59EU) in front view (276) (B) Close-up view of LrGtfA53608 

active site superimposed with SgGtfAM99 with key active residues labelled (Arg337, Lys342, 

Glu413) and UDP GlcNAc ligand. (C) Front view of LrGtfAB53608 as a molecular surface model 

with width of cleft (Å) highlighted in this conformation. (D) Front view of LrGtfAB100-23 with 

width of cleft (Å) highlighted in this conformation. 

 

3.3 Discussion 

 
Glycosylation is a critical step in preserving the structure and function of the accessory secretion 

cargo SRRP facilitated by the sequential addition of sugar moieties by GTs (207). Here, a 
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combination of X-ray crystallography, machine learning modelling (Alphafold2) and homology 

modelling approaches was used to structurally characterise L. reuteri GTs involved in the aSec 

system and subsequently guide biochemical determination of the mechanism underpinning their 

sugar-donor/acceptor substrate specificity. 

The first step in SRRP glycosylation is carried out by the GtfAB complex which catalyses O-

glycosylation of SRR regions by covalent attachment of the core GlcNAc moiety with the 

hydroxyl group of Ser/Thr residues (193). This was demonstrated in gram-positive pathogens 

such as S. gordonii, S. parasanguinis and S. agalactiae strains and more recently in L. reuteri 

ATCC 53608 and 100-23 strains where LrGtfAB was shown to add GlcNAc (222, 235, 279, 280). 

Genetic disruption of either gtfA or gtfB in S. gordonii M99 prevented platelet binding by the 

GspB SRRP adhesin required for pathogenesis due to a complete loss of glycosylation (281, 282).  

Here, structural modelling predicted that LrGtfAB is comprised of two GT-B type GTs with 

distinct substrate catalytic and acceptor recognition roles. Superimposition of LrGtfAB model to 

SgGtfABM99 complex bound to UDP-GlcNAc confirmed the presence of putative catalytic 

nucleophile (Glu) and UDP-sugar binding residues (Lys, Arg) in LrGtfA53608 and LrGtfA100-23 of 

LrGtfAB (276). These residues were shown to be required for catalysis and ligand binding in 

SgGtfAM99 by in vitro glycosylation assays (276). Glu has also been identified as a nucleophile in 

other characterised GTs from both prokaryotes (e.g., S. enterica serovar Typhi) and eukaryotes 

(Anemarrhena asphodeloides, or plants) (283, 284). Lys and Arg residues are also important 

components in UDP binding in a range of glyco-active enzymes, such as epimerases (285-287). 

In contrast to GtfAs, GtfBs from L. reuteri and S. gordonii strains lacked all of these key residues, 

which supports the auxiliary role of these proteins as acceptor recognition.  

Another interesting facet of the LrGtfAB complex relates to the predicted size and conformation 

of the cleft formed between the respective C- and N-terminal domains of the GTs. The size of 

binding clefts of both LrGtfB53608 and LrGtfB100-23, of 12 Å, and 15.4 Å, respectively in the 

structural predictions was larger than that reported for SgGtfBM99 at approximately 8 Å (276). The 

GtfA clefts were more structurally conserved between species as overall size and distances across 
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the clefts measured within 3 Å of each other (276). The reason for GtfB predicted cleft size 

discrepancies is unclear but may be due to structural differences in topography of Ser/Thr acceptor 

sites in SRRPs. In summary, L. reuteri GtfAB structural models provided further evidence that 

main residues are shared with pathogens in line with the conserved capacity of LrGtfAB to deposit 

the primary O-GlcNAc.  

The next step in L. reuteri SRRP glycosylation is carried out by LrGtfC, which introduces the 

strain-specific glycosylation pattern, whereby LrGtfC53068 shows a preference for UDP-GlcNAc 

and LrGtfC100-23 for UDP-Glc, respectively (235).  Here, the crystal structure of LrGtfC100-23 was 

solved in an apoenzyme and in UDP-bound or UDP-GlcNAc bound state. The protein crystallised 

as a tetramer and occupied P 21 21 21 space group, which is consistent with other GtfC structures 

available in the protein data bank i.e., Gtf3 of S. parasanguinis (SpGtf3FW213) (3QKW) and GtfC 

of S. agalactiae COH1 (SaGtfCCOH1) (4W6Q) (238, 288). The presence of UDP bound to the 

active site was consistent with previous work showing binding of LrGtfC100-23 to UDP, UDP-Gal, 

UDP-GlcNAc and most favourable binding with UDP-Glc using Thermofluor and STD NMR 

(235). As UDP-GlcNAc was not the preferred substrate of LrGtfC100-23, co-crystallisation may 

have been facilitated as it could be retained in the active site without being hydrolysed. Simulating 

the transition from ligand bound and unbound states demonstrated flexibility of the GT-B hinge 

region which is consistent with the reported mobility of GTs (264, 268). Additionally, several 

amino acid residues specific of LrGtfC53608 or LrGtfC100-23 in the active site were identified 

through superimposition with the homology model of LrGtfC53608 (generated based on the 

LrGtfC100-23 crystal structure). Residues differing in the active site of LrGtfC100-23 and LrGtfC53608 

were as follows: Leu174, Ser238 and Trp240 in LrGtfC100-23 corresponding to Phe174, Pro238 

and Cys240 in GtfC53608. Some of these are shared with SpGtf3FW213 (a glucosyltransferase) which 

has Phe172, Ser237 and Cys242 at the corresponding positions showing conservation across other 

GtfCs (289).  

Site-directed mutagenesis was used to validate the role of these residues in terms of the UDP-

sugar binding specificity of LrGtfC53608 and LrGtfC100-23. The change of Pro238 to Ser238 in 
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LrGtfC53608 induced a thermal shift in favour of UDP-Glc, as reported for LrGtfC100-23, indicating 

that Ser238 may facilitate UDP-Glc specificity (235). Conversely, mutation of Ser238 to Pro238 

in LrGtfC100-23 retained preference for UDP-Glc, suggesting that multiple residues facilitate UDP-

GlcNAc specificity. Following sequence analysis across L. reuteri strains analysed, only 

LrGtfC100-23 was found to possess Ser238, however, SpGtf3FW213 (which shares a preference for 

UDP-Glc) has a Ser at the same position as well as the other potential residues involved in ligand 

specificity in LrGtfC P238S53608 (Leu174, S238, C240). The only other mutation that induced a 

differential thermal shift compared to the WT enzymes, was W240C in LrGtfC100-23 which seemed 

to favour binding to both UDP-Glc and UDP-GlcNAc. Introduction of promiscuity has been 

achieved in various glycoengineering attempts in other GT systems (290, 291). Taken together, 

this approach showed that it may be possible to switch the substrate specificity of aSec GtfCs by 

the modification of a single amino acid, but multiple mutations may be required to induce further 

changes in UDP-Glc and UDP-GlcNAc specificities. 

The O-GlcNAc site of LrSRR regions is the proposed acceptor for LrGtfCs, however, it has been 

shown that glycan elongating GTs, like GtfC, can also recognise underlying polypeptide 

sequences of their acceptor (292). Based on ELISA binding assays, we showed that binding of 

LrGtfC53608 and LrGtfC100-23 was highest to the recombinant, partially glycosylated gSRR1100-23 

(i.e., glycosylated by LrGtfAB100-23) as compared to the fully glycosylated native LrSRRP53608 or 

LrSRRP100-23, or recombinant LrSP53608. The interaction between LrGtfC100-23 and LrgSRR1AB100-

23 was stronger than that of LrGtfC53608 with LrgSRR1AB100-23, suggesting that while the primary 

O-GlcNAc was the main acceptor irrespective of LrGtfC strain origin, there may be underlying 

interactions with the polypeptide backbone driven by host specificity influencing acceptor 

specificity.  The weaker binding observed with native LrSRRPs may be due to steric hindrance 

caused by further post translational modifications, i.e. further glycosylation having already 

occurred on the LrSRRP100-23 or O-acetylation, which can prevent over-glycosylation (217).   

 O-glycosylation systems are increasingly being discovered in a range of prokaryotes with 

glycoproteins diversifying from the traditional examples of S-layer proteins, flagellins or pilins 
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(293). The enormous variability present in the glycan structures from bacteria (often different 

from mammalian ones) and in the underlying GTs is accompanied with technical difficulties in 

isolating and analysing glycoproteins (294). This complexity is illustrated for example in the oral 

pathogen Porphyromonas gingivalis DPG3 by the glycosylation of fimbriae with fucose, xylose, 

mannose, Gal, Glc, N-acetylgalactosamine and GlcNAc residues as revealed by gas 

chromatography mass spectrometry (GC-MS) (295). Protein glycosylation is often linked with an 

organism’s ecological fitness, so GTs are likely to be under severe evolutionary pressure for the 

conservation of residues dictating donor-specificity, whereby single-nucleotide polymorphisms 

could have a major impact on recognition, as reported here for L. reuteri GtfCs. 

Future work should expand the range of LrGtfC mutants to identify the residues required for 

UDP-GlcNAc or UDP-Glc specificity. Whilst modification of W240C seems to have introduced 

promiscuity for both UDP-Glc and UDP-GlcNAc, the underlying reason for this is unclear. 

Further binding assays such as isothermal titration calorimetry (ITC) or biolayer interferometry 

(BLI) will help derive binding kinetics to validate these findings. Additionally, it would be of 

interest to determine the glycosylation profile of recombinant gSRR1s using LrGtfC mutants 

generated in this work. Finally, solving the crystal structure of ligand-bound LrGtfC mutants, 

such as LrGtfC P238S53608 in complex with UDP-Glc, would help identify the structural basis of 

ligand specificity.  
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4.1 Introduction 

 
Chaperones play a crucial role in many secretion systems in both prokaryotes and eukaryotes to 

mediate sequential processing and hierarchy within a secretion pathway (296, 297). Post-

translational modifications such as glycosylation, ubiquitination, prenylation, phosphorylation 

and acetylation are all processes carried out by bacteria, which greatly expand the diversity of the 

secreted proteome (298-300). In addition to the presence of GTs for glycosylation of SRRPs, the 

aSec system contains chaperones called accessory secretion proteins (Asps).  

Asp1, Asp2 and Asp3 have been extensively investigated in the pathogenic organisms S. gordonii 

M99 and S. pneumoniae TIGR4 where they are predicted to not only help traffic the SRRP to the 

secretion machinery, but also facilitate O-acetylation through the formation of an Asp1-Asp2-

Asp3 complex (216, 219). The crystal structures of SgAsp1M99, SgAsp1-Asp3M99 and SpAsp1-

Asp2-Asp3TIGR4 with partial degradation of C-terminal regions of Asp2 and Asp3 have been 

determined. (216, 217). These revealed an overall inactive GT-B type fold for SgAsp1M99 and 

predicted carbohydrate binding module (CBM) for SgAsp3M99, in line with their putative 

functions for the secretion of SRRP (GspB). SgAsp2M99 was proposed to be an O-acetyltransferase 

which will prevent potential over-glycosylation of the secretion cargo (218, 219). Additionally, it 

was reported that SgAsp1-Asp2-Asp3M99 and SpAsp1-Asp2-Asp3TIGR4 respectively form a 

complex and that SgAsp1M99 and SgAsp3M99 can interact with SgSecA2M99, suggesting a 

chaperoning function. Liposome co-flotation assays have also shown association of the SgAsp1-

Asp2-Asp3M99 complex with lipids, so to help modify and bring the SRRP to the secretion 

machinery at the cell membrane (217).  

This chapter reports the biochemical and structural analysis of Asp1, Asp2 and Asp3 from L. 

reuteri ATCC 53608 and 100-23 strains as individual components and in complex. 
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4.2 Results 

4.2.1 Production and analysis of recombinant LrAsps  

 
For the biochemical and structural characterisation of Asps encoded by the L. reuteri aSec operon, 

recombinant Asps from ATCC 53608 and 100-23 strains were produced heterologously in E. coli 

using the plasmids containing N-terminal his-tags for LrAsp153608, LrAsp253608, LrAsp353608, 

LrAsp2100-23 in pET28b, whereas LrAsp1-Asp2-Asp353608 (including intergenic regions) was 

cloned into pET15b. In addition, site-directed mutagenesis was performed to generate LrAsp2 

S349A53608 using the SPRIP protocol (237) (see section 2.3 for experimental details). 

Recombinant Asp WT and mutants were purified by nickel affinity chromatography (NiNTA) as 

his-tagged proteins. The apparent size of recombinant LrAsps proteins was shown by SDS-PAGE 

to be around 60 kDa for LrAsp153608, 58 kDa for LrAsp253608, LrAsp2S349A53608, LrAsp2100-23 and 

34 kDa for LrAsp353608, respectively (Figure 4.1AB). The recombinant protein consisting of 

LrAsp1-Asp2-Asp353608 was purified by NiNTA followed by size-exclusion gel filtration (SEGF) 

chromatography and analysed by native PAGE, suggesting the formation of a 1:1:1 LrAsp153608: 

LrAsp253608: LrAsp353608 complex at approx. 150 kDa (Figure 4.1CD).  
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Figure 4.1. Gel electrophoresis of purified recombinant LrAsp variants from L. reuteri 

ATCC 53608 and 100-23 strains. (A) Recombinant LrAsp153608, LrAsp253608 and LrAsp353608 

expressed from pET28b purified by NiNTA and analysed by SDS-PAGE (B) Recombinant 

LrAsp253608, LrAsp2S349A53608 and LrAsp2100-23 purified NiNTA and analysed by SDS-PAGE. 

(C) Recombinant LrAsp1-Asp2-Asp353608 purified by NiNTA and SEGF analysed by native 

PAGE. The gels were stained with coomassie (D) Recombinant LrAsp1-Asp2-Asp353608 purified 

by SEGF showing UV-absorption of eluting proteins. 

 

The yield of the purified recombinant LrAsp proteins varied between 1 mg to 6 mg with LrAsp1-

Asp2-Asp353608 complex showing the lowest yield (Appendix 3, supplementary Table S3.1).  

 

4.2.2 Structure and function of LrAsp1 

 
Asp1 has been attributed the role of chaperone in pathogenic aSec models, such as for S. gordonii 

M99 and S. pneumoniae TIGR4, due to structural similarities to carbohydrate binding proteins, 

lipid association and binding of GspB to SgAsp1M99 (217). To test the possible chaperoning 

function of LrAsp1, the binding of recombinant LrAsp153608 was tested against native LrSRRPs, 

the recombinant LrgSRR1AB100-23 and LrSP53508 (generated in section 3.2.4) by ELISA using anti-

his HRP fusion monoclonal antibody for detection (see 2.7.1 for experimental details).  Statistical 

inference by two-tailed student t-test was used to determine differences between conditions. 

LrAsp153608 bound significantly to both native LrSRRP53608 and LrSRRP100-23 when compared to 

BSA (p<0.0001, df=6, t=13.14 and p<0.0001, df=6, t=15.2, respectively) (Figure 4.2). However, 
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no statistically significant difference in binding was observed between LrAsp153608 and 

LrSRRP53608 and LrSRRP100-23 (p=0.09, df=6, t=2.2024), indicating that, in vitro, binding can 

occur irrespective of the strain origin of the secretion cargo. No binding could be determined 

between LrAsp153608 and the LrSP53608 or LrgSRR1AB100-23. The absence of binding between 

LrAsp153608 and partially glycosylated LrgSRR1AB100-23 suggests that interaction between 

LrAsp153608 and the SRRP may occur after O-glycosylation to facilitate the sequential processing 

in the aSec pathway, i.e., premature SRRPs are not bound, or chaperoned to the secretion 

complex. However, it cannot be excluded that the absence of binding was due to differences in 

glycosylation present on LrgSRR1AB100-23 compared to LrSRRP53608.  

 

Figure 4.2. ELISA-based binding assay between LrAsp153608 and LrSRRP components. 

LrAsp153608 at 15 μg/mL final concentration was added to wells coated with LrSRRP53608, 

LrSP53608, LrSRRP100-23, LrgSRR1100-23, BSA or PBS. Binding was determined by monitoring 

OD450-570nm following hydrolysis of TMB substrate by anti-his-HRP monoclonal antibodies (n=4). 

 

To elucidate the structural basis for LrAsp1 binding to LrSRRP, crystallisation of recombinant 

LrAsp153608 was attempted, but protein crystals could not be obtained in any of the conditions 
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tested which included screens of various precipitants, salts, and pH (see Table 2.6).  As a 

consequence, LrAsp153608 and LrAsp1100-23 structural models were constructed from sequence data 

using Alphafold2 (250, 301). LrAsp153608 and LrAsp1100-23 share 75% amino acid sequence 

identity, and both structures appeared highly similar, displaying the two typical Rossman folds 

consistent with GT-B glycosyltransferases (Figure 4.3AB). Both structures showed the presence 

of a flexible loop in the C-terminal domain (residues ~290-320 in LrAsp1), which has been 

highlighted as more disordered during model construction and does have some amino acid 

differences between LrAsp153608 and LrAsp1100-23, suggesting strain-specific determinants. 

However, no pattern or conservation of these particular residues within this loop could be 

determined when compared with LrAsp1 from other L. reuteri strains (not shown). 

Structural homology was overall conserved between LrAsp1 presented here and LrAsp1 X-ray 

crystal structures from pathogens (SgAsp1M99 and SpAsp1TIGR4) (Figure 4.3C) (216, 302), 

indicating that the structure-function relationship of LrAsp1 may be conserved across gram-

positive species.  

A chaperoning role for Asp1 was further evidenced by the structural homology of LrAsp1100-23 

and LrAsp153608 with LrGtfB of the aSec system, as shown upon superimposition of LrAsp1100-23 

and LrAsp153608 with the surface model of the LrGtfB53608 3D-model constructed previously 

(section 3.2.5) (Figure 4.3D).  As shown for LrGtfB53608, no catalytic residues characteristic of 

glycosyltransferases could be identified, suggesting that LrAsp153608 and LrAsp1100-23 may be 

involved in substrate recognition, i.e., binding of SRRPs through carbohydrate or protein 

interactions, rather than an enzymatic function. However, LrGtfB53608 structure models did not 

share the flexible C-terminal loop extension present in LrAsp1, and the predicted cleft opening 

highlighted above was wider in LrAsp153608 and LrAsp1100-23 (16 Å and 20 Å, respectively) 

compared to 12 Å in the LrGtfB53608 structural prediction, which may help accommodate the 

different sizes of O-glycan chains decorating SRRPs. 
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Figure 4.3. Alphafold2 structural models of LrAsp153608 and LrAsp1100-23. (A) Front-view of 

cartoon LrAsp153608 structural model (N-terminal domain in dark red, C-terminal domain in light 

red, C-terminal flexible loop in black) (B) Front-view of cartoon Asp1100-28 structural model (N-

terminal domain in dark green, C-terminal domain in light green, C-terminal flexible loop in 

black) (C) Superimposition of cartoon LrAsp153608, LrAsp1100-23 with surface-model 

representation of LrGtfB53608 (purple). (D) Superimposition of LrAsp153608, LrAsp1100-23, 

SgAsp1M99 (5VAF, black) and SpAsp1TIGR4 (6LNW, blue) (216, 302). 

 

4.2.3 Structure and function of LrAsp2 

 
Recombinant LrAsp253608 and LrAsp2100-23 were first tested for their acetylesterase activity in 

vitro. This also included a putative catalytic mutant LrAsp2S349A53608, which was generated 

based on structural homology with a Staphylococcus aureus O-acetyltransferase OatA catalytic 

domain crystal structure (6VJP) (303). Acetylesterase activity refers to the hydrolysis of an acetic-

ester using water releasing acetate and an alcohol, therefore it can be determined colorimetrically 

at 405 nm by monitoring pNP released from pNP-acetate cleavage quantified by using a pNP 

standard curve (Figure 4.4A). A velocity plot was derived as a function of substrate concentration 
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to determine kinetic parameters (Figure 4B, Table 4.1). Both recombinant LrAsp253608 and 

LrAsp2100-23 exhibited similar kinetic parameters with a kcat of 1.26 ± 0.0009 and 1.3 ± 0.0007, 

respectively. Furthermore, the catalytic mutant LrAsp2 S349A53608 showed loss of enzymatic 

activity, confirming S349 as the putative nucleophile for acetate-ester hydrolysis. 

 

Figure 4.4 LrAsp2 acetylesterase activity with pNP-acetate. (A) Standard curve of pNP 

absorbance at OD405nm used for quantification of pNP released during pNP-substrate hydrolysis. 

(B) Rate (mM/min pNP produced) of pNP-acetate hydrolysis by LrAsp253608 (in blue), LrAsp2100-

23 (in orange) and LrAsp2S349A53608 (in grey) with increasing pNP-acetate substrate 

concentrations (from 0.5 - 7.5 mM). Reactions were conducted in 96-well plates and incubated at 

25°C in HEPES pH 7.5, 200 mM NaCl. Mean rates were derived with 10 replicates and SD error 

bars are displayed. Blank reactions containing no LrAsp253608, or LrAsp2100-23 were used as 

negative controls. 

 

Table 4.1. Kinetic parameters of LrAsp253608 and LrAsp100-23 acetylesterase activity with 

pNP-acetate. 

Enzymes Kinetic parameters 

Vmax (µmol pNP/min) Km (µm) kcat (µmol/min/µmol) 

LrAsp253608 7.7 ± 0.04 162 ± 15 1.26 ± 0.0009 

LrAsp2100-23 7.8 ± 0.04 160 ± 11 1.3 ± 0.0007 

 

To test other potential acetyl-donors and inhibitors for LrAsp2, an indoxylacetate hydrolysis assay 

was established. Here, the activity of LrAsp253608, LrAsp2100-23 and LrAsp2S349A53608 was 

determined by monitoring the release of the indoxyl molecule which can be detected at OD375nm 

following the enzymatic hydrolysis of indoxylacetate. The concentration of indoxyl was 

calculated using the Beer-Lambert law (ε = 2.54 mM−1 cm-1). The reaction showed release of the 

indoxyl molecule for LrAsp253608 and LrAsp2100-23 (Figure 4.5A). LrAsp253608 Ser349A showed 

no acetylesterase activity. A velocity plot was derived as a function of substrate concentration to 

determine the kinetic parameters (Figure 4.5B, Table 4.2). Both LrAsp253608 and LrAsp2100-23 
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exhibited similar kinetic parameters with this substrate and a kcat of 3.13 ± 0.0019 and 3.25 ± 

0.0004 µmol/min/µmol, respectively. This suggests that the turn-over of indoxylacetate is faster 

than pNP-acetate (1.26 ± 0.0009 and 1.3 ± 0.0007 µmol/min/µmol), suggesting a preference for 

certain acetyl-donor. It should be noted that while buffer salt and pH were accounted for and kept 

the same during kinetics, indoxylacetate was solubilised in DMSO, whereas pNP-acetate was 

solubilised in ethanol which may have an influence on the enzymatic activity.  

Paraoxonethyl is a common inhibitor of acetylcholinesterases and irreversibly disrupts the 

hydrolytic activity by blocking the catalytic residue Ser of these enzymes (304). Addition of 

paraoxonethyl to the enzymatic reaction at 20 μM final concentration abolished acetylesterase 

activity of LrAsp253608 and LrAsp2100-23 (Figure 4.5A). To determine the potency of the inhibitor, 

LrAsp253608 kinetic parameters were measured on indoxylacetate with concentrations of 

paraoxonethyl ranging from 2.5 μM to 35 μM and the % of inhibition was derived as a function 

of the enzymatic rate without inhibitor (Figure 4.5C). The half-maximal inhibitory concentration 

(IC50) for paraoxonethyl acting on LrAsp253608 was calculated to be 11 ± 0.4 μM.  
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Figure 4.5. Rate of LrAsp2 acetylesterase activity with indoxylacetate. (A) Indoxylacetate 

hydrolysis LrAsp253608 (in blue), LrAsp2100-23 (in orange) and LrAsp2S349A53608 (in grey), as well 

as with 20 μM paraoxonethyl with LrAsp253608 (in yellow) and LrAsp2100-23 (light blue) monitored 

at OD305nm. (B) Rate (μM indoxyl produced per min) of indoxylacetate hydrolysis by LrAsp253608 

(in blue), LrAsp2100-23 (in orange) with increasing μM indoxylacetate substrate concentrations. 

Reactions were conducted in 96-well plates and incubated at 25°C in HEPES pH 7.5, 200 mM 

NaCl and 25 μM final concentration of LrAsp2. Mean rates were calculated from 3 replicates and 

SD error bars are displayed. (C) IC50 inhibitor kinetics with LrAsp253608 and paraoxonethyl. 

 

 

Table 4.2. Kinetic parameters of LrAsp253608 and LrAsp2100-23 acetylesterase activity with 

indoxylacetate. 

Enzyme Vmax (µmol 

indoxyl/min) 

Km (µm) kcat 

(µmol/min/µmol) 

LrAsp253608 1.88 ± 0.07 120 ± 9 3.13 ± 0.0019 

LrAsp2100-23 1.98 ± 0.08 121 ± 2 3.25 ± 0.0004 

 

To investigate the capacity of LrAsp253608 and LrAsp2100-23 to recognise LrSRRPs, binding of 

LrAsp253608
 and LrAsp2100-23 to immobilised targets was determined by ELISA following 

detection with an anti-his HRP fusion monoclonal antibody.  Statistical inference by two-tailed 
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student t-test was used to determine differences between conditions. No binding could be 

determined between LrAsp253608 or LrAsp2100-23 with native LrSRRPs from either strain (Figure 

4.6). This suggested that LrAsp2 O-acetylation may require interactions with other aSec proteins, 

or that the fully glycosylated and secreted LrSRRP was not suitable as a binding partner due to 

all available sites being already acetylated.  

 

Figure 4.6. ELISA-based binding assay between LrAsp253608 and LrAsp2100-23 and LrSRRPs. 

(A) LrAsp253608 at 15 μg/mL final concentration was added to well coated with LrSRRP53608, 

LrSRRP100-23, BSA and PBS. n=3. (B) LrAsp2100-23 at 15 μg/mL final concentration was added to 

well coated with LrSRRP53608, LrSRRP100-23, BSA or PBS. Binding was monitored at OD450-470 nm 

following TMB hydrolysis by anti-his-HRP monoclonal antibodies (n=3). 

 

Attempts were made to crystallise LrAsp253608 and LrAsp2100-23 using recombinant L. reuteri Asp2 

proteins (Figure 4.1B), but whilst crystals were found for LrAsp253608 and LrAsp2100-23, the quality 

of diffraction data was poor or resembled salt (Appendix 2, supplementary Figures S2.3 and S2.4).  

Instead, size exclusion small-angle scattering of X-rays (SEC SAXS) was utilised to determine 

the overall shape, size as well as electron density map of LrAsp253608 and help validate LrAsp253608 

and LrAsp2100-23 structural models constructed from sequence data using Alphafold2, which could 

then be fitted over a SAXS bead-model. 

SEC-SAXS combines size-exclusion gel filtration with X-ray scattering of macromolecules, 

whereby the scattered beam as a function of the scattering angle can provide information of 

overall structure, shape, and quaternary structure ab initio (305). The size-exclusion step enables 

separation of contaminants or larger aggregates which could otherwise interfere with the 

downstream analysis. The size-exclusion trace of LrAsp253608 showed the presence of some 
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additional peaks which may have occurred due to X-ray exposure or following transportation and 

storage at the beamline (Figure 4.7A). The buffer-baseline was identified for subtraction and a 

peak between 360-372 frames was identified for downstream analysis, which also agreed with the 

expected run-time for the size of LrAsp253608 (58 kDa). The scattering profile and Guinier fit 

analysis of the peak area indicated a compact, folded globular cytosolic protein (Figure 4.7BC). 

The Kratky-Plot which can qualitatively assess the degree of unfolding in the sample indicated 

strong likelihood of a folded, soluble LrAsp253608, as shown by the gaussian bell shaped 

distribution (Figure 4.7D). The P(r) function provided information on the shape and size of 

LrAsp253608 by providing an estimation of the maximum dimension (Dmax) from which 

molecular weight estimates were derived (Table 4.3). A slight tail end was observed when 

approaching Dmax, suggesting that some aggregation, albeit minor, may have occurred (Figure 

4.7E). Multiple size and shape calculations were taken into consideration with molecular weight 

from volume correlation providing an estimate of 58.9 kDa, in good agreement with the predicted 

molecular weight calculated from the LrAsp253608 amino acid sequence of 58 kDa (Table 4.3). A 

bead model of LrAsp253608 was also constructed using SAXS data and successfully fitted using 

an Alphafold2 generated model of LrAsp253608 (Figure 4.7F). The SAXS model confirmed that 

the recombinant LrAsp253608 was stable as a monomer and validated the Alphafold2 structural 

prediction.   

An Alphafold2 structural model of LrAsp2100-23 was also generated and superimposed onto the 

LrAsp253608 model (Figure 4.8A). Overall, there was a high structural homology between the two 

models with the proteins sharing 65% amino acid sequence identity. Both LrAsp253608 and 

LrAsp2100-23 models displayed two Swiss-roll folds containing β-sheets stacked in alternating 

orientations. On initial inspection of the LrAsp2, the catalytic residues governing acetylesterase 

activity in SgAsp2M99 could not be identified (Ser362, Glu452, and His482) (221).  However, 

guided by a Staphylococcus aureus O-acetyltransferase OatA (SaOatA) catalytic domain crystal 

structure (6VJP), an alternate set of catalytic residues was identified (Figure 4.8B) (303). These 

were Ser349, His470 and Asp472, which were found to be conserved between LrAsp253608 and 
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LrAsp100-23. The nucleophilic Ser349 pointed towards the deprotonating His470, which is 

consistent with the capacity of LrAsp2 to act as an O-acetyltransferase and with the loss of 

acetylesterase activity of the LrAsp2 S349A53608 mutant (Figure 4.4, Figure 4.5). 
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Figure 4.7. SAXS data summary for LrAsp253608. (A) Series intensity (blue, left axis) vs. 

frame, and Rg vs. frame (red, right axis). Green shaded regions are buffer regions, purple shaded 

regions are sample regions. (B) Scattering profile(s) on a log-lin scale. (C) Guinier fit(s) (top) and 

fit residuals (bottom). (D) Normalized Kratky plot. Dashed lines show where a globular system 

would peak. (E) P(r) function(s), normalized by I(0). (F) Fitted bead-model of LrAsp253608 using 

GNOM and Alphafold2 structure prediction of LrAsp253608. 
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Table 4.3. SAXS-derived properties of LrAsp253608. 

Molecular weight and shape calculation Molecular weight and shape estimate 

Molecular weight (Vp)  71.4 kDa 

Porod Volume  8.61𝑒4 𝐴3 

Molecular weight (Vc)  58.9 kDa 

Molecular weight (S&S)  64.3 kDa 

Shape (S&S) Compact 

Dmax (S&S) 110.1 

Molecular weight. (Bayes)  65.5 kDa 

Molecular weight (Bayes-Confidence Interval)  61.6 to 67.9 kDa 

 

 

 

Figure 4.8. Alphafold2 structural models of LrAsp253608 and LrAsp2100-23. (A) LrAsp253608 

(red) surface model and cartoon LrAsp2100-23 (green) superimposition. (B) Conserved catalytic 

triad (Asp472, His470, Ser349) in superimposed LrAsp253608, LrAsp2100-23  and SaOatA catalytic 

domain models (303). 

 

4.2.4 Structure and function of LrAsp3 

 
When comparing the Alphafold2 generated model of LrAsp3 with the partial crystal structures 

available for SgAsp3M99 (5VAE, black) and SpAsp3TIGR4(6LNW, blue), high structural homology 

of the β-sheet in the N-terminal domains was also apparent (216, 217) (Figure 4.9C). Tools to 

analyse protein topography and conserved motifs (TOPS, PROSITE) reported no structural 

analogues for comparison, nor identification of possible structure-function relationships (306, 
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307). However, the β-sandwich arrangement of LrAsp3 is a common feature found in 

carbohydrate-binding modules (CBM) classified in the CAZy database (www.cazy.org). 

Particularly Type C exo-CBMs for binding termini of glycans on shorter sugar ligands of 1-3 

monosaccharide units (e.g., reported in CBM9, CBM13, CBM32 families) best reflected the 

overall shape and features of LrAsp3, as opposed to planar or endo-CBMs accommodating longer 

sugar chains (Type A and Type B) (308, 309). However, none of the available structural models 

for those families could be used to accurately identify the family or class LrAsp3 belong to using 

superimposition or sequence analysis. Taken together, these data suggest that Asp3 is unique to 

aSec pathways with no structural analogues present in other secretion pathways or otherwise. It 

may also be that Asp3 functions by binding SRRP through protein-carbohydrate interactions only 

once part of the LrAsp1-Asp2-Asp3 complex.  

 

 

 

 

http://www.cazy.org)/


112 
 

 

Figure 4.9. Alphafold2 structural models of LrAsp353608 and LrAsp3100-23. (A) Front-view of 

cartoon LrAsp353608 superimposed with LrAsp3100-23 structural model (B) Front-view of cartoon 

LrAsp3100-23 structural model with LrAsp353608 surface model (C) Superimposition of surface 

model LrAsp353608 and LrAsp1100-23 with partial SgAsp3M99 (5VAE, black) and SpAsp3TIGR4 

(6LNW, blue) crystal structures (216, 219) 

 

4.2.5 Structure and function of LrAsp1-Asp2-Asp353608  

 
LrAsp1, LrAsp2 and LrAsp3 from L. reuteri ATCC 53608 were co-expressed in E. coli and 

purified as a 1:1:1 complex (Figure 4.1), as shown previously for SgAsp1-Asp2-Asp3M99 and 

SpAsp1-Asp2-Asp3TIGR4 (216, 217). The main predicted target of the LrAsp1-Asp2-Asp353608 

complex is the native SRRP secretion cargo, so to test its possible chaperoning function, the 

LrAsp1-Asp2-Asp353608 complex was purified and assessed as a binding partner for native 

LrSRRPs in vitro using biolayer interferometry (BLI) and ELISA assays.  

For the ELISA-binding assays, results showed a dose-dependent interaction between LrAsp1-

Asp2-Asp353608 and the native LrSRRP53608 with a two-fold increase in binding when LrAsp1-

Asp2-Asp353608 was used at 10 µg/mL as compared to 5 µg/mL (Figure 4.10). The binding 

appeared to be specific to LrSRRP, as no signal was detected against BSA, or when PBS was 
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used as a negative control. A higher response was observed for LrAsp1-Asp2-Asp353608 as 

compared to LrAsp153608, suggesting that the formation of the complex increased affinity of 

LrAsp153608 or that multiple interactions with other components, such as LrAsp353608, may result 

in increased binding.  

BLI was then used to calculate binding kinetic data and avidity constants. Amine-reactive 

biosensors (ARG2) allowed for amine-coupling of the native LrSRRP53608 and LrSRRP100-23 to the 

biosensor, while LrAsp1-Asp2-Asp353608 was used as the analyte. A baseline without analyte was 

used as a negative control and as a reference sensor to subtract shifts resulting in buffer response. 

There was an increased response following increasing LrAsp1-Asp2-Asp353608 concentrations 

which allowed for fitting the association and dissociation kinetics with LrSRRP53608 (Figure. 

4.11A-E). The same was repeated with LrSRRP100-23 immobilised to the biosensor (Figure 4.11F). 

The binding responses followed a similar pattern for LrSRRP100-23 and for LrSRRP53608. Steady-

state kinetic data showed a high-avidity interaction between LrAsp1-Asp2-Asp353608 and both 

LrSRRP53608 and LrSRPP100-23 with a final Kd of 2.3 𝑥 10−7 and 2.2 𝑥 10−7 M, respectively 

(Table 4.4).  
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Figure 4.10. ELISA-based binding assay between LrAsp1-Asp2-Asp353608 and LrSRRP53608. 

LrAsp1-Asp2-Asp353608 at 5 and 10 μg/mL final concentration was added to well coated with 

LrSRRP53608, BSA and PBS. Binding was determined following incubation of anti-his-HRP 

monoclonal antibodies and TMB substrate by measurement at OD450-570nm (n=8).  

 

 

 

Figure 4.11. Biolayer interferometry (BLI) binding between LrAsp1-Asp2-Asp353608 

complex and native LrSRRPs. (A) Immobilised LrSRRP53608 exposed to LrAsp1-Asp2-

Asp353608 (final concentration 75 nM) association and dissociation fitting. (B) Immobilised 

LrSRRP53608 exposed to LrAsp1-Asp2-Asp353608 (final concentration 100 nM) association and 

dissociation fitting. (C) Immobilised LrSRRP53608 exposed to LrAsp1-Asp2-Asp353608 (final 

concentration 150 nM) association and dissociation fitting. (D) Immobilised LrSRRP53608 exposed 

to LrAsp1-Asp2-Asp353608 (final concentration 200 nM) association and dissociation fitting. (E) 

Immobilised LrSRRP53608 exposed to LrAsp1-Asp2-Asp353608 (final concentration 250 nM) 

association and dissociation fitting. (F) Immobilised LrSRRP100-23 exposed to LrAsp1-Asp2-

Asp353608 (final concentration gradient 75 – 250 nM) association and dissociation fitting. (n=3) 
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Table 4.4 Kinetic parameters of LrAsp1-Asp2-Asp353608 and LrSRRP binding by BLI. 

Immobilised 

protein 

Analyte 

protein 

Kinetic parameters 

R2 Rmax Kd (M) 

LrSRRP53608 

LrAsp1-Asp2-

Asp353608 

0.84 0.174 ± 0.01 2.3 𝑥 10−7 ± 

9.1 𝑥 10−9 

LrSRRP100-23 0.79 0.172 ± 0.03 2.2 𝑥 10−7 ± 

1.1 𝑥 10−8 

 

To investigate the potential effect of the LrAsp1-Asp2-Asp353608 complex on LrAsp253608 

acetylesterase activity, kinetic parameters were determined using pNP-acetate as a substrate. A 

velocity plot was derived as a function of substrate concentration allowing for calculation of 

kinetic parameters (Figure 4.12, Table 4.5). When accounting for the final stoichiometry of 

LrAsp253608 that is part of the LrAsp1-Asp2-Asp353608 complex, the specific activity was found to 

be 10-fold higher in complex than as a monomer (12.7 ± 0.008 to 1.26 ± 0.0009 respectively). 

LrAsp153608 and LrAsp353608 were also tested for activity, but no pNP-acetate hydrolysis could be 

detected (not shown).  Taken together these data suggest that the formation of the LrAsp1-Asp2-

Asp353608 complex increases LrAsp253608 acetylesterase activity, which may be due to increased 

stability or increased binding to the substrate.  

 

Figure 4.12.  LrAsp1-Asp2-Asp353608 acetylesterase activity with pNP-acetate.  Rate (mM pNP 

produced per min) of pNP-acetate hydrolysis by LrAsp1-Asp2-Asp353608 (in blue), with increasing 

concentration of pNP-acetate substrate. Reactions were conducted in 96-well plates and incubated 

at 25°C in HEPES pH 7.5, 200 mM NaCl. Mean rates were derived from 5 replicates and SD 

error bars are displayed.  
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Table 4.5. Kinetic parameters of LrAsp1-Asp2-Asp3 acetylesterase activity with pNP-

acetate as a substrate. 

Protein (s) Kinetic parameters 

pNP-acetate indoxylacetate 
Vmax 

(µmol 

pNP/min) 

Km 

(µm) 

kcat 

(µmol/min/µmol) 

Vmax 

(µmol 

pNP/min) 

Km 

(µm) 

kcat 

(µmol/min/µmol) 

LrAsp253608  7.7 ± 0.04 162 ± 

15 

1.26 ± 0.0009 1.88 ± 

0.07 

120 

± 9 

3.13 ± 0.0019 

LrAsp2100-23  7.8 ± 0.04 160 ± 

11 

1.3 ± 0.0007 1.98 ± 

0.08 

121 

± 2 

3.25 ± 0.0004 

LrAsp1-

Asp2-

Asp353608  

9.12 ± 

0.09 

362 ± 

35 

12.7 ± 0.008 ND ND ND 

SpAsp1-

Asp2-

Asp3TIGR4  

4.79 (216) 957.61 

(216) 

ND ND ND ND 

 

 

Despite several attempts, crystals that formed of the LrAsp1-Asp2-Asp353608 complex did not 

diffract (Appendix 2, supplementary Figure S2.5). SEC-SAXS was performed, revealing a size-

exclusion trace with a split peak, suggesting some degradation of LrAsp1-Asp2-Asp353608 over 

exposure, during transportation and storage to the beamline, or the presence of different LrAsp1-

Asp2-Asp353608 oligomerisations (Figure 4.13A). Minor adjustments were made to the buffer 

baseline and the peak between 320-330 frames was identified for downstream analysis, also 

corresponding to the expected run-time for size of LrAsp1-Asp2-Asp353608 (150 kDa). Scattering 

profile and Guinier fit analysis of the peak area were indicative of a compact, folded globular 

cytosolic protein (Figure 4.13BC). The Kratky-Plot which can qualitatively assess the degree of 

unfolding in the sample reported the strong likelihood of a folded, soluble LrAsp1-Asp2-

Asp353608, as shown by the gaussian bell shaped distribution (Figure 4.13D). The P(r) function 

provided information about the shape and size of LrAsp1-Asp2-Asp353608, estimating the 

maximum dimension (Dmax) from which molecular weight estimates were determined. A slight 

tail end was observed when approaching Dmax, suggesting that some aggregation, albeit minor, 

may have occurred (Figure 4.13E). Multiple size and shape calculations were taken into 

consideration with the Bayes estimation predicting the LrAsp1-Asp2-Asp353608 to be between 
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127.5 to 151.4 kDa (Table 4.6), in agreement with the calculated 152 kDa based on the amino 

acid composition. A bead model of LrAsp1-Asp2-Asp353608 was also constructed using SAXS 

data, showing electron-density maps likely corresponding to one LrAsp153608 monomer, one 

LrAsp253608 monomer and one LrAsp353608 monomer. This provided guidance to build the 

LrAsp1-Asp2-Asp353608 complex using the Alphafold2 generated models of the individual 

component proteins (Figure 4.13F). 

The LrAsp1-Asp2-Asp353608 model was further analysed to investigate how the different subunits 

may interact with each other (Figure 4.14A). It was apparent that all three Asps have a possible 

interface with one another. Of particular interest was that the LrAsp253608 catalytic triad (Ser349, 

His470, Asp472) was within 14.5 Å of a flexible loop in LrAsp153608, suggesting that LrAsp153608 

may facilitate the binding and orientation of the glycosylated SRRP for O-acetylation by 

LrAsp253608 (Figure 4.14B).  
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Figure 4.13. SAXS data summary for LrAsp1-Asp2-Asp353608 (A) Series intensity (blue, left 

axis) vs. frame, and Rg vs. frame (red, right axis). Green shaded regions are buffer regions, purple 

shaded regions are sample regions. (B) Scattering profile(s) on a log-lin scale. (C) Guinier fit(s) 

(top) and fit residuals (bottom). (D) Normalized Kratky plot. Dashed lines show where a globular 

system would peak. (E) P(r) function(s), normalized by I(0). (F) Fitted bead-model of Asp253608 

using GNOM and Alphafold2 structure prediction of LrAsp1-Asp2-Asp353608 (LrAsp153608 in 

yellow, LrAsp253608 in green, LrAsp353608 in blue) 
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Table 4.6. SAXS-derived properties of LrAsp1-Asp2-Asp353608. 

Molecular weight and shape calculation Molecular weight and shape estimate 

Molecular weight (Vp)  158.4 kDa 

Porod Volume [𝐴3] 1.91𝑒5𝐴3 

Molecular weight (Vc)  131.5 kDa 

Molecular weight (S&S)  134 kDa 

Shape (S&S) Compact 

Dmax (S&S) 148.8 

Molecular weight (Bayes)  138.2 kDa 

Molecular weight (Bayes-Confidence Interval)  127.5 to 151.4 kDa 

 

 

Figure 4.14. Alphafold2 structural model of LrAsp1-Asp2-Asp353608 complex. (A) Cartoon 

and molecular surface representation of the LrAsp1-Asp2-Asp353608 complex (LrAsp153608 in 

yellow, LrAsp253608 in green and LrAsp353608 in blue) (B) Distance between LrAsp253608 

catalytic residues and LrAsp153608 flexible C-terminal loop. 
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4.3 Discussion 

 
Cytosolic processing of the secretion cargo by chaperoning and post-translational modifications 

are common features of secretion pathways including the aSec system (185, 263, 300). Here, 

biochemical, and biophysical approaches, including machine learning modelling (Alphafold2) 

and SAXS, were used to investigate the structure and function of Asps involved in the L. reuteri 

aSec pathway. 

The oligomeric state of LrAsp153608, LrAsp253608 and LrAsp353608 was shown to be a 1:1:1 

LrAsp1:Asp2:Asp353608 complex by native-PAGE and SEC-SAXS. SEC-SAXS provides three-

dimensional low resolution structures ab initio and is a useful tool when crystallisation of proteins 

is not possible due to protein flexibility, stability or unusual oligomerisations (305). Alphafold2 

has shown unprecedented levels of accuracy in modelling single chain protein structures and is 

able to compute large multimeric protein complexes (310-312). As a result, it offers the most 

reliable methodology in terms of in silico protein structural prediction despite bias towards protein 

conformations that are prone to crystallisation (as a result of relying on PDB as a training 

database) (313). Here, Alphafold2 was used to generate models of LrAsp1, LrAsp2 and LrAsp3 

from L. reuteri ATCC53608 and 100-23 strains. Due to increasing complexity of multimers and 

reduced representation in structural databases compared to monomers, experimental approaches 

like SAXS can help validate protein complex structural predictions and provide statistical 

confirmation of likelihood of fit. Here, the resulting bead model enabled virtual assembly of the 

LrAsp1-Asp2-Asp353608 complex using Alphafold2 generated models of the individual 

components. As the structural homology between Asps of L. reuteri ATCC 53608 and 100-23 

strains are very high, a similar oligomerisation is anticipated for LrAsp1-Asp2-Asp3100-23 strains. 

Despite incomplete resolution of Asp2 and Asp3 in recombinant Asp1-Asp2-Asp3 crystal 

structures from S. gordonii M99 and S. pneumoniae TIGR4 strains, a similar oligomerisation and 

orientation of the individual Asps was apparent (216, 217).  

Here, the structural modelling of LrAsp2 and LrAsp3 from L. reuteri ATCC 53608 and 100-23 

strains helped piece together missing structural data on C-terminal regions of Asp2 and Asp3 in 
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gram-positive bacteria. For example, we predicted that the C-terminal catalytic triad of L. reuteri 

Asp2 utilises Ser, His, Asp which was shared with S. aureus acetyltransferase OatA (303). Thus, 

a similar reaction mechanism can be proposed whereby the carboxyl group of Asp472 forms a 

salt bridge with a nitrogen atom in the imidazole ring of His470. In turn, this would enable His470 

to deprotonate Ser349, creating a nucleophilic attack on the carbonyl carbon of the acetyl donor 

molecule. In this scenario, local residues at the active site would form an oxyanion hole that 

stabilises the transition state, which will then collapse into a covalently bound acetyl-enzyme 

intermediate. In SgAsp2M99, sequence alignment suggests the presence of a Glu instead of Asp in 

LrAsp2, but which may play similar roles. The significance of these differences in catalytic 

residue composition across gram-positive species may reflect specificities towards the target 

SRRP as opposed to acetyl-donor substrates, since the diversity of potential acetyl donors has 

been reported to be quite low with acetyl phosphate being suggested as a high-energy donor across 

many bacterial systems (314, 315).   

The acetylesterase activity of LrAsp2 was characterised as a monomer and as part of the LrAsp1-

Asp2-Asp353608 complex. Both pNP-acetate and indoxylacetate were found to be acetyl-donor 

substrates for LrAsp253608 in vitro. LrAsp253608 showed highest enzymatic rate when part of the 

LrAsp1-Asp2-Asp353608 complex using pNP-acetate as a substrate (Table 4.5). This 10-fold 

difference in activity between LrAsp253608 and LrAsp1-Asp2-Asp353608 suggested that formation 

of the complex is important for the enzyme activity. Comparable constants have been derived for 

SpAsp1- Asp2- Asp3TIGR4, but no kinetic parameters are available for SgAsp1-Asp2-Asp 3M99 

(216, 217).  

Paraoxonethyl was identified as an inhibitor of LrAsp253608 acetylesterase activity. Paraoxonethyl 

is commonly used as one of the most potent pesticides available and acts as a acetylcholinesterase 

inhibitor, thus being a nerve agent (304). It targets the active site where it irreversibly binds to the 

nucleophilic Ser needed for hydrolysis (304). While it is not suitable for drug use in the context 

of inhibiting pathogenic Asp2s due to its high toxicity, the indoxylacetate based assay reported 
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here for LrAsp2 may be used for screening less toxic analogues of paraoxonethyl that may absorb 

at the same wavelength as pNP. 

In contrast to LrAsp2, LrAsp1 and LrAsp3 did not show enzymatic activity on these substrates in 

the conditions tested. This was reflected by the predicted structures of LrAsp1 and LrAsp3 from 

ATCC 53608 and 100-23 strains, whereby LrAsp1 formed the U-shaped canonical form of GT-

B type glycosyltransferases but lacked any of the catalytic residues involved in the glycosylation 

reaction, as also reported for LrGtfB (276). A recognition function could be confirmed for 

LrAsp153608 as it bound the native glycosylated LrSRRPs of both L. reuteri ATCC 53608 and 100-

23 strains equally in binding assays in contrast to monomeric LrAsp253608 and LrAsp2100-23 which 

were unable to bind LrSRRPs in vitro. Recombinant LrAsp353608 appeared stable only when part 

of LrAsp1-Asp 2-Asp 353608 , as also reported for recombinant SgAsp353608, and thus could only 

be biochemically characterised as part of the complex (217).  

For SgAsp1M99, SgAsp2 M99 and SgAsp3 M99, site-directed mutagenesis of key residues (such as 

catalytic Ser362 of SgAsp2M99) and gene insertion deletions have been shown to drastically affect 

SgGspBM99 secretion and glycosylation, which is consistent with the capacity of Asps to interact 

with SRRP, but no binding kinetics of aSec components are available to date across gram-positive 

bacteria (217). Here, the binding kinetics for LrAsp1-Asp2-Asp353608 were determined, showing 

nanomolar-avidity towards LrSRRPs irrespective of the strain origin. Avidity was preferred to 

affinity, which is specific to a single binding site, because it is unclear which parts of the LrAsp1-

Asp2-Asp353608 complex bound LrSRRP and multiple interactions are likely to occur.  Protein-

carbohydrate interactions may be mediated by GT-like LrAsp153608 or by the potential CBM in 

LrAsp353608. However, it is possible that protein-protein interactions may also occur to facilitate 

high avidity interactions, considering cross-strain binding of LrSRRPs in vitro in spite of strain-

specific glycosylation (235, 316). In type III secretion systems, the chaperone FlgN in S. 

typhimurum MM9001 has been shown to have nanomolar affinity for substrates FlgK and FlgL 

to prevent aggregation and proteolysis of the secretion cargo (317). However, LrAsp1-Asp2-

Asp353608 also performs O-acetylation in addition to a chaperoning role, so it is possible that 
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conformational changes upon acetylation allow for decoupling of the LrAsp1-Asp2-Asp3 

complex from the LrSRRP to facilitate further post-translational modification of the SRRs.  

In summary, our biochemical and structural analysis of the recombinant LrAsps revealed 

acetylesterase activity of LrAsp2 as a monomer and as part of the LrAsp1-Asp2-Asp353608 

complex and binding interactions of LrAsp1 as a monomer and as part of the LrAsp1-Asp2-

Asp353608 complex with LrSRRPs. Formation of the LrAsp1-Asp2-Asp353608 complex 

demonstrated the best functional capacity in vitro, suggesting its probable native oligomeric state. 

Insights into the Alphafold2 structure of LrAsp1-Asp2-Asp353608 constructed using SAXS model 

confirmed a 1:1:1 oligomerisation and provided novel information on LrAsp253608 and LrAsp353608 

C-terminal domains, as well as proximity of the LrAsp253608 catalytic site and LrAsp153608 mobile 

loop structure close to the binding cleft. A new substrate and inhibitor have been tested for 

LrAsp253608. Furthermore, avidity binding kinetics derived for the secretion complex with the 

native substrate irrespective of strain-specific glycosylation of SRRPs. 

Future work on LrAsp1-Asp2-Asp3 is required to determine specific sites of interaction between 

aSec components and LrSRRPs.  Nuclear magnetic resonance (NMR) based techniques can be 

used to monitor the transfer of the acetyl group from donor to O-glycan and to determine binding 

partners or epitopes in complement of the thermal shift and enzymatic assays used in this work.  

NMR could also help explore structurally which regions of LrAsp1 and LrAsp3 are binding 

LrSRRPs. Such information is needed to advance our understanding of the cytosolic steps 

occurring to O-acetylate as well as chaperone LrSRRP to the cell membrane. Additionally, due 

to the conserved nature of the Asp1-Asp2-Asp3 complex across gram-positive bacteria, this 

research could provide targets of pharmacological interest for therapeutics targeting aSec systems 

of pathogenic bacteria.  
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Chapter 5 Structure and function of aSec 

translocation machinery proteins of L. 
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5.1 Introduction 

The aSec translocation machinery at the cell membrane is predicted to be comprised of SecA2, 

SecY2, Asp4, Asp5, due to sequence homology with its Sec pathway paralogues SecA, SecY, 

SecE and SecG (182) (see section 1.3.1) . Here, SecA2 is the motor-ATPase providing energy for 

active transport and SecY2 plays the role of a transmembrane protein forming the pore for the 

SRRP to traverse the cell membrane (185, 318). The roles of Asp4 and Asp5 are poorly 

understood but, based on their similarity to SecE and SecG, they are likely membrane proteins 

with a high percentage of exposed hydrophobic residues involved in assembly of the secretion 

complex as well as insertion into the cell membrane. 

Out of the components of the aSec translocation machinery in pathogenic gram-positive bacteria, 

SecA2 has been characterised the most. It is a cytoplasmic enzyme but has also been shown to 

interact with membrane lipids in S. gordonii M99 in order to localise with the other aSec proteins 

(SecY2, Asp4) (189). At a biochemical level, the ATPase activity of recombinant SecA2 proteins 

from S. gordonii M99 (SgSecA2M99), S. gordonii DL1 (SgSecA2DL1), C. difficile 630 

(CdSecA2630) and M. tuberculosis H37Rv (MtSecA2H37Rv) have been reported (188, 189, 318, 

319). Monomeric 3D-crystal structure of CdSecA2630 and MtSecA2H37Rv have been solved by X-

ray crystallography, however the native structural form of aSec SecA2 remains controversial. In 

the Sec system, both monomeric and dimeric forms of SecA have been reported from various 

bacterial species including E. coli K12 (EcSecAK12) and T. thermophilus HB8 (TtSecAHB8) (320, 

321). In other secretion systems, structural data for SecA2 are limited to SecA1/SecA2-dependent 

systems, which have different secretory targets and utilise the SecY of the Sec system, as opposed 

to SRRP and SecY2 of the aSec system (137, 188). SgSecA2M99 has also been shown to interact 

with cytosolic proteins of the aSec system such as Asp2 and Asp3 (322). It has also been reported 

that SecA2 is important for aSec mediated transport of SRRPs, whereby deletion mutations of 

SecA2 ked to loss of biofilm formation in pathogens (S. pneumoniae TIGR4, L. monocytogenes 

EGD-e) and gut symbiont L. reuteri 100-23C alike (207, 323, 324).  
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SecY2, Asp4 and Asp5 have been expressed recombinantly in S. gordonii DL1 where they have 

been shown to form a complex (318). So far, all structural properties of the SecY2-Asp4-Asp5 

complex have been derived from homology modelling and bioinformatics analysis based on 

existing crystal structures of the SecYEG complex (127). At a biochemical level, it been shown 

that the ATPase activity of recombinant SgSecA2DL1 increases four-fold when part of SgSecY2-

Asp4-Asp5DL1 complex (318). Interestingly, many L. reuteri strains including ATCC 53608 and 

100-23 do not encode Asp5, suggesting a functional redundancy in these auxiliary proteins, or 

differences in the L. reuteri membrane translocation machinery assembly.  

This chapter reports the biochemical and structural analysis of SecA2, SecY2 and Asp4 from L. 

reuteri ATCC 53608 and 100-23 strains as individual components and in complex. 

5.2 Results 

5.2.1 Production and analysis of recombinant translocation proteins from L. 

reuteri aSec system 

 

For the biochemical and structural characterisation of SecA2, SecY2 and Asp4 encoded by the L. 

reuteri aSec operon, recombinant proteins from ATCC 53608 and 100-23 strains were produced 

heterologously in E. coli using the plasmids containing N-terminal his-tag fusions for 

LrSecA253608, LrSecY253608, LrSecA2100-23 in pET28b, whereas the LrSecA2-SecY2-Asp453608 

complex was encoded by two plasmids with LrSecA2-SecY253608 cloned into pETDUET-1 and 

LrAsp453608 cloned in pET15b for co-expression. In addition, site-directed mutagenesis was 

performed to generate LrSecA2K114A53608 using the SPRIP protocol (see 2.3 for experimental 

details) (237). 

Recombinant aSec secretion machinery proteins were purified by nickel affinity chromatography 

(NiNTA) as his-tagged proteins. In the case of WT and mutant LrSecA2 proteins, the his-tags 

were also removed following thrombin cleavage for X-ray crystallography. Removal of the 

purification tag could not be performed with LrSecY253608 due to incompatible cleavage sites. The 

apparent size of the purified recombinant proteins was shown by SDS-PAGE to be approx. 90 
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kDa for LrSecY253608, LrSecA253608 and LrSecA2K114A53608, and 43 kDa for LrSecY253608, 

respectively (Figure 5.1AB).  

 

Figure 5.1 Gel electrophoresis of purified recombinant WT and mutant aSec translocation 

machinery proteins from L. reuteri ATCC 53608 and 100-23. (A) Recombinant LrSecY253608 

purified by NiNTA and analysed by SDS-PAGE. (B) Recombinant LrSecA253608, LrSecA2100-23, 

LrSecA2 K114A53608 purified by NiNTA followed by his-tag removal by thrombin cleavage and 

analysed by SDS-PAGE. Gels were stained with Coomassie.  

 

To purify the recombinant LrSecA2-SecY2-Asp453608 complex, the use of 3 mM CHAPS 

detergent during the lysis step was essential to yield a soluble complex. This may be due to the 

zwitterionic detergent solubilising the exposed hydrophobic surfaces of LrSecY253608 and 

LrAsp453608, allowing for the whole complex to remain in solution for further purification steps.  

The recombinant complex was purified by NiNTA as a his-tagged protein followed by size-

exclusion gel filtration (SEGF) (Figure 5.2AB). The elution at 59 mL using the Superdex200 

column was consistent with a protein of apparent size between 158 and 440 kDa (Figure 5.2A). 
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This fraction was further analysed by SDS-PAGE, showing bands corresponding to the expected 

sizes for LrSecA253608, (90 kDa) and LrSecY253608 (45 kDa), based on their amino acid sequences 

(Figure 5.2B). Some aberrant gel migration or degradation was apparent, highlighted by the 

presence of two close bands for each predicted protein component. LrAsp453608 had an expected 

size of 10 kDa, from the amino acid sequence, so it may be that the band just above the 15 kDa 

marker represents a dimerised form of LrAsp453608. The fraction was also analysed by native-

PAGE which showed a band just above the 242 kDa marker, which could suggest the following 

composition based on the theoretical mass of the individual proteins: dimeric LrSecA253608 (180 

kDa), monomeric LrSecY253608 (45 kDa) and dimeric: LrAsp453608 (20 kDa), resulting in a 245kDa 

complex (Figure 5.2C). 

The yield of recombinant LrSecA2 proteins was around 6 mg/L culture while membrane 

associated LrSecY253608 was around 3 mg/L and the LrSecA2-SecY2-Asp453608 was further 

reduced to approx.0.8 mg/L (Appendix 3, supplementary Table S3.1).  
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Figure 5.2. Purification of the recombinant LrSecA2-SecY2-Asp453608. Recombinant 

LrSecA2-SecY2-Asp453608 purified by NiNTA and SEGF (A) SEGF trace of LrSecA2-SecY2-

Asp453608 with main peak eluted at 59 mL (B) LrSecA2-SecY2-Asp453608 analysed by SDS-PAGE 

(C) LrSecA2-SecY2-Asp453608 analysed by native-PAGE. Gels were stained with Coomassie 

instant-blue. Yellow boxes highlight bands corresponding to expected sizes for the aSec 

translocon components, or complex. 

 

5.2.2 Structure and function of LrSecA2 

SecA2 has been identified as the motor-ATPase of the aSec system, facilitating transport of the 

SRRP across the cell membrane via SecY2. The energy for transport has been identified to derive 

from the hydrolysis of high energy phosphoanhydride bonds like ATP to ADP + Pi. Here, a 

malachite green assay was used to colorimetrically detect free Pi released from hydrolysis of ATP 

and GTP by recombinant LrSecA2 variants. This also included a putative catalytic mutant 
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LrSecA2 K114A53608, which was targeted for site-directed mutagenesis based on structural and 

sequence homology with EcSecAK12 (6GOX), where the corresponding catalytic Lys residue of 

the Walker A motif conserved in ATPases was identified and validated by site-direct mutagenesis 

and enzymatic characterisation (127).  

Phosphate was quantified using an external standard curve (Figure 5.3A). A velocity plot was 

derived as a function of ATP/GTP substrate concentration to determine kinetic parameters (Figure 

5.3BC, Table 5.1). LrSecA2100-23 hydrolysed ATP at a faster rate than LrSecA253608 with a kcat of 

5.6 ± 0.2 and 5.3 ± 0.1 nmol/min/nmol, which was also statistically significantly different (t=3.00, 

df=8, p=0.0171). Both LrSecA2100-23 and LrSecA253608 hydrolysed GTP at the same rate with a 

kcat of 4.1 nmol/min/nmol. The differences in Km and rates between using ATP and GTP as a 

substrate are summarised in Table 5.1. Overall LrSecA2s showed a preference for ATP although 

both ATP and GTP could be utilised in vitro. Furthermore, the LrSecA2 K114A53608 mutant 

showed a loss of enzymatic activity, confirming K114 as the putative catalytic residue in the 

LrSecA2 Walker A motif. 
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Figure 5.3 LrSecA2 ATP/GTPase enzymatic activity using the malachite green assay. (A) 

Phosphate standard curve for quantification of free phosphates detected at OD610nm. (B) Rate (μM 

Pi produced per min) of ATP hydrolysis by LrSecA253608 (blue) and LrSecA2100-23 (orange) with 

increasing ATP concentrations (0-750 μM). (C) Rate (μM Pi produced per min) of GTP hydrolysis 

by LrSecA253608 (blue) and LrSecA2100-23 (orange) with increasing GTP concentrations (0-750 

μM). (D) Pi (μM) released per min of ATP hydrolysis by LrSecA253608 and LrSecA253608K144A. 

Reactions were conducted in 96-well plates and incubated at 25°C in HEPES pH 7.5, 200 mM 

NaCl, 1 mM MgCl2. Mean rates were derived with 5 replicates and SD error bars are displayed. 

Blank reactions containing no LrSecA253608, or LrSecA2100-23 were used as negative controls. 

 

Table 5.1 Kinetic parameters of LrSecA2 ATP/GTPase activity. 

Protein Kinetic parameters 

ATP GTP 

Vmax (µmol 

pNP/min) 

Km 

(µm) 

kcat 

(nmol/min/nmol) 

Vmax (µmol 

pNP/min) 

Km 

(µm) 

kcat 

(µmol/min/µ

mol) 

LrSecA253608 1.06 ± 0.4 187.8 

± 9.3 

5.3 ± 0.1 0.813 ± 0.1 232 ± 

6.2 

4.1 ± 0.08 

LrSecA2100-23 1.12 ± 0.3 175.3 

± 11 

5.6 ± 0.2 0.818 ± 0.1 229 ± 

5.1 

4.1 ± 0.09 

 

To test possible associations between LrSecA2s and aSec components, the binding of 

LrSecA253608 and LrSecA2100-23 was tested against native LrSRRP53608 and LrSRRP100-23 as well 

as recombinant aSec proteins produced previously, LrAsp153608, LrAsp253608 and LrAsp1-Asp2-

Asp353608 (see section 4.2.1) and LrGtfC53608 (see section 3.2.1). Binding was detected by ELISA 
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using an anti-his HRP fusion monoclonal antibody. Statistical inferences were made by two-tailed 

student t-tests to determine any significant differences between conditions. 

LrSecA253608 was shown to bind to LrSRRP53608, LrSRRP100-23, LrAsp153608, LrAsp253608, and 

LrAsp1-Asp2-Ap353608 (Figure 5.4A). Differences in the binding of LrSecA253608 to LrSRRP 

proteins were not statistically significant (p=0.95, t=0.07, df=10), indicating that interactions 

between the aSec secretion motor ATPase and the secretion cargo was highly conserved.  

LrSecA253608 did not bind LrGtfC53608. LrSecA2100-23 was shown to bind both LrSRRP53608 and 

LrSRRP100-23, but the binding responses were not statistically different from one another (p=0.92, 

t=0.109, df=10). Taken together, these data suggest that in vitro associations between LrSecA2 

can occur with LrSRRPs irrespective of the strain origin of the secretion cargo. The interactions 

demonstrated here between LrSecA253608 and LrAsp proteins as monomers and as part of the 

LrAsp1-Asp2-Asp353068 complex support the hypothesis that cytosolic LrAsp proteins have a 

chaperone function orientated towards the secretion machinery, and that these cytosolic 

components of the aSec system may even form larger complexes to facilitate the post-translational 

modification as well as transport of the SRRP.  
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Figure 5.4 ELISA-based binding assay between LrSecA2s and LraSec components. (A) 

LrSecA253608 at 10 µg/mL final concentration was added to wells coated with LrSRRP53608, 

LrSRRP100-23, BSA or PBS. LrSecA253608 without his-tag was coated to wells and then 5 µg/mL 

final concentration recombinant LrAsp153608, LrAsp253608, or LrAsp1-Asp2-Asp353608 (B) 

LrSecA2100-23 at 10 µg/mL final concentration was added to wells coated with LrSRRP53608, 

LrSRRP100-23, BSA or PBS. Binding was monitored at OD450-570nm following hydrolysis of TMB 

by HRP-conjugated anti-his monoclonal antibodies. (n=6). 

 

It was attempted to crystallise recombinant forms of LrSecA2 as apoprotein and in ligand 

complexes, but these trials were unsuccessful (Appendix 2, supplementary Figure S2.6, and 

Figure S2.7). Due to the lack of crystals suitable for LrSecA2s for X-ray crystallography, 

Alphafold2 structural models of monomeric LrSecA253608 and LrSecA2100-23 were generated and 

analysed (Figure 5.5AB). LrSecA253608 and LrSecA2100-23 share 80% amino acid sequence identity 

and thus also have similar domain architectures consisting of two nucleotide binding domains 

(NBDs) separated by a protein-protein cross-linking (PPXD) domain. The Walker A motif and 

catalytic residue K114 in LrSecA2are located in the NBD1 region, however both NBDs contribute 

residues associated with nucleotide-binding. The PPXD is attached to NBD1 with a pair of 

antiparallel β-strands forming a sheet with five hydrogen bonds. Above it, there is a central α-

helix surrounded three 3 α-helices, a helix-turn, and a pair of antiparallel β-strands on each side.  
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Upon structural comparison to other SecA2 structures from SecA1/SecA2 systems as well as 

SecA from the Sec pathway, some differences between SecA2 proteins from different organisms 

were noted (Figure 5.5C). CdSecA2630 and EcSecAK12 had an extended helical-wing domain, but 

these were missing/truncated in LrSecA2s and SaSecA2H37Rv. Helical fingers in the C-terminus 

of CdSecA2630, SaSecA2H37Rv, and EcSecAK12 associated with insertion into SecY were not 

present in LrSecA2, which may be consistent with specific interaction with LrSecY2. LrSecA2 

proteins (as well as other SecA2s) also lack the C-terminal tail present in EcSecAK12 which is 

known to facilitate ribosomal interaction for secretion of unfolded proteins, possibly due to the 

canonical secretion cargo of SecA2 proteins having folded components (such as the SRRP BR) 

or glycosylation. 
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Figure 5.5 Alphafold2 structural models of LrSecA253608 and LrSecA2100-23. (A) LrSecA253608 

cartoon model with domain organisation and catalytic K114 in the NBD1 walker A motif. NBD 

= Nucleotide Binding Domain. PPXD = Protein-Protein Cross-linking Domain. (B) LrSecA253608 

molecular surface (orange) superimposed on LrSecA2100-23 (green) cartoon model. (C) 

LrSecA253608 molecular surface (orange) superimposed on LrSecA2100-23 (green), SaSecA2H37Rv 

(gold) (4AUQ), CdSecA2630 (blue) (6SXH) and EcSecAK12 (purple) (6GOX) cartoon models. 

5.2.3 Structure and function of LrSecY2 

SecY2 is a membrane protein and forms the translocon channel of the aSec system. Therefore, it 

is predicted to interact favourably with SecA2, the enzyme that provides the energy for transport 

though hydrolysis of high-energy phosphoanhydride bonds like ATP. To test whether LrSecA2 

and LrSecY2 interact in vitro, biolayer interferometry (BLI) was used to confirm any associations 

via amine-reactive biosensors (ARG2) allowing for amine-coupling of recombinant LrSecY253608 

as the immobilised ligand and LrSecA253608 as the analyte. A baseline without analyte was used 
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as a negative control and as a reference sensor to substrate shifts resulting from the buffer 

response. LrSecA253608 showed a dose-dependent response at 10 nM and 20 nM, indicating that 

LrSecA253608 and LrSecY253608 bind one another, likely forming a protein complex (Figure 5.6).  

 

Figure 5.6 Biolayer interferometry binding between LrSecY253608 and LrSecA253608. 

LrSecY253608 was immobilised to amine-reactive biosensors (ARG2) and exposed to LrSecA253608 

as the associating analyte at 10 nM (blue) and 20 nM (red) final concentration.  

 

Since LrSecY253608 and LrSecA253608 show a stable binding response in vitro, it is possible that 

the interaction between these two proteins would have an impact on ATPase activity of 

LrSecA253608. To test this hypothesis, a malachite green assay was used to colorimetrically detect 

free Pi released from hydrolysis of ATP by recombinant LrSecA253608, as reported previously 

(Figure 5.3). A velocity plot was derived as a function of ATP substrate concentration to 

determine kinetic parameters upon addition of LrSecY253608 (Figure 5.7, Table 5.2). It was 

confirmed that LrSecY253608 did not hydrolyse ATP. Then addition of LrSecY253608 to 

LrSecA253608 at equimolar concentration showed a higher rate of hydrolysis with a kcat of 6.1 ± 

0.2 nmol/min/nmol compared to LrSecA253608 on its own with 5.3 ± 0.1 nmol/min/nmol. The 

substrate affinity was also increased with addition of LrSecY253608 (Km = 137.8 ± 8.1 µm) as 

compared to LrSecA253608 on its own (Km =187.8 ± 9.3 µm). Taken together, these results suggest 

that LrSecY253608 and LrSecA253608 may form a complex required for optimal enzymatic 

performance for secretion. 
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Figure 5.7 LrSecA2 and LrSecY253608 ATPase activity using the malachite green assay. Rate 

(μM Pi produced per minute) of ATP hydrolysis by LrSecA253608 (blue) and LrSecA2100-23 

(orange), LrSecA253608 + LrSecY253608 (grey) and LrSecY253608 (yellow) with increasing ATP 

concentrations (0-750 μM). Reactions were conducted in 96-well plates and incubated at 25°C in 

HEPES pH 7.5, 200 mM NaCl, 1 mM MgCl2. Mean rates were derived with 5 replicates and SD 

error bars are displayed. Blank reactions containing no LrSecA253608, or LrSecA2100-23 were used 

as negative controls. 

 

Table 5.2. Kinetic parameters of LrSecA253608 with LrSecY253608 ATPase activity. 

Proteins Kinetic parameters 

ATP 

Vmax (µmol 

pNP/min) 

Km (µm) kcat (nmol/min/nmol) 

LrSecA253608 

+ 

LrSecY253608 

1.22 ± 0.1 137.8 ± 8.1 6.1 ± 0.2 

 

Some crystallisation trials were conducted for recombinant LrSecY253608 but crystals that grew 

did not diffract under X-ray conditions (Appendix 2, supplementary Figure S2.8). Alphafold2 

models for LrSecY253608 and LrSecY2100-23 were generated in an unrelaxed form (Figure 5.8A). 

Both proteins have 10 predicted transmembrane helices forming a ‘plugged’ central pore, which 

likely can form an open conformation during translocation. The distribution of hydrophilic and 

hydrophobic residues in relation to the pore suggested an orientation where N- and C-terminal 

ends are exposed at the cytosolic side of the membrane (Figure 5.8B). Whilst SecY2 and SecY 

share overall structural homology, the C-terminal loop differs between the proteins, as shown 

when LrSecY253608 was superimposed onto TmSecYMSB8 (3DIN) (Figure 5.8C) (186, 325). This 
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loop is conserved across SecYs and interacts with SecA as part of Sec system transport, as shown 

by X-ray crystallography and protein cross-linking experiments (325). An additional difference 

to SecY is the presence of bulkier amino acids such as Met or Leu residues in LrSecY2 around 

the pore on the cytosolic side, but it is unclear what functionality this may serve in the context of 

specificity towards the large, glycosylated secretion cargo.  

 

 

Figure 5.8 Alphafold2 structural models of LrSecY253608 and LrSecY2100-23. (A) LrSecY253608 

surface model (orange) superimposed on a LrSecY253608 cartoon model (B) LrSecY253608 cartoon 

model coloured by hydrophobicity and suspected membrane/cytosol orientation. (C) LrSecY253608 

cartoon model (orange) superimposed on TmSecYMSB8 (black) (3DIN) cartoon model. 

 

5.2.4 Structure and function of the LrSecA2-SecY2-Asp4 complex 

LrSecA253608, LrSecY253608 and LrAsp453608 were co-expressed in E. coli, but the precise 

oligomerisation state of the resulting complex is unknown (mainly due to the small size of 

LrAsp453608 at a theoretical 10 kDa relative to the complex based on amino acid sequence). The 

precise function of LrAsp453608 remains undetermined and it could not be purified in a soluble 
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form for characterisation (data not shown). However, since the main target of the LrSecA2-

SecY2-Asp453608 complex is expected to be the native SRRP secretion cargo, the binding of 

purified recombinant LrSecA2-SecY2-Asp453608 complex to native LrSRRPs was tested test in 

vitro by ELISA-based assays and BLI. 

For the ELISA-based binding assays, results showed a dose-dependent interaction between 

LrSecA2-SecY2-Asp453608 and native LrSRRP53608 and LrSRRP100-23 with a two-fold increase in 

binding when 10 µg LrSecA2-SecY2-Asp453608 was used as compared to 5 µg (Figure 5.9). There 

was no binding to recombinant LrSP53608 or the BSA negative control. The association of 

LrSecA2-SecY2-Asp453608 to LrSRRPs was irrespective of L. reuteri strain origin. 

BLI was then used to determine binding kinetic data and avidity constants. Amine-reactive 

biosensors (ARG2) allowed for amine-coupling of the native LrSRRP53608 and LrSRRP100-23 to the 

biosensor, while LrSecA2-SecY2-Asp453608 was used as the analyte. A baseline without analyte 

was used as a negative control and as a reference sensor to subtract shifts resulting in buffer 

response. There was an increased response following increasing LrAsp1-Asp2-Asp353608 

concentrations which allowed for fitting the association and dissociation kinetics with 

LrSRRP53608 (Figure. 5.10A-E). The same was repeated with LrSRRP100-23 immobilised to the 

biosensor (Figure 5.10F). The binding responses followed a similar pattern for LrSRRP100-23 and 

for LrSRRP53608. A positive control based on the anti-his monoclonal antibody was also used to 

provide a benchmark of a specific binding interaction and test whether the presence of detergent 

with LrSecA2-SecY2-Asp453608 may interfere with the assay (Figure 5.10G). Interaction with the 

anti-his monoclonal antibody to the his-tagged LrSecY253608 within the LrSecA2-SecY2-Asp453608 

complex showed a Kd of 5.1 x 10-9. Steady-state kinetic data also showed a high-avidity 

interaction between LrSecA2-SecY2-Asp453608 and both LrSRRP53608 and LrSRPP100-23 with a Kd 

of 2.1 x 10-8 M confirming strong binding (Table 5.3). This is approximately 10-fold higher than 

the interaction of both LrSRRP53608 and LrSRPP100-23 with LrAsp1-Asp2-Asp353608, reported 

previously (Table 5.4). 
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Figure 5.9 ELISA-based binding assay between LrSecA2-SecY2-Asp453608 and LrSRRPs. 

LrSecA2-SecY2-Asp453608 at 5 and 10 µg was added to wells coated with LrSRRP53608, 

LrSRRP100-23, LrSP53608, BSA or PBS. Binding was determined by monitoring OD450-570nm 

following hydrolysis of TMB by HRP-conjugated anti-his monoclonal antibodies. (n=6). 
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Figure 5.10 Biolayer interferometry binding between LrSecA2-SecY2-Asp453608 complex 

and LrSRRPs. (A) Immobilised LrSRRP53608 exposed to LrSecA2-SecY2-Asp453608 (final 

concentration 30 nM) association and dissociation fitting. (B) Immobilised LrSRRP53608 exposed 

to LrSecA2-SecY2-Asp453608 (final concentration 60 nM) association and dissociation fitting. (C) 

Immobilised SRRP53608 exposed to LrSecA2-SecY2-Asp453608 (final concentration 90 nM) 

association and dissociation fitting. (D) Immobilised LrSRRP53608 exposed to LrSecA2-SecY2-

Asp453608 (final concentration 120 nM) association and dissociation fitting. (E) Immobilised 

LrSRRP53608 exposed to LrSecA2-SecY2-Asp453608 (final concentration 150 nM) association and 

dissociation fitting. (F) Immobilised LrSRRP100-23 exposed to LrSecA2-SecY2-Asp453608 (final 

concentration gradient 0 – 150 nM) association and dissociation fitting. (G) Immobilised anti-his 

monoclonal antibody exposed to LrSecA2-SecY2-Asp453608 (final concentration gradient 0 – 150 

nM) association and dissociation fitting (positive-control). (n=3) 

 

Table 5.3 LrSecA2-SecY2-Asp453608 BLI binding steady-state kinetic parameters. 

Ligand 

(immobilised 

to biosensor 

Analyte (association) Kinetic parameters 

R2 Rmax Kd (M) 

LrSRRP53608 

LrSecA2-SecY2-Asp453608 

0.84 3.67 ± 

0.15 
2.1 𝑥 10−8 ± 

1.0 𝑥 10−9 

LrSRRP100-23 0.82 3.64 ± 

0.13 
2.1 𝑥 10−8 ± 

1.1 𝑥 10−9 

Anti-His 

antibody 

0.72 0.188 ± 

0.18 
5.1 𝑥 10−9 ± 

2.9 𝑥 10−10 

 

As LrSecA2 was shown to interact with LrSecY2 in the context of ATPase activity (see section 

5.2.3) and to LrAsps in the context of binding interactions (see section 5.2.2), the effect of 
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interactions between LrSecA2-SecY2-Asp453608 and LrAsp1-Asp2-Asp353608 on enzymatic 

activity was also explored.  

The ATPase activity of the LrSecA2-SecY2-Asp453608 complex was tested in the presence of 

LrAsp1-Asp2-Asp353608 at an equimolar concentration using the malachite green assay (Figure 

5.11A). The LrSecA2-SecY2-Asp453608 complex exhibited ATP hydrolysis and addition of 

LrAsp1-Asp2-Asp353608 greatly increased the enzymatic rate resulting in an almost doubling of 

the kcat when compared to LrSecA2-SecY2-Asp453608 on its own (11.03 and 6.79 nmol/min/nmol, 

respectively) (Table 5.4). This was also higher than LrSecA253608 by itself or when LrSecA253608 

was assayed in the presence of LrSecY253608 (Figure 5.6). LrAsp1-Asp2-Asp353608 on its own 

exhibited no ATPase activity. 

The acetylesterase activity of LrAsp1-Asp2-Asp353608 was also tested in combination with 

LrSecA2-SecY2-Asp453608 at an equimolar concentration using pNP-acetate as a substrate as 

reported previously for LrAsp1-Asp2-Asp353608 (see section 4.2.4, Figure 4.12, Table 4.6). 

LrSecA2-SecY2-Asp453608 showed no activity on pNP-acetate (Figure 5.11B). However, the 

presence of LrSecA2-SecY2-Asp453608 positively affected the enzymatic rate of LrAsp1-Asp2-

Asp353608, with a kcat of 14.25 µmol/min/µmol compared to 12.7 µmol/min/µmol for LrAsp1-

Asp2-Asp353608 alone (Table 5.5). 

Taken together, the positive effects reported for the respective enzymatic activity of LrSecA2-

SecY2-Asp453608 and LrAsp1-Asp2-Asp353608 suggest that a larger LraSec complex may form at 

the cell membrane facilitating post-translational modification of the LrSRRP and subsequent 

transport. 
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Figure 5.11 Effect of LraSec complex interactions on ATPase and acetylesterase activities. 

(A) Malachite green ATPase assay showing rate (μM Pi produced per minute) of ATP hydrolysis 

by LrSecA2-SecY2-Asp453608 (orange), LrSecA2-SecY2-Asp453608 + LrAsp1-Asp2-Asp353608 

(yellow) and LrAsp1-Asp2-Asp353608 (green)with increasing ATP concentrations (0-750 μM). 

Reactions were conducted in 96-well plates and incubated at 25°C in HEPES pH 7.5, 200 mM 

NaCl, 1 mM MgCl2. Mean rates were derived and SD error bars are displayed (n=5). (B) Rate 

(mM pNP produced per minute) of pNP-acetate hydrolysis by LrAsp1-Asp2-Asp353608 (in blue), 

LrAsp1-Asp2-Asp353608 + LrSecA2-SecY2-Asp453608 (orange), and LrSecA2-SecY2-Asp453608 

(grey) with increasing concentration of pNP-acetate substrate. Reactions were conducted in 96-

well plates and incubated at 25°C in HEPES pH 7.5, 200 mM NaCl. Mean rates were derived and 

SD error bars are displayed (n=5).  
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Table 5.4. Effect of LraSec complex interactions on ATPase kinetic parameters. 

Proteins Kinetic parameters 

ATP 

Vmax (µmol 

Pi/min) 

Km (µm) kcat (nmol/min/nmol) 

LrSecA2-SecY2-Asp453608 0.813 ± 0.4 176 ± 4.7 6.78 ± 0.2 

LrSecA2-SecY2-Asp453608 + 

LrAsp1-Asp2-Asp353608 

1.323 ± 0.9 163 ± 5.3 11.03 ± 0.8 

LrAsp1-Asp2-Asp353608 0 0 0 

 

Table 5.5. Effect of LraSec complex interactions on acetylesterase activity kinetic 

parameters. 

Proteins Kinetic parameters 

ATP 

Vmax (µmol 

pNP/min) 

Km (µm) kcat 

(µmol/min/µmol) 

LrAsp1-Asp2-Asp353608 9.12 ± 0.09 362 ± 35 12.7 ± 0.008 

LrAsp1-Asp2-Asp353608 + LrSecA2-

SecY2-Asp453608 
10.12 ± 

0.08 

347 ± 38 14.25 ± 0.01 

LrSecA2-SecY2-Asp453608 0 0 0 

 

Despite several attempts, the LrSecA2-SecY2-Asp453608 complex crystals diffracted as salt 

(Appendix 2, supplementary Figure S2.9). Instead, SEC-SAXS was performed, revealing a size-

exclusion trace with two peaks, suggesting some degradation or aggregation of LrSecA2-SecY2-

Asp453608 over exposure, during transportation and storage to the beamline, or the presence of 

different oligomerisations of the LrSecA2-SecY2-Asp453608 complex (Figure 5.12A). Ultimately, 

the larger peak was selected for further analysis between 268-274 frames and was used for 

downstream analysis, since it corresponded to the expected run-time for the theoretical size of 

LrSecA2-SecY2-Asp453608 (245 kDa). The scattering profile and Guinier fit analysis of the peak 

area were indicative of a soluble, globular protein, albeit with some abnormally distributed 

residuals (Figure 5.12 BC). This was supported by the Kratky-Plot which assessed the degree of 

unfolding in the sample whereby the peak of the gaussian bell shaped distribution was slightly 

skewed to the right. The size and shape were estimated using the P(r) function allowing for 

estimation of size and shape as well as the maximum dimension (Dmax) needed for further 

molecular weight estimates. A slight tail end was observed when approaching Dmax suggesting 
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that some aggregation, albeit minor, may have occurred (Figure 5.12E). Multiple size and shape 

calculations were taken into consideration with the Bayes estimation predicting the apparent size 

of LrSecA2-SecY2-Asp453608 to be between 147.5 to 233.4 kDa (Table 5.6). A bead model of 

LrSecA2-SecY2-Asp453608 was constructed showing a cylindrical shape (5.12F). Unfortunately, 

it was not possible to fit existing Alphafold2 models into the bead model of LrSecA2-SecY2-

Asp453608 reliably with a high-enough degree of statistical confidence that would allow for the 

proteins to be orientated and oligomerised correctly. However, the size and protein shape 

estimation seem consistent with that expected for LrSecA2-SecY2-Asp453608 as a large protein 

complex of 245 kDa. 
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Figure 5.12 SAXS data summary for LrSecA2-SecY2-Asp453608 (A) Series intensity (blue, left 

axis) vs. frame, and Rg vs. frame (red, right axis). Green shaded regions are buffer regions, purple 

shaded regions are sample regions. (B) Scattering profile(s) on a log-lin scale. (C) Guinier fit(s) 

(top) and fit residuals (bottom). (D) Normalized Kratky plot. Dashed lines show where a globular 

system would peak. (E) P(r) function(s), normalized by I(0). (F) Fitted bead-model of LrSecA2-

SecY2-Asp453608. 
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Table 5.6. SAXS-derived properties of LrSecA2-SecY2-Asp453608 

Molecular weight and shape calculation Molecular weight and shape estimate 

Molecular weight (Vp)  218.4 kDa 

Porod Volume [𝐴3] 2.01𝑒5𝐴3 

Molecular weight (Vc)  194.5 kDa 

Molecular weight (S&S)  212.2 kDa 

Shape (S&S) Compact 

Dmax (S&S) 148.8 

Molecular weight (Bayes)  221.2 kDa 

Molecular weight (Bayes-Confidence Interval)  147.5 to 233.4 kDa 
 

Despite these limitations, a structural model of the LrSecA2-SecY2-Asp453608 complex was 

constructed using the individually generated Alphafold2 structures and superimposing with the 

existing SecAYEG structure from Geobacillus thermodenitrificans NG80-2 (5EUL) (Figure 5.13) 

(320). The model depicts LrSecA2-SecY2-Asp453608 with a monomeric LrSecA253608, as the 

structural form a LrSecA253608 dimer is unknown. The LrSecA2-SecY2-Asp453608 structure did 

however highlight how LrSecY253608 could directly associate with LrSecA253608 at the PPXD 

domain through amino acid residues 305-318, as well as at the C-terminal NBD1 through amino 

acid residues 390-398. In addition to the undetermined oligomeric state of LrSecA253608, another 

limitation of the model was the construction of LrAsp453608 structural model (both by Alphafold2 

or by homology modelling). Due to its flexible nature, it was difficult to superimpose, despite 

sharing 30% amino acid sequence identity with SecE from Thermus thermophilus HB8 used here 

as a template (Figure 5.13B).  
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Figure 5.13 Alphafold2 structural model of the LrSecA2-SecY2-Asp453608 complex. (A) 

Cartoon model of LrSecA2-SecY2-Asp453608 consisting of LrSecA253608 (red), LrSecY253608 

(green) and LrAsp453608 (blue). (B) Cartoon model of LrAsp453608 superimposed on TtSecEHB8 

(5AWW). 

 

5.3 Discussion 

The aSec translocation machinery is dedicated to the transport of large, glycosylated SRRPs 

across the cell membrane in some gram-positive bacteria in an ATP-dependent manner. Here, 

biochemical, and biophysical approaches, including machine learning modelling (Alphafold2) 

and SAXS, activity and binding assays were applied to investigate the structure and function of 

SecA2, SecY2 and Asp4 involved in the L. reuteri aSec pathway. 

Alphafold2 was used to generate structural models of LrSecA2, LrSecY2 and LrAsp4. To date, 

no structural data exist for the translocation machinery of the aSec pathway, except for SecA2 

proteins from SecA1/SecA2 based systems (MtSecA2H37Rv (4AUQ), CdSecA2630) which are 

structurally distinct from aSec LrSecA2 systems, with helical-wing domains and helical fingers 

associated with integration to SecY of the Sec system (130, 188). The SecA2 proteins from the 

Sec-dependent pathway have also only been crystallised as monomers, with only dimers being 

crystallised for SecA in both parallel and anti-parallel conformations (132, 321). So, whilst there 

is some agreement that transport in the Sec system is a dimer-driven translocation, and by 
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comparison the aSec system as well, the structural form of the dimeric SecA and SecA2 remains 

controversial (127, 130, 189). Here, the LrSecA2 structural models showed functional residues 

for ATPase activity present in the NBD1 catalytic region as part of a Walker A motif and the 

putative catalytic residue was identified as Lys114 in LrSecA253608 and confirmed to be essential 

for ATPase hydrolysis by site-directed mutagenesis, as previously reported for Lys156 in 

CdSecA2630 (188). 

The LrSecY2 structural models confirmed their structural similarities to SecY. However, no 

discrete regions attributed to ribosomal and SecA binding required for transport of unfolded pre-

proteins were apparent. This was consistent with differences to the canonical secretion system 

and specificity of SecY2 translocation for the large, glycosylated SRRP as well as complex 

formation with SecA2 (318). Binding interaction between LrSecY253608 and LrSecA253608 was 

confirmed in vitro by BLI. Increased ATPase activity was reported for LrSecA253608 in the 

presence of LrSecY253608, suggesting that is likely that these proteins may form a complex.  

Indeed, structural analysis of the LrSecA2-SecY2-Asp453608 by SAXS, as well as analysis of the 

complex by SDS-PAGE and native-PAGE, indicated that co-expression of all recombinant 

proteins predicted to be part of the aSec translocation machinery proteins may result in the 

formation of a 245 kDa complex. This complex is likely comprised of a dimerised SecA2, 

monomeric SecY2 and either a monomeric or dimeric Asp4. Unlike pathogenic aSec clusters 

(e.g., S. gordonii M99, S. gordonii DL1, or S. pneumoniae TIGR4), L. reuteri strains ATCC 53608 

and 100-23 lack Asp5 in their genome (195, 318). Not much is known of the function of Asp4 or 

Asp5, but due to the presence of hydrophobic residues, they are predicted to aid with assembly of 

the transmembrane complex (318). Due to the highly disordered and unusual structure of the 

proteins, protein modelling tools such as Swissmodel and Alphafold2 were not able to generate a 

structure of LrAsp4 that could be accommodated in the LrSecA2-SecY2-Asp453608 complex and 

used to fit SAXS bead model structures. A structural model of the LrSecA2-SecY2-Asp453608 

complex was built based on superimposition on the GtSecAYEGNG80-2 crystal structure (5EUL) 

(320). However, due to aforementioned lack of clarity on structural form of both the dimerised 
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LrSecA2 and LrAsp4, it is unlikely that an in-silico method can be utilised to gain further insights 

for the LrSecA2-SecY2-Asp453608 complex, therefore obtaining high-resolution structural data 

will be necessary to address remaining gaps in the structure of these complexes. 

The ATPase activities of recombinant LrSecA253608 and LrSecA2100-23 were determined as 

monomers and for LrSecA253608, in the presence of LrSecY253608 as well as part of the LrSecA2-

SecY2-Asp453608 complex in the absence or presence of the LrAsp1-Asp2-Asp353608 complex. The 

kcat of 4.1 µmol/min/µmol for LrSecA253608 and LrSecA2100-23, consistent with reports for 

recombinant MtSecA2H37Rv (4.73 µmol/min/µmol) (130). We also showed that LrSecA2 proteins 

could utilise GTP as a substrate, which had not been tested previously for SecA or SecA2 proteins 

but has been shown to be a substrate of multi-drug ABC transporters PatA/PatB from S. 

pneumoniae R6 (326). LrSecA2100-23 showed a marginally higher rate of ATP hydrolysis than 

LrSecA253608, which could be due to the size of LrSRRP100-23 being larger than LrSRRP53608, 

therefore driving selection for a more energetically efficient enzyme. However, the main 

differences in ATPase activity were observed when LrSecA253608 was part of the LrSecA2-

SecY2-Asp453608 complex and in the presence of the LrAsp1-Asp2-Asp353608 complex, showing 

a 3-fold increased kcat as compared to monomeric LrSecA253608.  

The LrSecA2-SecY2-Asp453608 complex also had a positive impact on the LrAsp1-Asp2-

Asp353608 complex acetylesterase activity in vitro. The enzymatic activity of these recombinant 

aSec protein complexes had not been investigated before. Here, the findings suggest that the most 

favourable state for the best activity of the enzymatic components of the aSec protein complexes 

is when in direct association with one another. It further supports the hypothesis that the LrAsp1-

Asp2-Asp353608 complex acts as a chaperone for the SRRP cargo bringing it to the membrane-

localised translocation machinery and that additionally O-acetylation may therefore occur as the 

SRRP is processed through the membrane. 

The binding kinetics for LrSecA2-SecY2-Asp453608 showed nanomolar-avidity towards LrSRRPs 

irrespective of their strain origin. Avidity was preferred to affinity, which is specific to a single 

binding site, because it is unclear which parts of the LrSecA2-SecY2-Asp453608 complex bound 
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LrSRRP and multiple interactions are likely to occur. This binding avidity was 10-fold stronger 

than for LrAsp1-Asp2-Asp353608, which could be related to the sequence of cytosolic events 

leading the SRRP from cytoplasmic complexes (LrGtfAB, LrAsp1-Asp2-Asp3) to the membrane 

complex (LrSecA2-SecY2-Asp4) with an increasing gradient of molecular binding avidities. 

However, unlike LrAsp1-Asp2-Asp3, which showed carbohydrate-binding motifs and structural 

features alluding to SRRP binding, such features were not observed in the structural model of the 

LrSecA2-SecY2-Asp453608 complex (or as individual proteins). 

In summary, our structural and biochemical characterisation of the recombinant L. reuteri aSec 

translocation machinery revealed ATP/GTPase activity of LrSecA2 as a monomer and as part of 

the LrSecA2-SecY2-Asp453608 complex whereby the highest activity and ATP-affinity was 

observed in the presence of the LrAsp1-Asp2-Asp353608 complex. It was also shown that binding 

interactions occurred between monomeric LrSecA2 and the native LrSRRP proteins and 

recombinant LrAsp1-Asp2-Asp353068. These interactions were also reported for the LrSecA2-

SecY2-Asp453608 complex. Formation of the LrSecA2-SecY2-Asp453608 complex demonstrated 

the best functional capacity in vitro, but its precise oligomeric state is still unclear. This is 

compounded by challenges in solving the structural form of LrAsp453608 as well as the unclear 

dimer orientation of LrSecA2. Insights into the LrSecA2-SecY2-Asp453608 provided by 

Alphafold2 structures and SAXS did however suggest the presence of a dimerised LrSecA2, 

monomeric LrSecY2 and a monomeric or dimeric LrAsp4 in the LrSecA2-SecY2-Asp453608 

complex. 

Future work on the LrSecA2-SecY2-Asp453608 complex should aim at getting high resolution 

structural data using single particle cryo electron microscopy (cryoEM), as some of the challenges 

crystallising membrane protein complexes may be averted using this technique. Since no overt 

motifs for specificity towards SRRPs could be found in structural models of the LrSecA2-SecY2-

Asp453608 complex so far, cryoEM may also lend itself well to structurally characterising the 

LrSecA2-SecY2-Asp453608 in complex with LrSRRPs as we have established that high avidity 

interactions take place and cryoEM is suitable for glycoproteins (as opposed to X-ray 
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crystallography) (327, 328). Preliminary attempts at solving the 3D structure by cryoEM of the 

native LrSRRP53608 and LrSRRP100-23 are in progress.  
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Chapter 6 Conclusions and Future Work 
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The characterisation of the aSec system has mainly been a research focus in pathogenic gram-

positive bacteria (182, 192). The strain-specific glycosylation of LrSRRP from ATCC 53608 

(from pig) and 100-23 (from rodent) and the crystal structure of LrSRRP-BR provided first 

insights into the structure and function of aSec systems in gut symbionts (195, 235). Here, 

recombinant aSec proteins from L. reuteri ATCC 53608 and 100-23 strains were characterised 

biochemically and structurally, uncovering interactions occurring between individual aSec 

proteins or aSec protein complexes and their respective ligands. Our results are consistent with a 

stepwise process where LrSRRP are first modified through O-glycosylation by dedicated LrGTs 

as well as O-acetylation by LrAsp2 in the cytosol, and then being transported to the cell membrane 

by the chaperoning action of the LrAsp1-Asp2-Asp3 complex and translocation using the 

LrSecA2-SecY2-Asp4 complex (Figure 6.1).  
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Figure 6.1 Model of aSec system in L. reuteri ATCC 53608 and 100-23 strains. The aSec 

secretion pathway is governed by three steps: (1) Glycosylation of LrSRRP (2) O-acetylation and 

chaperoning of the LrSRRP and (3) Translocation of LrSRRP across the cell membrane by active 

transport. Stylized protein structural models of aSec proteins and protein complexes: LrGtfAB 

(cyan), LrGtfC53608 (magenta), LrGtfC100-23 (grey), LrGtfEF100-23 (gray), LrAsp1 (yellow)-Asp2 

(green)-Asp3 (blue), LrSecA2 (red)-SecY2 (purple)-Asp4 (light blue) LrSRRP (black) with 

ribbon model of respective BR. GlcNAc, Glc and hexose are represented in standard glycan 

symbols. 

 

Step one involves the glycosylation of SRRPs at SRR regions by a diverse set of 

glycosyltransferases that vary between bacteria on a strain level. The deposition of a core O-

GlcNAc by the GtfAB complex is highly conserved and present in all SRRPs characterised thus 

far (195, 222, 235, 276, 280). The Alphafold2 structure of LrGtfAB53608 and LrGtfAB100-23 

generated here showed a high structural homology to known crystal structures of the SgGtfABM99 

complex (276). Strain-specific glycosylation in the aSec pathway is introduced in L. reuteri by 

LrGtfC (235). Here, X-ray crystal structures showed a tetrameric LrGtfC100-23 in the apo form or 

in complex with UDP or UDP-GlcNAc, supporting a structurally guided site-directed 

mutagenesis strategy. We showed that substitutions of single amino acid residues in the LrGtfC 
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active-site cleft could affect UDP-sugar specificity, whereby LrGtfC P238S53608 conferred in vitro 

UDP-Glc specificity characteristic of LrGtfC100-23 and LrGtfC W240C100-23 introduced in vitro 

promiscuity to both UDP-GlcNAc and UDP-Glc.  

However, further in vitro biochemical data are warranted to validate the LrGtfC residue-mediated 

specificity reported here. Whilst ligand binding to a target enzyme can stabilise its native state, 

therefore increasing the bound protein’s melting temperature which was exploited here in thermal 

shift assays, it remains to be demonstrated that LrGtfC mutants will transfer UDP-sugars to the 

target acceptors (329). Therefore, additional in vitro assays need to be performed using 

recombinant LrGtfC WT and mutants generated in this work, with UDP-sugar ligands and a 

recombinant LrgSRR1 acceptor to monitor alterations in sugar specificity. The characterisation 

of the glycosylation profile can then be performed by western-blot analysis with lectin staining, 

or by glycomics using MALDI-TOF MS/MS and 2D NMR, as was done previously for LrSRRPs 

(235). Further strain-specific glycosylation differences between L. reuteri SRRPs are due to other 

GTs present in LraSec operons, leading to further glycosylation of LrSRRP by hexose residues 

by GtfE/F in L. reuteri 100-23 strain (235). These GTs remain to be structurally investigated. 

There is an increasing appreciation of the importance and extent of protein glycosylation in 

bacteria influencing cell surface adhesion, colonisation and biofilm formation leading to virulence 

in the context of pathogenesis or symbiosis in the case of commensals/symbionts (330, 331). As 

gut symbionts and their microbial products become increasingly attractive tools for human health 

and animal husbandry, the L. reuteri aSec system may be exploited in the future for 

biotechnological applications in the context of glycoengineering or for the development of novel 

recombinant glycoprotein secretion strategies.  

The second step of the aSec system pathway in L. reuteri involves the bi-functional LrAsp1-Asp2-

Asp3 complex which both modifies the SRRP through O-acetylation, but also chaperones it to 

the translocation machinery. This step is highly conserved across gram-positive species with the 

aSec system and involves a 1:1:1 heterotrimeric complex in L. reuteri, as also reported for 

SgAsp1-Asp2-Asp3M99 and SpAsp1-Asp2-Asp3TIGR4 from pathogenic bacteria (216, 217). Here, 
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LrAsp2 has been shown to be an acetyltransferase able to use both pNP-acetate and indoxylacetate 

as a donor substrate and this acetylesterase activity could be irreversibly inhibited by 

paraoxonethyl. The chaperoning capacity of the Asp1-Asp2-Asp3 complex has been reported 

previously through protein cross-linking experiments with SgGspBM99 (217, 218, 221). Here, we 

used ELISA-based binding assays and BLI, to determine binding kinetic parameters between the 

LrAsp1-Asp2-Asp353608 complex and the SRRP cargo, revealing high affinity interactions in the 

nanomolar range. Although no binding kinetics are available for other Asps characterised to date, 

these results are consistent with kinetic data available for chaperones of the Type III secretion 

systems in Salmonella sp. (317). LrAsp1-Asp2-Asp353608 shared similar binding constants when 

tested with LrSRRP53608 and LrSRRP100-23 in vitro, supporting the hypothesis that this step of the 

aSec pathway is conserved in L. reuteri. 

The third step of the L. reuteri aSec pathway encompasses the processing of SRRP by the 

translocation machinery comprised of LrSecA2, LrSecY2 and LrAsp4 at the cell membrane. The 

energy from active transport is mediated by the hydrolysis of ATP by LrSecA2, as highlighted in 

other aSec systems (186, 189, 230). Here, we showed that GTP could also be hydrolysed by 

LrSecA2 in vitro which had not been reported previously, albeit to a lesser kinetic rate, and the 

biological relevance of this finding remains to be investigated. Interestingly, the ATPase activity 

of the LrSecA2 component of the LrSecA2-SecY2-Asp453068 complex was enhanced in the 

presence of the LrAsp1-Asp2-Asp353608 complex. Similarly, the acetylesterase activity of the 

LrAsp2 component of the LrAsp1-Asp2-Asp353608 complex was enhanced in the presence of 

LrSecA2-SecY2-Asp453068. Additionally, the binding avidity of the LrSecA2-SecY2-Asp453068 to 

LrSRRP53608 and LrSRRP100-23 in the M-8 Kd range was stronger than the LrAsp1-Asp2-Asp353608 

complex for LrSRRPs. Therefore, steps 2 and Step 3 may occur on the cytosolic side of the cell 

membrane, consistent with evidence of membrane association for aSec components in S. gordonii 

M99 (217). Our work also suggests that a higher level of interactions between the LrSecA2-

SecY2-Asp4 and LrAsp1-Asp2-Asp3-Asp453068 complex may be facilitating post-translational 

modification as well as transport of LrSRRP across the L. reuteri cell membrane. 
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However, despite successful purification and biophysical characterisation of LrSecA2-SecY2-

Asp453608 by SAXS analysis, the structural characteristics of the complex remain to be determined. 

The use of Alphafold2 for generating models of the monomers in this complex shows the 

limitations of in silico protein structure generation in capturing only a single state of the protein. 

Uncertainties related to structural forms for LrAsp4 or dimerised LrSecA2 were observed, 

affecting its fit within the SAXS-bead model. It is also difficult for artificial intelligence (AI) to 

predict other important aspects of protein structures such as metal ions, cofactors and ligands, 

although recent developments are focusing on molecular docking (Alphafill) (332). Furthermore, 

the predominant structural form of a dimerised SecA2 proteins remains elusive, as both parallel 

and anti-parallel conformations have been observed for SecA homologues. Here we predict that 

the structural assembly of the L. reuteri aSec translocation machinery is similar to the canonical 

SecA-SecY-SecE-SecG complex (182). The lack of Asp5 in L. reuteri ATCC 53608 and 100-23 

strains, otherwise present in aSec systems from pathogenic gram-positive organisms such as S. 

gordonii M99, may suggest different oligomeric forms of the translocation machinery. These 

differences may account for the diversity observed in the overall structure or glycosylation of 

SRRPs across gram-positive bacteria, and/or changes in the composition of the aSec operon over 

its evolutionary history.  

To gain further structural and functional insights into L. reuteri aSec system, high-resolution 

interactions between recombinant aSec proteins produced in this work including (1) LrSRRP and 

LrSecA2-SecY2-Asp4 (2) LrSRRP and LrAsp1-Asp2-Asp3 (3) LrSRRs at different stages of 

glycosylation by LrGTs, will be necessary to fully understand the molecular dynamics involved 

in transporting such a large glycoprotein through the aSec system. The binding kinetics reported 

here suggest that interactions between aSec components are strong enough to facilitate analysis 

through biophysical means such as cryoEM and NMR, which remain in liquid-phase and thus 

avoid some of the challenges in protein crystallisation observed throughout this work and the 

current limitation of in silico techniques like Alphafold2 to predict glycan structures. Preliminary 

work on cryoEM of LrSRRPs is underway. In the future, structural data added into the protein 
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data bank will feed into modern machine learning programs to predict similar structures, and also 

identify sites that could be relevant to the field of pharmacological drug discovery for 

development of therapeutics against pathogenic gram-positive bacteria which use the aSec system 

as part of their virulence mechanisms.  
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Appendix 1 
The maps of the plasmids used for recombinant aSec protein expression (section 2.2.3, Table 2.4) 

are presented here. Plasmids used for site-directed mutagenesis display the corresponding mutated 

residues annotated onto the map. 

 

 

Supplementary Figure S1.1 Map of recombinant LrGtfC53608-pOPINF plasmid. Site-directed 

mutagenesis carried out in this plasmid generated LrGtfC F174L53608, LrGtfC P238S53608, LrGtfC 

C240W53608 and LrGtfC D101A53608 mutant proteins. Site-directed amino acid targets have been 

annotated at their respective positions. 
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Supplementary Figure S1.2 Map of recombinant LrGtfC100-23-pET28a plasmid. Site-directed 

mutagenesis carried out in this plasmid generated LrGtfC L174F100-23, LrGtfC S238P100-23, 

LrGtfC100-23 and LrGtfC D101A100-23 mutant proteins. Site-directed amino acid targets have been 

annotated at their respective positions. 
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Supplementary Figure S1.3 Map of LrAsp153608-pET28b recombinant plasmid. 
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Supplementary Figure S1.4 Map of LrAsp253608-pET28b recombinant plasmid. Site-

directed mutagenesis target generating LrAsp2S349A53608 has been annotated at its position. 
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Supplementary Figure S1.5 Map of LrAsp2100-23-pET28b recombinant plasmid. 
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Supplementary Figure S1.6 Map of LrAsp353608-pET28b recombinant plasmid 
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Supplementary Figure S1.7 Map of LrAsp1-Asp2-Asp353608-pET28b recombinant plasmid. 
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Supplementary Figure S1.8 Map of LrSecA253608-pET28b recombinant plasmid. 
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Supplementary Figure S1.9 Map of LrSecA2100-23-pET28b recombinant plasmid. 
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Supplementary Figure S1.10 Map of recombinant LrSecY253608-pRSFDUET-1 plasmid. 

 

 

 

 

 

 

 

 

 

 

 

 

 



186 
 

 

Supplementary Figure S1.11 Maps of recombinant LrAsp453608-pET15b plasmid. 
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Supplementary Figure S1.12 Map of LrSP53608-pET15b recombinant plasmid. 
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Supplementary Figure S1.13 Map of recombinant LrSRR1100-23-pET15b. 
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Supplementary Figure S1.14 Map of recombinant of LrGtfA-GtfB-GtfC100-23-pETcoco-1 

plasmid. 
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Supplementary Figure S1.15 Map of recombinant LrSecA2-SecY253608-pRSFDUET-1 

plasmid. 
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Supplementary Figure S1.16 Map of recombinant LrGtfA-GtfB53608-pRSFDUET-1 

plasmid. 
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Appendix 2 
 

Here the crystals formed from recombinant aSec proteins using conditions described in section 

2.5.1 are reported.  

 

 

Supplementary Figure S2.1 Crystallisation of recombinant LrGtfC100-23. (A) 10 mg/mL 

LrGtfC100-23 in 0.2 M potassium thiocyanate, 0.1 M Bis-Tris propane pH 7.5, 20% w/v 

Polyethylene Glycol 8000 (B) 10 mg/mL LrGtfC100-23 in 0.2 M potassium thiocyanate, 0.1 M Bis-

Tris propane pH 7.5, 20% w/v polyethylene glycol 8000, 1 mM UDP (C) 10 mg/mL LrGtfC100-23 

in 0.2 M Potassium Thiocyanate, 0.1 M Bis-Tris propane pH 7.5, 20% w/v polyethylene glycol 

8000, 1 mM UDP-GlcNAc (D) 10 mg/mL LrGtfC100-23 in 0.2 M potassium thiocyanate, 0.1 M 

Bis-Tris propane pH 7.5, 20% w/v polyethylene glycol 8000, 1 mM UDP-GlcNAc. Protein 

crystallisation trials were held at 25°C with a ratio of 0.3 µL protein solution : 0.5 µL 

crystallisation solution.  
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Supplementary Figure S2.2 Crystallisation of recombinant LrGtfC53608. 10 mg/mL 

LrGtfC53608 in 0.1 M potassium thiocyanate, 0.1 M bis-Tris propane pH 7.0, 40% polyethylene 

glycol 8000. Protein crystallisation trials were held at 25°C with a ratio of 0.25 µL protein solution 

: 0.3 µL crystallisation solution. 
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Supplementary Figure S2.3 Crystallisation of recombinant LrAsp2100-23. (A) 12.5 mg/mL 

LrAsp2100-23 in 0.1 M magnesium chloride, 30% polyethylene glycol 6000 (B) 12.5 mg/mL 

LrAsp2100-23 in 0.1 M Tris pH 8.0, 0.3 M NaCl, 20% polyethylene glycol 3000(C) 12.5 mg/mL 

LrAsp2100-23 in 0.1 M sodium formate, 0.1 M sodium cacodylate pH 6.5, 8% γ-PGA (D) 15 mg/mL 

LrAsp2100-23 in 0.2 M magnesium chloride, 0.1 M sodium cacodylate pH 6.5, 8% γ-PGA (E) 15 

mg/mL LrAsp2100-23 in 0.2 M lithium sulphate, 20% polyethylene glycol 4000 (F) 15 mg/mL 

LrAsp2100-23 in 0.1 M calcium chloride, 0.1 M bis-Tris propane pH 5.5, 25% polyethylene glycol 

3350. Protein crystallisation trials were held at 25°C with a ratio of 0.3 µL protein solution : 0.5 

µL crystallisation solution. 
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Supplementary Figure S2.4 Crystallisation of recombinant LrAsp253608. (A) 12.5 mg/mL 

LrAsp253608 in 0.1 M HEPES pH 7.5, 1 M sodium chloride, 5% polyethylene glycol 3350 (B) 12.5 

mg/mL LrAsp253608 in 0.1 M sodium formate, 0.1 M sodium cacodylate pH 6.5, 8% γ-PGA (C) 

12.5 mg/mL LrAsp253608 in 0.01 M magnesium chloride, 0.1 M HEPES pH 7.5, 25% polyethylene 

glycol 3350 (D) 15 mg/mL LrAsp253608 in 1.26 M ammonium sulphate, 0.1 M Tris pH 8.6. Protein 

crystallisation trials were held at 25°C with a ratio of 0.3 µL protein solution : 0.5 µL 

crystallisation solution. 
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Supplementary Figure S2.5 Crystallisation of recombinant LrAsp1-Asp2-Asp353608. (A) 10 

mg/mL LrAsp1-Asp2-Asp353608 in 0.1 M MES, pH 6.0, 0.2 M calcium chloride, 20% 

polyethylene glycol 6000 (B) 10 mg/mL LrAsp1-Asp2-Asp353608 in 0.1 M MES, pH 6.0, 0.2 M 

calcium chloride, 20% polyethylene glycol 6000 (C) 10 mg/mL LrAsp1-Asp2-Asp353608 in 0.1 M 

bis-Tris propane pH 7.0, 0.2 M sodium fluoride, 20% polyethylene glycol 3350  (D) 10 mg/mL 

LrAsp1-Asp2-Asp353608 in 0.1 M bis-Tris propane pH 7.5, 0.2 M sodium fluoride, 20% 

polyethylene glycol 3350 . Protein crystallisation trials were held at 25°C with a ratio of 0.3 µL 

protein solution : 0.5 µL crystallisation solution. 

 

 

Supplementary Figure S2.6 Crystallisation of recombinant LrSecA2100-23. (A) 10 mg/mL 

LrSecA2100-23 in 0.1 M NaCl, 0.1 M MOPS pH 6.1, 30% polyethylene glycol 400. (B) 10 mg/mL 

LrSecA2100-23 in 0.1 M NaCl, 0.1 M MOPS pH 6.1, 30% polyethylene glycol 400. Protein 

crystallisation trials were held at 25°C with a ratio of 0.25 µL protein solution : 0.25 µL 

crystallisation solution for the top well and 0.25 µL protein solution : 0.25 µL crystallisation 

solution for the bottom well. 
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Supplementary Figure S2.7 Crystallisation of recombinant LrSecA253608 (A) 10 mg/mL 

LrSecA253608 in 0.2 M calcium chloride, 0.1 M Bicine pH 9.0, 25% polyethylene glycol 4000. (B) 

10 mg/mL LrSecA253608in 0.1 M sodium chloride, 0.1 M MOPS pH 6.1, 30% polyethylene glycol 

400. Protein crystallisation trials were held at 25°C with a ratio of 0.3 µL protein solution : 0.5 

µL crystallisation solution. 

 

 

 

Supplementary Figure S2.8 Crystallisation of recombinant LrSecY253608 (A) 5 mg/mL 

LrSecY253608 in 0.5 M ammonium sulphate, 10% polyethylene glycol 8000. (B) 10 mg/mL 

LrSecY253608in 0.2 M magnesium chloride, 0.1 M Tris pH 8.5, 12% polyethylene glycol 4000. 

Protein crystallisation trials were held at 25°C with a ratio of 0.3 µL protein solution : 0.5 µL 

crystallisation solution. 
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Supplementary Figure S2.9 Crystallisation of recombinant LrSecA2-SecY2-Asp453608. (A) 5 

mg/ LrSecA2-SecY2-Asp453608 in 0.1 M Tris, pH 8.0, 0.2 M calcium chloride, 20% polyethylene 

glycol 6000 (B) 5 mg/mL LrSecA2-SecY2-Asp453608 in 0.1 M MES, pH 6.0, 0.2 M calcium 

chloride, 20% polyethylene glycol 6000 (C) 10 mg/mL LrSecA2-SecY2-Asp453608 in 0.1 M bis-

Tris propane pH 7.0, 0.2 M sodium fluoride, 20% polyethylene glycol 3350  (D) 10 mg/mL 

LrSecA2-SecY2-Asp453608 in 1.0 M potassium sodium tartrate tetrahydrate, 0.1 M HEPES pH 7.5  

(E) 15 mg/mL LrSecA2-SecY2-Asp453608 in 0.2 M calcium chloride, 20% polyethylene glycol 

6000. (F) 10 mg/mL LrSecA2-SecY2-Asp453608 in 0.1 M magnesium chloride, 0.1 M sodium 

acetate pH 5.5, 12% polyethylene glycol 6000.   Protein crystallisation trials were held at 25°C 

with a ratio of 0.25 µL protein solution : 0.3 µL crystallisation solution. 
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Appendix 3 
 

Here, the purification process of the recombinant LraSec proteins produced in this work is detailed 

providing information on purification steps, presence/absence of his-tags, yield in mg of purified 

protein per litre (L) of E. coli culture (Supplementary Table S3.1). Depending on application, for 

an instance for certain ELISA based binding assays or for X-ray crystallography, his-tags may 

have been retained or removed as mentioned in the text. 

Supplementary Table S3.1 Summary of recombinant LraSec proteins produced and 

purified in this work. 

Proteins Purification steps His-tag Purification yields 

(mg/L) 

LrGtfC53608 NiNTA and SEGF 
N-terminal 10 

3C cleaved 8.5 

LrGtfC F174L53608  

NiNTA N-terminal 10 
LrGtfC P238S53608 

LrGtfC C240W53608 

LrGtfC D101A53608 

LrGtfC100-23 NiNTA and SEGF 
N-terminal 10 

Thrombin cleaved 8.5 

LrGtfC L174F100-23  

NiNTA N-terminal 10 
LrGtfC S238P100-23 

LrGtfC W240C100-23 

LrGtfC D101A100-23 

LrAsp153608 NiNTA N-terminal 6 

LrAsp253608  NiNTA and SEGF 
N-terminal 5 

Thrombin cleaved 4 

LrAsp2S349A53608 NiNTA and SEGF 
N-terminal 5 

Thrombin cleaved 4 

LrAsp2100-23 NiNTA and SEGF 
N-terminal 5 

Thrombin cleaved 4 

LrAsp353608 NiNTA N-terminal 3 

LrAsp1-Asp2-Asp353608 NiNTA and SEGF N-terminal (LrAsp153608) 1 

LrSecA253608 NiNTA and benzamidine 
N-terminal 6 

Thrombin cleaved 5.5 

LrSecA2K114A53608 NiNTA and benzamidine 
N-terminal 6 

Thrombin cleaved 5.5 

LrSecA2100-23 NiNTA and benzamidine 
N-terminal 6 

Thrombin cleaved 5.5 

LrSecY253608 NiNTA N-terminal 3 

LrSecA2-SecY2-

Asp453608 
NiNTA and SEGF 

N-terminal 

(LrSecY253608) 
0.8 

LrSP53608 NiNTA and benzamidine Thrombin cleaved 13 

LrgSRR1ABC100-23 

(glycosylated by LrGtfA-

GtfB-GtfC100-23) 

agWGA N-terminal 3 

LrgSRR1AB100-

23(glycosylated by 

LrGtfA-GtfB100-23) 

agWGA None 4 
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Appendix 4 
Amino acid alignment using MUSCLE was utilised to classify L. reuteri LrGtfC sequences 

relative to the nature of residues found at position 174, 238 and 240 (Figure S4.1). 
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