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Abstract 

Gram-negative bacteria possess an outer membrane (OM), a lipidic bilayer that 

surrounds a thin peptidoglycan (PG) layer and the cytoplasmic membrane (CM). 

The OM is an asymmetric bilayer whose outer leaflet is mainly composed by 

lipopolysaccharides (LPSs). LPS and PG have a direct role in antibacterial 

resistance and in the communication bacteria-host. 

There are many open questions on how the bacterial surface of pathogens and 

commensals interacts with the host in order to escape immune recognition and 

produce harmful or beneficial effects as well as regarding the details on how the 

bacterial envelope is built.  

Therefore, the main focus of this Ph.D. thesis is to contribute to the 

characterisation of the LPS and PG to increase the knowledge on the interaction 

of pathogen and commensal Gram-negative bacteria with the host and to deepen 

the understanding of their structural determinants when bound to major proteins 

involved in its transport across the periplasm. With that aim the composition, 

structure and immune activities of the LPS and PG of Akkermansia muciniphila 

and Fusobacterium nucleatum is disclosed and the trans-envelope machineries of 

the model bacterium Escherichia coli studied. 

A. muciniphila is one of the few bacteria that successfully inhabits the mucus 

layer of humans and other mammals’ intestines. Not only its presence is 

associated with a healthy intestine, but also it seems to improve insulin sensitivity, 

increase the mucosal barrier function, regulate glycemia levels, and reduce fat 

accumulation, insulinemia, cholesterol, body weight gain and inflammation in the 

intestine and body. 

The lipooligosaccharide (LOS or rough LPS) of A. muciniphila MucT is very 

complex: it includes more than the two canonical units of Kdo, is rich in fucose 
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units and most of the fatty of the lipid A are branched at the penultimate carbon. 

The LOS seems to be a mild activator of TLR4, while it is a relevant activator of 

TLR2 which may play a role in the development of the beneficial effects of the 

bacterium.  

The PG of A. muciniphila MucT contains muropeptides with de-N-acetylated 

glucosamine, being the first time, such structure is described in a Gram-negative 

bacterium. Moreover, this modification of the PG has been linked to the 

avoidance of recognition by NOD-1 immune receptors and therefore bacterial 

clearance. 

F. nucleatum is an oral commensal that plays a crucial role in the formation of 

biofilms, being also involved in extra-oral disorders such as intrauterine 

infections and colorectal cancer, in which the subspecies animalis is the most-

commonly isolated.  

The LPS of F. nucleatum spp. animalis ATCC 51191 has a trisaccharide repeating 

unit rich in amino- and aminuronic-monosaccharides, and a lipid A similar to that 

of Burkholderia cenocepacia. In addition, F. nucleatum ssp. polymorphum ATCC 

10953, F. nucleatum ssp. animalis ATCC 51191 and F. nucleatum ssp. nucleatum 

ATCC 25586 full cells, outer membrane vesicles (OVMs), and LPSs stimulate 

monocyte-derived dendritic cells leading to an increased production of TNFa, IL-

8 and IL-6, while in monocyte-derived macrophages the stimulation leads to the 

production of IL-10, IL-6 and IL-8 and to low levels of TNFa. These effects are 

measured in the three strains and seem to be mediated by Siglec-7, a sialic acid 

receptor, even though the O-antigen of only two of the strains tested (ATCC 

10953 and 25586) expose this monosaccharide or the sialic acid-like molecule 

fusaminic acid.  

The PG of F. nucleatum spp. animalis ATCC 51191 presents an alteration of the 

most common stem peptide by substitution of the L-meso-diaminopimelic acid by 
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the sulfur-containing diamino acid lanthionine or another amino acid. This may 

be crucial to avoid the recognition by NOD-1 immune receptors potentiating 

colorectal cancer development. 

The trans-envelope machineries were studied on E. coli, because of its importance 

as antibiotic-resistant "priority pathogen" of WHO and due to the fair amount of 

existing literature. 

The T5SS that transports, folds and insets b-barrel proteins in the OM is 

comprised of Skp, SurA, DegP and the BAM complex (that consists of four 

lipoproteins BamB, BamC, BamD, BamE and one OMP named BamA). In order 

to determine the extent of their influence on the composition and structure of LPS, 

the E. coli mutants DsurA, Dskp, DdegP, DbamB, DbamC, and DbamE were 

produced and the structure of their LPS determined. The results suggested that 

the alterations on the BAM machinery do not significantly alter the composition 

nor the structure of the LPS, providing an insight on the mechanism by which the 

alteration of the BAM machinery may alter the integrity of the OM. 

The LPS transportation machinery (Lpt) deploys seven LPS transport proteins 

named Lpt A-G that extracts the LPS from the external leaflet of the CM, 

transports it across the periplasm and the PG, flips it across the OM and locates 

the LPS in its external face. All Lpt proteins are essential, which makes them 

candidates as targets for new antibiotics. There are many open questions on the 

working of this machinery, for instance the details of the interaction sites of the 

hydrophobic pocket and how the periplasmic bridge is formed.  

During this Ph.D., the development of a semi-synthetic lipid A with active nuclei 

instead of acyl chains was attempted in order to study the details of the interaction 

between LPS-Lpt proteins by NMR. The introduction of a paramagnetic group on 

the fully de-acylated lipid A failed, but the introduction of fluoropropanoyl 

chloride seemed to be partially successful. However, the product presents a high 
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level of contamination that prevented the reliable determination of the product as 

well as the interaction studies.  

In addition, it is disclosed that LptA does not act as an amidase regulator for 

AmiA, AmiB nor AmiC nor as a ligand for the amidase activators YgeR or NlpD. 

Leaving unanswered the question on how the hole on the PG is open for the Lpt 

bridge. 

In conclusion, the architecture of bacterial envelope is crucial for the interaction 

with the host and the knowledge of the structure of its components is a 

fundamental prerequisite to proceed with functional studies, and to dissect the 

role of each component. 

In this frame, the knowledge of the molecular determinants of the bacteria of the 

microbiota is preliminary. Through the characterisation of LPS and PG, this Ph.D. 

thesis demonstrates that they have unexpected structures and activities. Likewise, 

their transport across the periplasm, dissected on model organisms, still presents 

many gaps to be filled. Thus, our understanding of the cell envelope and of its 

metabolism is still to an early stage, but it is mature enough to devise alive 

bacteria and/or synthetic analogues of their surface structures for clinical 

applications. 
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1.1. Cell surface of Gram-negative and Gram-positive bacteria 

The cell envelope is a dynamic and complex structure that protects bacteria from 

the surrounding environment. The bacterial surface is critical to determine the 

interactions with the environment (Persat et al., 2015). Many microbial-

associated molecular patterns (MAMPs) are located in the bacterial surface such 

as lipopolysaccharide (LPS), peptidoglycan (PG), lipoteichoic acids and 

lipoproteins. The MAMPs are distinct, evolutionarily conserved and essential 

chemical signatures of pathogens that can be detected by host pattern recognition 

receptors (PRRs) and trigger an innate immunity response (Mogensen 2009). 

Bacteria can be classified into two main groups depending on the chemical 

composition of their cell envelopes: Gram-positive and Gram-negative. The name 

allude to the capacity of retain or not the crystal violet when stained (Coico 2005). 

Gram-positive bacteria possess a cytoplasmic membrane (CM) that is surrounded 

by a thick layer of PG (30 - 100 nm). Within the PG layer, there are teichoic acids 

and lipoteichoic acids. Teichoic acids are polyalcohols composed by ribitol, 

glycerol and phosphates that are covalently bound to the PG. Conversely, when 

teichoic acids are covalently bound to the lipids of the CM, they are called 

lipoteichoic acids (Rajagopal and Walker 2017) (Fig.1.1). 

Gram-negative bacteria are distinguished for their extra membrane, the outer 

membrane (OM) that surrounds a thin PG layer (2 - 8 nm) and the CM or inner 

membrane (Konovalova, Kahne, and Silhavy 2017; Simpson et al., 2015) 

(Fig.1.1). The space between the CM and the OM is known as periplasm. The 

periplasmic width is approximately 21 nm in Escherichia coli (Matias et al., 

2003). The periplasm is a gel-like compartment that provides stability to the cell 

envelope (Hobot et al., 1984). Numerous important functions are contained 

within the periplasm such as PG synthesis, cell division, envelope stress 

responses, export machineries to the OM, etc (Miller and Salama 2018). 
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1Figure 1.1. Gram-positive and Gram-negative cell envelope. Gram-positive bacteria 
possess a cytoplasmic membrane (CM) that is protected by a thick layer of 
peptidoglycan (PG). The PG is characterised by the presence of teichoic acids and 
lipoteichoic acids. Gram-negative bacteria are distinguished for their extra 
hydrophobic membrane layer, the outer membrane (OM) that covers a thin PG layer 
and the CM. The space between the CM and the OM is known as periplasm.  

However, not all bacteria fit into the Gram-negative or Gram-positive 

classification. Some families such as Mycobacteriaceae have a unique cell 

envelope structure and are classified as acid fast (Kenneth and Ray 2004).  
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1.2. The Gram-negative bacteria cell envelope 

The CM and OM have different composition and permeability properties. The 

CM is a symmetric lipid bilayer composed mainly by phospholipids and it is very 

permeable to small hydrophobic molecules. In E. coli the principal phospholipids 

of the CM are phosphatidyl ethanolamine and phosphatidyl glycerol, and in lesser 

amounts phosphatidyl serine and cardiolipin. In addition, the und-P, the 

ubiquitous lipid carrier of bacterial cell wall precursors, is synthesised in the CM 

by undecaprenyl pyrophosphate synthase and undecaprenyl pyrophosphate 

phosphatase (Silhavy, Kahne, and Walker 2010). The OM is an asymmetric 

bilayer whose outer leaflet is mainly composed by LPSs and the inner leaflet by 

phospholipids. The OM is permeable to small hydrophilic compounds and acts as 

a selective barrier that allows interaction with the environment and material 

exchange. The different permeability properties of the CM and the OM protect 

the cell from numerous harmful compounds and makes antibiotics development 

against Gram-negative bacteria especially difficult (Konovalova, Kahne, and 

Silhavy 2017; Simpson et al., 2015). 

Gram-negative bacteria can selectively uptake nutrients and secrete compounds 

to the media like toxins. These actions are mediated by the OM proteins (OMPs), 

that are not only involved in the uptake and secretion of compounds, but also, in 

the building and maintenance of the OM itself. OMPs are mainly b-barrel proteins 

and lipoproteins. b-barrel proteins straddle the OM while lipoproteins are located 

in its inner leaflet (Silhavy, Kahne, and Walker 2010). None of the constituents 

of the OM is synthesised in situ. 

The LPS is synthesised on the inner leaflet of the CM and transported to the OM 

by the lipopolysaccharide transport proteins named Lpt A-G (Fig.1.2) (see 1.3.3.2 

LPS transport system to the OM) (Bishop 2019; Okuda et al., 2016). 

Phospholipids are synthesised in the CM. Although it is known that there is an 

equilibrium of their amount between CM and OM (Jones and Osborn 1977), the 
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transport system of phospholipids is not fully understood yet as many systems 

seem to be implicated, like the members of the mammalian cell entry (MCE) 

protein family (MlaD, YebT, PqiB and LetB). MlaD is part of the maintenance 

of lipid asymmetry complex (Mla) which imports phospholipids extracted from 

the OM (Fig.1.2) (Ekiert et al., 2017). YebT, PqiB and LetB form continuous 

central hydrophobic tunnels of hexameric rings stacked together to transport 

phospholipids from the CM to the OM and may be bidirectional. YebT and PqiB 

are part of bigger transport systems the YebST complex and PqiABC complex 

respectively (Fig.1.2) (Isom et al., 2020; Liu et al., 2020; Ekiert et al., 2017). 

 
2Figure 1.2. From left to right: LPS transport machinery Lpt and Phospholipid 
transport machineries with MCE proteins (Mla, YebST, PqiABC and LetB) and Tol-
Pal system for the retrograde transport of phospholipids and PbgA cardiolipin 
transporter.  

Tol‐Pal complex seems to be required in E. coli for the retrograde transport of 

phospholipids (Shrivastava, Jiang, and Chng 2017). The Tol-Pal system is 

composed by TolQ, TolR, TolA (TolQRA), TolB and Pal. TolQ, TolR and TolA 

are located in the CM. TolB, is in the periplasm and Pal is a PG-binding OM 

lipoprotein (Fig.1.2) (Egan 2018). Also PbgA is involved as cardiolipin 

transporter from the CM to the OM (Fig.1.2) (Dong et al., 2016). Another system 

implicated is the OM phospholipase PldA that degrades surface phospholipids 
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and acts as a sensor of phospholipid accumulation in the outer leaflet of the OM. 

This triggers a cascade to increase LPS production to maintain OM asymmetry 

(Fig.1.2) (May and Silhavy 2018). 

All proteins are synthesised by the ribosomes that are located in the cytoplasm. 

Therefore, transport machineries are necessary to place CM, periplasmic and OM 

proteins in their final locations (Dalbey and Kuhn 2012). Proteins are transported 

across the CM by two major pathways: the general Secretion route (Sec-pathway) 

to transport unfolded proteins and insert membrane proteins into the CM, and, the 

Twin-arginine translocation pathway (Tat-pathway) for folded proteins (Natale et 

al., 2008). Transported across the OM occurs by type 1-6 protein secretion 

systems (T1SS, T2SS, T3SS T4SS, T5SS, T6SS) (Green and Mecsas 2016). 

b-barrel proteins, like LptD or OmpA, are transported by a combination of Sec 

and T5SS systems (Okuda et al., 2016). The T5SS that transports b-barrel 

proteins is comprised of Skp, SurA, DegP and the BAM complex (Leo et al., 

2012). First, the Sec translocon moves the β-barrel proteins across the CM by 

interacting with their N-terminal leader sequence. Subsequently, chaperones Skp 

and SurA transport them across the periplasm to the BAM (b-barrel assembly 

machinery) complex, which folds and inserts them in the OM. The BAM complex 

consists of four lipoproteins BamB, BamC, BamD, BamE and one OMP named 

BamA (Fig.1.3) (Noinaj et al., 2017). DegP can also act as a chaperone, it 

switches between a chaperone and a protease function in a temperature dependent 

manner (Sklar et al., 2007). Lipoproteins, like LptE or Braun’s lipoprotein, are 

transported by a combination of Sec and Lol systems (Okuda et al., 2016). 

Braun’s lipoprotein (Lpp) is anchored in the OM at its N-terminus and the PG at 

its C-terminus, stabilizing the cell envelope (Boags et al., 2019). The Lol system 

is composed by the periplasmic chaperone LolA, the OM receptor LolB and the 

ATP-binding cassette LolCDE (Fig.1.3). First, the LolCDE translocate the 
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lipoproteins in the CM. Subsequently, LolA transports them to LolB which 

localised the lipoproteins in the OM (Tokuda and Matsuyama 2004). 

The OM integrity is regulated by different response systems. In E. coli and other 

Enterobacteria, the sE-dependent envelope stress response prevents misfolded 

OMPs accumulation (Lima et al., 2013). In normal conditions, RseA binds to sE 

in the CM, avoiding its association with RNA polymerase. In the presence of 

misfolded OMPs, RseA is degraded and sE drives to the transcription of proteases 

(that degrade misfolded OMPs) and chaperones and assembly factors (that repair 

the OM). sE also blocks the transcription of many OMPs (Nicoloff et al., 2017). 

 
3Figure 1.3. From left to right: regulator of capsule synthesis (Rcs), b-barrel 
membrane protein assembly (BAM) and Lol lipoprotein transport complex. 

Also, in Enterobacteria, the regulator of capsule synthesis (Rcs) system monitors 

the integrity of the OM (Fig.1.3). RcsF is a sensor that detects defects on OM. 

Under normal conditions, RcsF interacts with BamA which funnels RcsF into 

OMPs such b-barrel OmpA to keep it inactivated (Rodríguez-Alonso et al., 

2020). If BamA is altered RcsF remains free to interacts to IgaA (Cho et al., 

2014). Then IgaA starts the cascade RcsC, D and B by a multi-step phosphorelay 

(Hussein et al., 2018). RcsB alone or with RcsA activates capsule synthesis, limits 

cell motility and activates transcription of other genes (Wall et al., 2018).  
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1.3. Lipopolysaccharide 

The lipopolysaccharide (LPS) is the main component of the external leaflet of the 

OM (E. coli cell possesses 2 × 106 LPS molecules) (Whitfield and Trent 2014). It 

gives stability to the OM and protection from the environment. As well, LPSs are 

virulence factors that contribute to bacterial induced pathologies and gut 

microbiota beneficial effects. 

1.3.1. Structure of LPS 

LPS are complex structures composed by carbohydrates and lipids. Furthermore, 

they are structurally divided in three moieties: the lipid A, the core 

oligosaccharide and O-polysaccharide (OPS or O-antigen) (Fig.1.4). 

 
4Figure 1.4. Lipopolysaccharide schematic representation. LPS are complex 
glycoconjugates structurally divided in the lipid A, the core oligosaccharide and O-
polysaccharide (or O-antigen). 
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1.3.1.1. Lipid A 

The lipid A is the hydrophobic anchor to the OM of the LPS whose architecture 

is very preserved amongst species. Generally, the lipid A is composed by a b-

(1→6)-linked glucosamine disaccharide with different levels of phosphorylation 

and acylation with saturated and unsaturated fatty acid chains (Molinaro et al., 

2015). Phosphorylation usually occurs at position O-1 of the reducing GlcN 

(GlcN I) and position O-4' of the non-reducing GlcN (GlcN II). Therefore, the 

general lipid A backbone is [P→4-b-D-GlcpN-(1→6)-a-D-GlcpN-1→P] 

(Fig.1.5) (Raetz 1990). The compositional modifications of the lipid A include 

the replacement of the GlcN disaccharide of the lipid A by 2,3-diamino-2,3-

dideoxy-D-Glc (GlcN3N) disaccharide (Plötz et al., 2000).  

The phosphate groups can be absent or further substituted. For example, 

phosphate groups can be replaced by mannose (Schwudke et al., 2003) or D-

galacturonic acid (Plötz et al., 2000) to neutralize the negative charges of the lipid 

A which reduces LPS affinity for cationic peptides. Phosphates can also be further 

decorated with 4-amino-4-deoxy-L-arabinose (Ara4N) (Zhou et al., 2001), 2-

amino-ethyl phosphate (PEtN) (Zhou et al., 2001) or by further phosphate groups 

generating a pyrophosphoryl moiety (Lamarche et al., 2008). Some of these 

substituents such as Ara4N and PEtN neutralize the negative charges of the lipid 

A phosphate groups. Likewise, phosphates neutralisation alters lipid A immune 

recognition (Kong et al., 2012).  

The number, length, type, distribution and symmetry of acyl chains depends on 

the single lipid A species and have great consequences on the OM fluidity as it 

changes the hydrophobicity and van der Waals interactions (Anandan and 

Vrielink 2020). The removal, addition or branching of one acyl chain favours the 

evasion from the host immune system (Kawasaki, Ernst, and Miller 2004). In 

addition, the acyl chains of the lipid A can be hydroxylated. For example, in 

Acinetobacter baumannii the 2-hydroxylation of the lauric acid (C12:0 2-OH) 
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protects the cell from polymyxin B, colistin, human β-defensin 3 and 

antimicrobial peptides. It is also important for immune evasion as it mitigates 

inflammation (Bartholomew et al., 2019).  

 
5Figure 1.5. Lipid A of E. coli with the backbone [P→4-b-D-GlcpN-(1→6)-a-D-
GlcpN-1→P], hexa-acylated (4+2 pattern). GlcNI: reducing a-D-glucosamine; GlcN 
II non-reducing b-D-glucosamine. 

1.3.1.2. Core oligosaccharide 

The core oligosaccharide is a hydrophilic part that usually contains between 6 and 

10 monosaccharides and can be further substituted with other residues in 

stoichiometric or non-stoichiometric fashion (Silipo and Molinaro 2010). It is 

divided into the inner and the outer core.  

The inner core is usually composed by various L–glycero–D–manno–

heptopyranonses (Hep) and two or more 3-deoxy-D-manno-oct-2-ulosonic acids 

(Kdo) that link the core to the lipid A (Fig.1.6). Some species contain D-glycero-

D-manno-heptose as well (Zych and Sidorczyk 1989) or D-glycero-D-talo-oct-2-

ulosonic acid (Ko) instead of Kdo (Kawahara et al., 1987). It can also be 

decorated, especially on the Hep which can contain phosphate, pyrophosphate, 

PEtN, Ara4N, uronic acids or amino acids such as glycine that neutralize the 
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core has higher structural variability among species, being mainly composed by 

hexoses and hexosamines often branched (Erridge et al., 2002).  

Hep and Kdo are present in almost all cores and are exclusive components of 

LPS. They have a very distinctive structure and produce a very characteristic 

fragmentation pattern when studied by Mass Spectrometry (Lam et al., 2014; 

Gronow et al., 2010). This can be used as an indication of the presence of LPS in 

a sample. 

1.3.1.3. O-polysaccharide 

The O-polysaccharide (OPS) or O-antigen constitutes the outermost part of the 

LPS and helps the bacterium to resist antimicrobials (Nikaido 1976), cleavage by 

the immune system (Najdenski et al., 2003) and environmental stress (Yan et al., 

2012). It is also important for biofilm formation (Yan et al., 2012), colonisation 

(Edwards et al., 2000) and adaptation to the environment (Tao et al., 1992). 

The LPS that contains OPS is known as “smooth LPS”, but not all Gram-negative 

bacteria possess OPS, some LPS consist exclusively of the core oligosaccharide 

and lipid A. When the OPS is missing, the LPS is called lipooligosaccharide 

(LOS) or R (rough)-form LPS because of the appearance of the colony grown on 

a solid medium. A minimal LOS (lipid A and Kdo) is required for E. coli’s 

viability, in laboratory conditions (Raetz and Whitfield 2002). 

The OPS is composed by 1 - 40 repeating units each made of up to nine different 

monosaccharides, so the final size of the OPS can be up to one hundred sugars. 

The OPS structures thus differ in terms of monosaccharides composition and 

connection mode, and are used to classify as serotypes, bacteria of the same 

species, where the differences sometimes are related to just small variations of 

the biosynthetic pathway (Whitfield et al., 2020; De Castro et al., 2010). Some 

unique monosaccharides have been described in OPS like abequose, colitose, 
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paratose or tyvelose among many others (Silipo et al., 2014; Lerouge and 

Vanderleyden 2002; Gamian et al., 2000; Tuffal et al., 1998). The most common 

arrangement of sugar residues is the cyclic form, however, residues in the open 

form have been described as well (Vinogradov and Sidorczyk 2001). In addition, 

non-carbohydrate substituents are often present such as phosphate, amino acids, 

sulphate, methyl, acetyl, or formamide groups (Komandrova et al., 2010; 

Muldoon et al., 2001; Gamian et al., 2000; Adinolfi et al., 1996). Each small 

difference in composition has great consequences on the chemical properties of 

the sugar chain. Therefore, the detailed characterisation of the number of carbon 

atoms, aldose or ketose nature; stereochemistry; absolute configuration (D or L); 

anomeric centre (a or b); cyclic or open form; neutral, acidic and basic nature; 

number of hydroxyl groups replaced with a hydrogen atom (deoxy, dideoxy, etc.) 

or by other groups (amino functions, acid groups, etc.); decorations of the 

hydroxyl or other groups (acetylated, phosphate linked, amino acid linked, etc.), 

the specific attachment site, the linear or branched nature of the polysaccharide 

and the number of repeating units is fundamental in the study of its properties. 
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1.3.2. Host immune response to LPS 

LPSs are surface components that play a crucial role in the host-pathogen relation, 

as well as in symbiont interactions. LPS is a MAMP that can be recognised and 

bound by various receptors: toll-like receptor 4 (TLR4), TLR2, the transient 

receptor potential (TRP) channel, some caspases, C-type lectins receptor (CLR) 

and the complement, as well as generate antibodies production. Immune 

recognition causes inflammation, fever and the activation of the adaptive 

immunity depending on the LPS structure (Park and Lee 2013; Raetz and 

Whitfield 2002). LPSs is located in the bacterial surface or secreted in the medium 

in the so-called outer membrane vesicles (OMVs) (Li et al., 2020) and may be 

freely liberated into the medium, as well as their fragments. 

1Table 1.1. Specificity of the receptors involved in LPS recognition: toll-like receptor 
4 (TLR4), toll-like receptor 2 (TLR2), C-type lectins receptor (CLR), the transient 
receptor potential (TRP) channel, some caspases, the complement and antibodies. 

Receptor Ligand 

TLR4 Lipid A 

TLR2 To be disclosed 

TRP channel Lipid A 

Caspases Lipid A 

CLR Polysaccharides 

Complement Polysaccharides  

Antibodies  O-polysaccharide specificity 

TLR4 is a pattern recognition receptor (PRR) of the mammal innate immune 

system. In humans, TLR4 are expressed in the surface of peripheral blood 

lymphocytes, myeloid subsets, monocytes, macrophages, granulocytes, dendritic 

cells, adipocytes, microglia, astrocytes, dermal micro-vessel endothelium, 

umbilical vein endothelium, brain endothelial cell line, small intestine, colon, 
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ileum, kidney, liver, lung, pancreas and placenta among others (Vaure and Liu 

2014). LPS recognition activates macrophages and the production of pro-

inflammatory cytokines. A LPS molecule is first recognised and recruited by the 

LPS-binding protein (LBP) which presents it to the CD14 receptor, and then 

carries it to the TLR4/MD-2 complex which dimerizes. The dimerisation of the 

TLR4 drives a cytoplasmic cascade that leads to the transcription of the nuclear 

factor-kB, mitogen-activated protein kinase, pro-inflammatory cytokines and 

induction of interferon regulatory factor 3 and interferon-1 (Mazgaeen and 

Gurung 2020; Vaure and Liu 2014). However, it is interesting to note that in 

physiological conditions low levels of LPS are removed from the blood to limit 

inflammatory responses (Mazgaeen and Gurung 2020). TLR4 recognizes the LPS 

through the lipid A in a structure-dependent manner, determined by the 

phosphorylation and acylation patterns. It was demonstrated that the phosphate is 

essential for the homo-dimerisation of the TLR4/MD-2 complexes (Molinaro et 

al., 2015). As well, inclination of the glucosamine disaccharide with respect to 

the membrane surface or tilt angle is a key factor for immune recognition. The 

larger the tilt angle, the more endotoxic the lipid A is. The differences in 

conformation alter the tilt angle and therefore the immune recognition. The bis-

phosphorylated hexa-acylated lipid A specie with a 4 + 2 distribution of the acyl 

chains (E. coli like) (Fig.1.6) is, indeed, highly immunostimulatory, as its tilt 

angle is higher than 50°. Its recognition and the following downstream cascade 

can lead to sepsis. Some lipid A are agonists of TLR4/MD-2 complex and some 

are partially agonists or antagonists (Seydel et al., 2000). This feature has been 

used for the development lipid A derivatives that can induce moderate immune 

responses as vaccine adjuvants like the monophosphoryl lipid A (Garcia-Vello et 

al., 2020) or that limit the inflammatory effect of LPS during sepsis such as 

Eritoran (Opal et al., 2013). 
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6Figure 1.6. Structure of the lipid A and part of the inner core of E. coli. The 
differences in conformation alter the inclination of the glucosamine disaccharide with 
respect to the membrane surface or tilt angle. The larger tilt angle, the more endotoxic 
the lipid A is. E. coli’s lipid A is very endotoxic, as it is bis-phosphorylated and 
asymmetrically hexa-acylated, producing a tilt angle bigger than 50°. Modified from 
Seydel et al., 2000. 

Kdo and Hep residues also physically bind TLR4. Their presence in the LPS 

increases the affinity for the receptor and the inflammatory responses, although 

they are not essential for the recognition (Cochet and Peri 2017). 

Monosaccharides decorating the lipid A, such as Ara4N, can also been involved 

in the interaction (Di Lorenzo et al., 2015). 

It has recently been demonstrated that some atypical LPS can also activate TLR2, 

with a synergic effect with the TLR4 for the production of nuclear factor-kB. The 

activation of TLR2 seem to be fundamental for the colonisation of the gut 

microbiota (Di Lorenzo et al., 2020; Chavarría-Velázquez et al., 2018). 

Less studied, the TRP channels and caspases also recognize the lipid A. TRP 

channels are present in sensory neurons and epithelial cells and they recognize 
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the lipid A of extracellular LPS. LPS recognition produces calcium influx that 

leads to neuron activation and the release of signalling peptides that generate pain 

during inflammation or nitric oxide production in the airways to easy bacteria 

elimination (Mazgaeen and Gurung 2020; Meseguer et al., 2014). Human 

caspases 4 and 5 are the only known receptors to recognize lipid A in the 

cytoplasm. However, the mechanisms of LPS internalisation in monocytes 

remain unclear (Viganò et al., 2015). 

Lipid A recognition by the innate immune system can be prevented by the OPS. 

Not only by physically covering the lipid A, but also, by the molecular mimicry 

with which OPS resemble host antigens (Moran et al., 1996). However, a 

particular OPS can stimulate the production of specific antibodies or the 

complement of the adaptative immune system (serovar-specificity) (Raetz and 

Whitfield 2002; Erridge et al., 2002). When complement recognition happens in 

the tips of the OPS, and the polysaccharide chain is very long, lysis of the bacteria 

is not possible. The modifications on the OPS increase the potential virulence of 

the bacteria as it helps avoiding the immune system (Liang-Takasaki et al., 1982). 

However, the capacity of some OPS to stimulate specific and memory immunity 

is used for vaccines production (Stefanetti et al., 2019). 

C-type lectin-like receptor (CLR) is a group of PRRs of the innate immune 

system. CLR can recognize many microbial polysaccharides, mainly by their 

mannose, fucose and glucose. This way, CLR internalizes the microbial 

polysaccharides and present them to the T-cells (van Kooyk and Rabinovich 

2008). There are numerous CLRs, some of which recognize LPS, like the 

macrophage-inducible C-type lectin (MINCLE). MINCLE strongly binds LPS 

inducing cytokines production; as well, it is implicated in the downregulation of 

the TLR4 and recognizes changes in the microbiota (Patin et al., 2017; 

Matsumoto et al., 1999). Also, the C-type lectin DC-SIGN on human dendritic 

cells (DC) recognize the polysaccharidic part of LPS producing DC maturation, 
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cytokines and T-cell polarisation (Van Vliet et al., 2009). The C-type lectin 

SIGNR1 on macrophages stimulates cytokine production and TLR4 

oligomerisation (Nagaoka et al., 2005). In addition, Galactose-Type Lectin can 

recognize the outer core of E. coli (Maalej et al., 2019) and of Neisseria 

gonorrhoea (Van Vliet et al., 2009). Finally, sialic acid–binding 

immunoglobulin-like lectins (Siglecs) are a large family of lectins found on innate 

immune cells and tumour-infiltrating T cells, which inhibit immune activation 

after sensing sialic acid-containing glycans (Crocker, Paulson, and Varki 2007). 

Several pathogens have evolved molecular mimicry by displaying sialylated 

structures on their surface like Campylobacter jejuni strains can interact with 

Siglec-7 and Siglec-1 via their LOS (Heikema et al., 2010) and to Siglec-10 via 

a sialic acid-like molecule, pseudaminic acid, of flagella (Stephenson et al., 

2014). 

1.3.3. LPS building machineries 

LPS are present in the outer leaflet of the OM, however they are synthesised in 

the cytoplasm and need to be transported through the cytoplasmic membrane, the 

periplasm and PG layer and, finally, flipped and assembled in the external leaflet 

of the OM. E. coli exports approximately 70,000 LPS molecules per minute to 

the OM (Whitfield and Trent 2014). 

The transport system has been studied in E. coli, Klebsiella, Pseudomonas, 

Salmonella, Neisseria and Haemophilus, presenting some differences. The 

following section focuses on what is known about E. coli due to the fair amount 

of existing literature and because it was the bacterium used for the experiments 

disclosed in the results section on the interaction with the Lpt proteins and the 

PG. However, the mechanism by which many of these enzymes operate is not 

clear yet and it is not known how representative this may be of all Gram-negative 

bacteria. 
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1.3.3.1. LPS biosynthesis 

The LPS biosynthesis starts by the formation of the inner core and the lipid A in 

the inner leaflet of the CM in a process known as the Raetz pathway. First, the 

enzyme LpxA acylates the hydroxyl at position 4 of the Uridine diphosphate N-

acetylglucosamine (UDP-GlcNAc) with a 3-hydroxy tetradecanoic acid ((S)-3-

hydroxymyristic acid or C14:0 3-OH), generating UDP-3-O-(3-OH-acyl)-

GlcNAc. The acyl carrier protein (ACP) acts as substrate donor. Consecutively, 

LpxC removes the acetyl to free the amino function of the glucosamine for the 

LpxD to introduce another C14:0 3-OH acyl chain. Afterwards, LpxH cleaves the 

pyrophosphate bond present at the O-1 of UDP-2,3-diacylglucosamine to 

generate 2,3-diacylglucosamine-1-phosphate (lipid X) and Uridine 

monophosphate (UMP). Then, the LpxB conjugates the 6-OH of the lipid X with 

the anomeric carbon of a UDP-2,3-diacylglucosamine to yield b-(1–6)-tetraacyl-

disaccharide-1-phosphate and UDP. At that point, the kinase LpxK 

phosphorylates the position 4’ to yield the molecule known as Lipid IVA and a 

protein encoded by WaaA transfers two Kdo units. To finish the synthetic 

pathway of lipid A, LpxL and LpxM add the last acyl chains, these enzymes 

require the substrate to contain Kdo to work. This last step is not highly preserved, 

making possible the modifications of the acylation pattern of the lipid (Fig.1.7). 

Thereafter, the enzymes WaaC and WaaF heptosyltransferases add the heptoses 

to finish the inner core. Subsequently, the core region can be modified by the 

enzymes WaaP (kinase), WaaY (phosphorylase), WaaQ (adds branch to the 

heptose) and WaaZ (adds third Kdo residue). Finally, WaaG and other 

glycosyltransferases finish the outer core (Greenfield and Whitfield 2012; 

Gronow et al., 2010; Raetz et al., 2007; Ray et al., 1984; Takayama et al., 1983) 

(Fig.1.7). 

This rough LPS or LOS composed by lipid A and core oligosaccharide is then 

flipped from the inner leaflet to the outer leaflet of the CM. Transporter ABC 



 

18 

protein MsbA accommodates the acyl chains in its hydrophobic moiety and 

generates hydrophilic interactions with the GlcN units of the LOS. Translocation 

occurs by a flip-flop mechanism with ATP hydrolysis (Mi et al., 2017) (Fig.1.7). 

Simultaneously, the different monosaccharides of the OPS are synthesised inside 

the cell from glucose and fructose. The synthesis of the OPS in most cases 

requires a lipid acceptor on which the polysaccharide is built by the action of 

glycosyl transferases. The diversity in OPS among bacteria require the existence 

of multiple glycosyl transferases (Freeze et al., 2015; Leipold et al., 2007). 

Afterwards, the lipid carrier linked to the polysaccharide is flipped from the inner 

leaflet to the outer leaflet of the CM. The three pathways of this tumble are: the 

Wzx/Wzy dependent pathway, the ABC-transporter dependent pathway and the 

Synthase dependent pathway. The Wzx/Wzy and the ABC-transporter dependent 

pathways have been described in E. coli groups 1 and 2 respectively (Raetz and 

Whitfield 2002). 

The Wzx/Wzy pathway is the most prevalent and it is characteristic of OPS 

repeating units with ramifications and monosaccharide heterogeneity. The lipid 

acceptor is undecaprenyl phosphate (Und-P or C55-P), a C55-isoprenoid alcohol 

derivative involved in the peptidoglycan and polysaccharide capsule’s synthesis 

as glycan and lipid membrane carrier. The Und-P accepts a hexose-1-P from 

UDP-hexose to yield an undecaprenyl diphosphate (Und-PP)-linked 

intermediate; this reaction is catalysed by the different glycosyltransferases. 

When one repeating unit of the OPS is finished, the UndPP-linked-saccharide 

repeating unit is transported across the CM by the flippase Wzx and polymerised 

in the periplasm by the enzyme polymerase Wzy. The Wzy transfers each 

repeating unit from its UndPP to the reducing end of another UndPP- growing 

OPS creating glycosidic bonds. This step is repeated for each repeating unit 

present in the OPS, recycling the und-PP. Finally, the Wzz processing protein 

stops the elongation of the OPS by an unknown mechanism (Islam and Lam 2014) 
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(Fig.1.7). Once the LOS and the final OPS are anchored in the external leaflet of 

the CM, they have to be linked to the lipid A. WaaL shows great specificity for 

the LOS (lipid A + core), but no for the UndPP-OPS. The details of this reaction 

are still to be disclosed (Hong et al., 2018; Ruan et al., 2018) (Fig.1.7).  

Diversely, in the ABC-transporter dependent pathway or adenosine triphosphate- 

(ATP-) binding cassette, the full OPS is created on the lipid acceptor before its 

transport across the CM. The lipid acceptor depends on the polysaccharide 

synthesised. An OPS unit of eight to ten sugar units is embedded between the 

carbohydrate-binding domain and the nucleotide-binding domain. It is a pathway 

confined to linear OPS structures (Bi and Zimmer 2020). 

Finally, in the synthase-dependent pathway, the secretion of the OPS can happen 

with or without different lipid acceptors. Both synthesis and transport are 

catalysed by a membrane glycosyl transferase (Whitney and Howell 2013). 
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7Figure 1.7. Lipid A and O-polysaccharide biosynthesis by the Raetz and Wzx/Wzy 
pathways.  
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1.3.3.2. LPS transport system to the OM 

LPS transportation machinery deploys seven lipopolysaccharide transport 

proteins named Lpt A-G. This complex extracts the LPS from the external leaflet 

of the CM, transports it across the periplasm and the PG layer, flips it across the 

OM and locates the LPS in its external face (Fig.1.8). All Lpt proteins are 

essential, which makes them good targets for new antibiotics candidates. The LPS 

acyl chains interact with the Lpt proteins hydrophobic pocket (Bishop 2019; 

Hicks and Jia 2018; Dong et al., 2017; Chng et al., 2010). 

Lpt proteins physically interact with each other and form a continuous b-jellyroll 

across the hydrophilic periplasm between LptA and the periplasmic domains of 

LptC, LptF and LptG, and LptD, (Luo et al.,  2017; Botos et al., 2016; Tran et 

al., 2010) (Fig.1.10). Lpt proteins work similarly to a PEZ candy dispenser. The 

LPSs in the Lpt machinery are pushed by a continuous stream of LPS from the 

CM to the OM. The energy for this transport against concentration gradient is 

provided by cytoplasmic ATP hydrolysis (Bishop 2019; Hicks and Jia 2018; 

Okuda et al., 2016). LptA and LptD are under control of the sE regulon, which is 

activated under stress. Furthermore, defects in LPS transport are detected because 

LPS displaces RseA from RseB, freeing RseA to be cleaved which initiates the 

sE stress response.(Polissi and Sperandeo 2014; Lima et al., 2013). LPS transport 

is limited by an imbalance between lipids in the CM and OM, the ATPase activity 

in the CM is somehow inhibited past a threshold concentration of LPSs in the OM 

(Xie et al., 2018). 
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8Figure 1.8. Msba and Lpt transport systems. ABC protein MsbA flips the rough LPS 
or LOS from the inner to the outer leaflet of the CM. Then the membrane protein 
WaaL forms a b-glycoside bond between the OPS and the outer core. The final LPS 
is then extricated from the CM by the ABC transport system LptB2FG and the protein 
membrane LptC Subsequently, LptA carries it across the periplasm and, finally, the 
b-barrel protein LptD with the OM lipoprotein LptE place the LPS in the external face 
of the OM. The LPS are pushed by a continuous stream of LPSs from the CM to the 
OM and the energy is provided by cytoplasmic ATP hydrolysis. Modified from 
Bishop 2019. 

LptB2FG is an ABC transporter located in the CM. LptB is an ATPase dimer and 

it is the most conserved unit of the system. The LptB dimer constitutes the 

nucleotide-binding domains of the complex, binding and hydrolysing ATP. The 

ATP hydrolysis provides the energy for the LPS transport (Sherman et al., 2014). 

The trans-membrane helices of LptF and LptG translocate the LPS. These 

transmembrane domains rotate towards each other when LptB dimerizes thanks 

to the hydrolysis of ATP. The rotation of the transmembrane domains forms a 

cavity with the same shape and properties than the LPS. The entrance of the LPS 

to the cavity is ATP-independent (Li et al., 2019; Owens et al., 2019; Tang et al., 

2019; Dong et al., 2017). Afterwards, ATP binding produces the closure of the 

LptB dimer and the collapse of the LptFG cavity moving LPS to the Lpt 

periplasmic bridge (Lundstedt et al., 2020). In addition, LptF has a gate that can 

be opened or closed ensuring unidirectional movement from LptC to LptA 

(Owens et al., 2019). 
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The assembly of LptC, A and D is known as the periplasmic bridge, it is 

composed by one LptC, one LptD and a multimer of LptA. The bridge 

sequestrates the lipid A to allow the LPS diffusion through the aqueous 

compartment. However, it is not known how the bridge is built (Laguri et al., 

2017; Schultz and Klug 2017).  

LptC is a trans-membrane protein of the CM with one N-terminal trans-

membrane helix and a b-jellyroll domain. Both terminal regions of the b-jellyroll 

domain interact with LptB2FG and LptA giving stability to the transport system 

The catalytic domain of LptC is oriented toward the periplasm and consists of a 

twisted boat structure with two b-sheets facing each other (Tran et al., 2010). 

During LPS transportation, LptG breaks its contact with LptC to facilitate the 

displacement of the trans-membrane domain of the sub-unit. The positive 

residues of the trans-membrane helix of LptC create a positively charged pocket 

that strongly binds the LPS and moves it towards the periplasm facilitating the 

LPS movement. LptC can inhibit the transport by LptC inserting its 

transmembrane helix between the two transmembrane domains of LptFG (Li et 

al., 2019). 

LptA is a periplasmic protein formed by 16 consecutive antiparallel b-strands, 

folded to resemble a slightly twisted b-jellyroll (Suits et al., 2008). LptA tends to 

form polymers in a head-to-tail fashion in solution. The length of the multimer of 

LptA in the Lpt transport system remains unknown, it might vary, allowing the 

system to adapt to changes in the periplasmic width. However, it has been probed 

that the Lpt transport can successfully occur with only one subunit of LptA, 

although the affinity for LPSs decreases. The protein seems to “open” to bind the 

LPS as the N‐terminal strand unfolds slipping the LPS into the binding pocket 

(Laguri et al., 2017; Schultz et al., 2017). LptA binds LptDE with higher affinity 

than LptC. This indicates that during Lpt assembly, LptA may join LptD/E in the 

OM and then polymerise until reaching LptC in the CM (Chng et al., 2010). It 
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remains to be disclosed how LptA is built across the PG layer, there should be a 

“hole” in the PG. PG hydrolases are  necessary to insert macromolecular 

structures into or across the PG (Priyadarshini et al., 2007) and may be involved 

in Lpt transport machinery building. Lpt transport system and PG machineries 

may somehow regulate each other. 

LptD is a b-barrel protein with a b-jellyroll periplasmic N-terminal domain. LptE 

is a lipoprotein located between the extracellular loops of LptD, partially blocking 

LptD extracellular opening. LptD has a lateral gate whereby first the lipid A and 

then the polysaccharide moieties are translocated to the OM (Dong et al., 2017; 

Botos et al., 2016; Malojčić et al., 2014). For the correct functionality, LptD 

needs its disulphide bonds to be formed which depends on proper assembly of 

LptD with LptE. These disulfide bonds limit the size of the lateral gate on the 

periplasmic side and therefore it limits LPSs insertion in the inner leaflet of the 

OM (Freinkman et al., 012). LptD and LptE are assembled by the BAM and Lol 

complexes respectively (Okuda et al., 2016). 

1.3.3.3. Study of the interaction LPS-proteins 

The knowledge of the specific binding sites of LPSs with Lpt proteins or host 

receptors is important to develop antibiotics that attack Lpt machineries or 

medicines that target host receptors to produce vaccines, prevent sepsis or 

reproduce the beneficial effects of gut microbiota bacteria. The study of the 

interaction proteins-LPS is difficult due to the complexity of both structures. 

Structural biology approaches as nuclear magnetic resonance (NMR) can be 

techniques of choice to study these interactions (Gimeno et al., 2020; Maalej et 

al., 2019; Laguri et al., 2018; 2017; Park and Lee 2013) (Fig.1.9). 

For the NMR interaction studies, glycans can be labelled with isotopes or tags of 

fluorine or paramagnetic groups (Gimeno et al., 2020). Although NMR 

interaction studies of lectins and the outer core of LPS have been performed 
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without any labelling (Maalej et al., 2019). Labelling with the isotopes 2H, 13C, 
15N, 18O or 34S, prevents the apparition of overlaps and signal broadening (Laguri 

et al., 2017). Fluorine is a NMR sensitive nucleus, whose chemical shift strongly 

depends on the environment (Dalvit and Vulpetti 2019). A paramagnetic group 

instead causes the fast relaxation of the nuclei in the neighbourhoods (Tesch and 

Nevzorov 2014); therefore, the signals of atoms in close contact with the LPS are 

expected to disappear in the spectrum giving an indication of which amino acids 

are involved in the interaction. To the best of my knowledge, the LPS labelling 

with tags of fluorine and/or paramagnetic groups has never been performed. 

 
9Figure 1.9. Interaction LptC and LPS in solution. a. [1H, 15N]-correlation spectrum 
and b. [1H, 13C]-correlation spectrum of labelled LptC in presence (red) and absence 
(black) of 0.8 mg/mL of LPS. c. LptC upon LPS binding on a ribbon representation. 
d. Surface representation of the LptC-LPS model. The two LptC molecules are 
coloured differently to visualize the localisation of the intermolecular interface and 
cavity where the LPS binds (Laguri et al., 2017). 
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1.4. Peptidoglycan 

The peptidoglycan (PG) or murein sacculus forms a continuous layer around the 

CM in almost all bacteria. It protects the cell from bursting due to the turgor of 

several atmospheres and maintains the species-specific shape of the bacterial cell. 

The PG itself and its biosynthetic pathway are essential and targeted by some of 

the most important classes of antibacterial compounds (like the b-lactams and 

glycopeptides) and enzymes (for example, lysozyme). PG is an excellent target 

for antibiotic treatment of infections in humans because the eukaryotic cells lack 

PG and some of its monomeric amino acids. PG-specific antibiotics are therefore 

expected to have no side-effects (Liu and Breukink 2016). 

1.4.1. Structure of PG 

PG is composed by linear chains of a repeating disaccharide of b-D-N-

acetylglucosamine (GlcNAc) 1,4-linked to b-D-N-acetylmuramic acid (MurNAc) 

(Fig.1.10) (Schleifer and Kandler 1972). MurNAc is a gluco-configured hexose 

with an acetamido group at position 2 and D-lactoyl moiety at position 3 that has 

only been described in PG and its precursors. E. coli and other well-studied 

bacteria have b-1,6-anhydro-N-acetylmuramic acid (anhMurNAc) instead of the 

reducing MurNAc at the glycan chain end (Mengin-Lecreulx et al., 1996; Höltje 

et al.,  1975) (Fig.1.10). The relative abundance of anhMurNAc correlates 

inversely with the average glycan strand length (Glauner 1988). The glycan strand 

length does not correlate with the thickness of the PG layer (Vollmer et al., 2008). 

In E. coli the glycan strands range from 1-80 disaccharide units and their average 

length is 35 to 40 disaccharide units (Glauner and Höltje 1990). Other Gram-

negative bacteria have longer (Proteus morganii) or shorter (Helicobacter pylori) 

average glycan chain lengths.  
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10Figure 1.10. Structure of PG of E. coli. PG is composed by linear chains of a 
repeating b-D-N-acetylglucosamine (GlcNAc) 1,4-linked to b-D-N-acetylmuramic 
acid (MurNAc) disaccharide. The PG strand ends with 1,6-anhydro-N-acetylmuramic 
acid (anhMurNAc). In nascent PG and PG precursors, MurNAc has a peptide chain 
attached usually formed by: L-alanine (L-Ala) – D-isoglutamate (D-iGlu) - meso-
diaminopimelic acid (m-A2pm) – D-alanine (D-Ala) - D-alanine. There can be an 
amide bond (cross-link) between the amino group of m-A2pm and the carbonyl of D-
Ala 4 of another peptide. Modified from Desmarais et al., 2013. 

Similarly, some Gram-positive bacteria like Bacillus subtilis have very long 

glycan strands (up to 5,000 disaccharide units (Hayhurst et al., 2008), whereas 

others like Staphylococcus aureus has particularly short glycan chains (average 

~12 disaccharide units (Boneca et al., 2000). Many bacteria like Neisseria 

gonorrhoeae modify their glycan strands which confers PG resistance to 

lysozyme and other components of the innate immune system (Sukhithasri et al.,  

2013; Rosenthal et al., 1980). De-N-acetylation of GlcNAc and/or MurNAc or O-

acetylation of the O-6 of the MurNAc impairs the action of lysozymes secreted 

by the host immune system (Vollmer and Seligman 2010; Bera et al., 2005). 

MurNAc can be glycolated on the amino function to become N-glycolylmuramic 

acid (MurNGc) (Také et al., 2016) or can be modified to have an intramolecular 
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amide bond between the carboxyl group of the lactone at 3 and the NH2 at 2 to 

generate a muramic acid d-lactam structure (Atrih et al., 1996; Popham et al., 

1996). In Gram-positive bacteria, the MurNAc can be covalently linked at 

position 6 with chains of teichoic acid or teichuronic acid (Dramsi et al., 2008).  

In the final PG precursor and the nascent PG, MurNAc has a pentapeptide 

attached to the D-lactoyl moiety. In E. coli and almost all Gram-negative bacteria, 

the peptide sequence is: L-alanine (L-Ala) – D-isoglutamate (D-iGlu) – L-meso-

diaminopimelic acid (m-A2pm) – D-alanine (D-Ala) – D-alanine (Fig.1.10) 

(Schleifer and Kandler 1972). The presence of D-amino acids make PG resistant 

to common peptidases which recognise L→L bonds (Cava et al., 2011). The third 

amino acid, m-A2pm, is present also in some Gram-positive bacteria PG 

(Bacillus, Mycobacteria, Clostridia, Lactobacillus, Corynebacteria, 

Propionobacteria and Actinomycetes) (Schleifer and Kandler 1972). Many other 

Gram-positive bacteria, such as Staphylococcus or Streptococcus, have L-Lys at 

position 3 that can carry a ‘branch’ made of 1-7 L-amino acids or glycine 

(Vollmer et al., 2008; Ferain et al., 1996; Schleifer and Kandler 1972). The 

mature PG contains most commonly tetrapeptides (L-Ala–D-iGlu–m-A2pm/L-Lys 

–D-Ala), tripeptides (L-Ala–D-iGlu–m-A2pm/L-Lys) and dipeptides (L-Ala–D-

iGlu) (Glauner, Höltje, and Schwarz 1988). However, there are more variations 

in the composition of the peptides across the different Gram-positive bacteria 

(Sukhithasri et al., 2013; Wright 2011). Stem peptide modifications facilitate 

immune system evasion (Sukhithasri et al., 2013), and confer resistance to some 

antibiotics (Mainardi et al., 2008). The carboxylic groups of D-iGlu, m-A2pm and 

L-Lys can be amidated (Bernard et al., 2011; Vollmer and Born 2010; Keglević 

and Derome 1989). D-iGlu can also be hydroxylated or substituted by Glycine 

(Gly), Glycine amide, D-Ala amide or polyamines (Vollmer and Born 2010). 

Instead of m-A2pm or L-Lys at position 3 bacteria can present other diamino acids 

or monoamino acids (Schleifer and Kandler 1972), also, L-Lys can be substituted 

by D-Lys (Miyamoto et al., 2019). The D-Ala at position 4 or 5 or L-Ala in 
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position 1 can be substituted by Gly impeding the formation of the peptide bond 

on it (Hammes et al., 1973). Also, L-Ala in position 1 can be replaced by L-serine 

(L-Ser) (Schleifer and Kandler 1972) and the D-Ala at position 5 can be replaced 

by D-Lactate or D-Ser (Vollmer and Born 2010) (Fig.1.11).  

 
11Figure 1.11. Variation in the structure of the PG on the carbohydrate backbone or 
the stem peptide. Glycan strands modifications confer PG resistance to lysozyme and 
other components of the innate immune system. Stem peptide modifications facilitate 
immune system evasion and confer resistance to some antibiotics. 

The peptides protruding from different glycan strands can be cross-linked, to form 

the net-like structure of PG (Vollmer and Seligman 2010). The most prevalent 

cross-linkage is the 3→4 bond. DD-transpeptidases form amide bonds between D-

Ala at position 4 of one peptide and m-A2pm, L-Lys or the terminal amino acid 

of the branch at L-Lys of another peptide; the terminal D-Ala 5 is released in the 

transpeptidation reaction. This bond is either direct (Gram-negative) or through a 

peptide bridge (Gram-positive) (Rajagopal and Walker 2017). There are also LD-

transpeptidases that connect the L-centre of m-A2pm of one peptide and the D-

centre of m-A2pm of another peptide (3→3 bond) (Caparros et al., 1992).  

A muropeptide is the disaccharide peptide fragment that is released from high-

molecular weight PG by a muramidase, such as lysozyme or cellosyl (Fig.1.11). 
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Muramidases release the muropeptide monomers and cross-linked muropeptide 

oligomers from PG (Vollmer and Seligman 2010).  

PG can covalently anchor proteins in Gram-negative and Gram-positive bacteria 

(Dramsi et al., 2008). E. coli and other Gram-negatives possess the Braun’s 

lipoprotein (Lpp) that tethers the OM to the PG (Braun and Wolff 1970). The ε-

amino group of Lpp C-terminal Lysine is linked to the L-carboxyl group of the 

m-A2pm of the PG. Specific LD-transpeptidases catalyse the attachment of Lpp to 

PG. Muropeptides with the L-lysine–L-arginine (L-Lys–L-Arg) dipeptide (at 

position 4) can be isolated by digesting Lpp-containing PG with pronase (Magnet 

et al., 2007). Gram-positive bacteria have diverse surface proteins covalently and 

non-covalently anchored to PG. The sortases are transpeptidases that anchor 

surface proteins to the PG. Precursors of the surface proteins are synthesised in 

the cytoplasm and translocated across the CM where first the N-terminal signal 

peptide is cleaved off and then sortases cleave the membrane-anchored surface 

protein at the cell wall sorting signal near the C-terminus. Subsequently, the acyl 

enzyme intermediate (sortases-surface protein) is resolved by a nucleophilic 

attack of amino groups of PG precursors. Finally, surface proteins linked to PG 

precursors are incorporated into the PG (Marraffini et al., 2006; Scott and Barnett 

2006). 

1.4.2. Host immune response to PG 

PG is a MAMP and recognised by the innate immune system. The first 

interspecific defence against bacterial PG is lysozyme that lyse bacterial cells to 

prevent infections (see 1.4.4. PG hydrolysis). The receptors that recognise PG in 

humans are nucleotide oligomerisation domain proteins (NOD-1 and NOD-2), 

peptidoglycan recognition proteins (PGRP1, PGRP2, PGRP3, PGRP4) and the 

C-type lectins regenerating gene family protein III (RegIII) and mannose binding 

lectin (MBL). The recognition of PG from Gram-negative bacteria occurs despite 
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the presence of the OM because of the bacterial release of small PG fragments as 

a result of the normal metabolic recycling of cell wall components, without 

damage on the cell (Irazoki et al., 2019). 

2Table 1.2. Specificity of the receptors involved in PG recognition: nucleotide 
oligomerisation domain proteins (NOD-1 and NOD-2), peptidoglycan recognition 
proteins (PGRP1, PGRP2, PGRP3, PGRP4) and the C-type lectins regenerating gene 
family protein III (RegIII) and mannose binding lectin (MBL).  

Receptor Ligand 

NOD-1 MurNAc-L-Ala-D-iGlu-m-A2pm 

NOD-2 MurNA-L-Ala-D-iGlu 

PGRP PG different affinities for different amino acids  

RegIII GlcNAc Gram-positive bacteria 

MBL GlcNAc 

NOD-1 intracellular receptor recognizes MurNAc-L-Ala-D-iGlu-m-A2pm 

(muramyl tripeptide) which is present in almost all Gram-negative bacteria and 

the Gram-positive bacteria of the genus Bacillus, Mycobacteria and L. plantarum 

activating the transcription factor NF-κB pathway (Girardin et al., 2003). NOD-

2 recognizes MurNA-L-Ala-D-iGlu (muramyl dipeptide) present in both types of 

PG (Schenk et al., 2016). 

Mammal PGRPs are secreted and interact with the stem peptide and glycan chains 

of the PG (Dziarski and Gupta 2006; Guan et al., 2004). Different PGRPs 

discriminate between different amino acids (Royet et al., 2011). PGRP-2 is 

secreted from the liver into the blood and has special affinity for MurNAc-L-Ala-

D-iGlu-L-Lys muramyl tripeptide. PGRP-2 has acetylmuramoyl-L-alanine 

amidase activity and hydrolyses the lactoyl of MurNAc to separate it from the 

stem peptide (Guan et al., 2004). Also, PGRP-1 (bone marrow) and PGRP-3 and 

PGRP-4 (skin, eyes, salivary glands, intestine, etc.) are antimicrobial proteins. 

The specific activity of PGRP-1, PGRP-3 and PGRP-4 has not been determined 
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yet (Sukhithasri et al., 2013), but the structural similarities with PGRP-2 make 

likely that they have a similar amidase activity (Dziarski and Gupta 2006). PGRP 

directly kill the bacteria by interacting with the PG inducing membrane 

depolarisation and hydroxyl radical production. The systems employed are CssR–

CssS system in Gram-positive bacteria and CpxA–CpxR system in Gram-

negative bacteria (Sukhithasri et al., 2013). In the fruit fly Drosophila 

melanogaster PGRP-LC and PGRP-LE detect Gram-negative PG and activate 

IMD pathway, whereas PGRP-SA and PGRP-SD detect Gram-positive PG and 

activate the Toll pathway. The IMD and Toll pathways control systemic immune 

responses and acquisition and maintenance of normal gut microorganisms (Royet 

et al., 2011). Human PGRPs may also activate other immunity responses and play 

a role in the wellbeing of the gut microbiota (Guan et al., 2004). 

The C-type lectins RegIII and MBL recognize PG. RegIII receptors recognise the 

carbohydrate backbones of Gram-positive bacteria with a determinant specificity 

for GlcNAc. The binding depends as well of the saccharide chain length 

(Lehotzky et al., 2010). RegIIIa is secreted by Paneth cells and intestinal 

epithelial cells into the gut lumen and is involved in the agglutination of bacteria 

which may serve to control microbiota during inflammation (Chen et al., 2019). 

MBL binds the carbohydrate backbone, having higher affinity for GlcNAc than 

for MurNAc. MBL inhibits production of proinflammatory cytokines while 

enhancing the production of chemokines by macrophages. MBL may regulate 

inflammation while enhancing phagocyte recruitment (Nadesalingam et al., 

2005). 

In the past, TLR2 was considered to recognise PG (Schwandner et al., 1999), 

however this has been recently probed wrong. TLR2 recognizes only lipoteichoic 

acids present in Gram-positive bacteria PG (Travassos et al., 2004). 

The host immune response differs in case of exposition to PG from pathogen or 

commensal bacteria. Pathogen PG activates direct antibacterial activity: 
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production of antimicrobial peptides, inflammation and immune responses. 

However, gut microbiota.do not trigger such response. Moreover, gut microbiota 

muropeptides released during bacterial cell wall (Irazoki et al., 2019) can reach 

the blood (Hergott et al., 2016). These gut microbiota PG fragments may produce 

beneficial systemic effects by enhancing the innate immune function (Hergott et 

al., 2016). For example, gut microbiota and its PG levels in sera correlate with 

neutrophil function. In-vivo administration of NOD-1 ligands is sufficient to 

restore neutrophil function after microbiota depletion caused by Streptococcus 

pneumoniae and Staphylococcus aureus (Clarke et al., 2010). More information 

is necessary to fully understand the mechanisms and effects of the interaction 

between gut microbiota PG and its receptors to pave the way to develop medicines 

to induce microbiota PG benefits (Royet et al., 2011) and antibiotics that target 

specifically the PG of pathogen bacteria without altering beneficial bacteria 

populations.  

PG capacity to trigger an immune response makes it an excellent vaccine adjuvant 

(Garcia-Vello et al., 2020) and a possible candidate to be used as vaccine antigen 

(Chen et al., 2011). It could also be used to develop medication that mimic the 

positive effects of gut microbiota. 

1.4.3. PG biosynthesis and transport 

This chapter focusses on E. coli PG biosynthesis and transport, however the 

enzymatic machineries are largely conserved among Gram-negative bacteria 

(Radkov et al., 2018; Typas et al., 2012). 

The first steps of PG synthesis occur in the cytoplasm. The nucleotide precursor 

UDP-GlcNAc is synthesised from fructose-6-phosphate by the Glm enzymes. 

Mur enzymes synthesize UDP-N-acetylmuramyl-pentapeptide (UDP – MurNAc 

– L-Ala – D-iGlu – m-A2pm – D-Ala – D-Ala) (Liu and Breukink 2016). First, 

MurA transfers an enolpyruvate residue from phosphoenolpyruvate to position 3 
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of UDP‐N‐acetylglucosamine. Then, MurB catalyses the reduction of the 

enolpyruvate into D‐lactate and liberates UDP‐N‐acetylmuramate. This is 

followed by the addition of the pentapeptide side‐chain on the reduced Dlactate 

group by ATP‐dependent amino acid ligases (MurC, MurD, MurE and MurF) 

(Zoeiby, Sanschagrin, and Levesque 2003) (Fig.1.12). 

 
12Figure 1.12. Synthesis of peptidoglycan. In the cytoplasm: The nucleotide 
precursor UDP-GlcNAc is synthesised from fructose-6-phosphate by the Glm 
enzymes. MurA, MurB, MurC, MurD, MurE and MurF synthesize UDP-N-
acetylmuramyl-pentapeptide. MraY transfers the UDP-MurNAc-pentapeptide from 
UDP-Mpp to und-P, generating the lipid I. Afterwards, MurG transfers a GlcNAc 
from UDP-GlcNAc to Lipid I to produce the lipid II. MurJ flips lipid II from the inner 
to the outer leaflet of the CM. In the periplasm: transglycosilases transfer MurNAc 
of the nascent lipid-linked PG to the GlcNAc of a lipid II. Transpeptidases cross-link 
peptides protruding from different glycan strands to form a net-like structure. DD-
transpeptidases form 3→4 bond and LD-transpeptidases form 3→3 bond. Modified 
from Typas et al., 2012. 

D-amino acids are generated by racemases from the respective L-amino acids 

(Choi et al., 1992). The enzyme MraY transfers the UDP-MurNAc-pentapeptide 

from UDP-Mpp to und-P, generating uridine-monophosphate and undecaprenyl-

pyrophosphoryl-MurNAc-pentapeptide or lipid I. Afterwards, the 

glycosyltransferase MurG transfers a GlcNAc from UDP-GlcNAc to Lipid I to 
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produce undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide-GlcNAc or lipid 

II. The MurJ flips lipid II from the inner to the outer leaflet of the CM (Liu and 

Breukink 2016; Typas et al., 2012) (Fig.1.12). 

The final steps of the PG synthesis occur in the periplasm. The glycan strand 

elongates by the trans-glycosyltransferase reaction, the reducing end of the 

MurNAc of the nascent lipid-linked PG strand is transferred to the C-4 of the 

GlcNAc of a lipid II molecule. This liberates the und-PP that is then 

dephosphorylated and recycled for further rounds of lipid I/II synthesis reactions. 

The transpeptidation cross-links peptides protruding from different glycan strands 

to form a net-like structure (Scheffers and Pinho 2005). DD-transpeptidases form 

3→4 bond between the amino group of amino acid 3 (m-A2pm or L-Lys) of the 

acyl-acceptor stem peptide and the carbonyl of amino acid 4 of  a donor peptide; 

the terminal D-Ala 5 of the donor peptide is released in the reaction (Rajagopal 

and Walker 2017). The LD-transpeptidases LdtD and LdtE connect the L-centre 

of m-A2pm of one peptide and the D-centre of m-A2pm of another peptide (3→3 

bond) (van Heijenoort 2011; Caparros et al., 1992). The LD-transpeptidases LdtA, 

LdtB and LdtC anchor the Lpp to PG (van Heijenoort 2011). After 

transpeptidation other modifications occur, like the O-acetylation of C-6 of 

MurNAc catalysed by PG-O-acetyltransferases or the removal the terminal D-Ala 

by the D-Ala-D-Ala carboxypeptidases (Johnson et al., 2013). 

The Penicillin-binding proteins (PBPs) are transpeptidases that covalently bind 

β-lactams (see 1.6. Antibiotic resistance). PBPs are divided into class A (PBP1A, 

PBP1B and PBP1C), class B PBPs or DD-Transpeptidases (PBP2 and PBP3) and 

class C (PBP4, PBP5, PBP6, PBP6b, PBP7 and AmpH). PBPs’ numbering is 

historically based on sodium dodecyl sulfate‐polyacrylamide gel electrophoresis 

(SDS‐PAGE) migration (Sauvage et al., 2008), Class A and B PBPs are high-

molecular-mass PBPs and Class C are low-molecular-mass PBPs. PBPs are 

regulated by other proteins (Walter and Mayer 2019). Some PBPs are semi-
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redundant, ensuring cell survival in the absence of one of them (Pazos and Peters 

2019; Vollmer and Bertsche 2008). Both, class A and class B PBPs are essential 

and have specific roles in the cell cycle. Class A PBPs are bifunctional and have 

a glycosyltransferase domain in addition to the transpeptidase domain. PBP1A 

(encoded by gene mrcA) participates in the synthesis of the PG during elongation 

and PBP1B (mrcB) during septation in cell division. PBP1A and PBP1B are semi-

redundant (Amir et al., 2019). PBP1C (pbpC) seems to be a transglycosylase only 

(Schiffer and Höltje 1999). Class B PBPs exhibit only transpeptidase activity. 

PBP2 (pbpA) participates on cell elongation to produce a spherical shape, and, 

PBP3 (ftsI) participates in septation generating rod shapes. Class C PBPs are 

PBP4 (dacB), PBP4b (pbp4b), PBP5 (dacA) PBP6 (dacC), PBP6b (dacD), PBP7 

(pbpB) and AmpH (ampH) are very diverse and non-essential (Ropy et al., 2015). 

In addition, they have hydrolytic activities and therefore will be mentioned in the 

subsequent section. 

1.4.4. PG hydrolysis 

PG is remodelled and cleaved during growth and cell division. PG hydrolases 

cleave covalent bonds in PG or PG turnover products. The glycosylases (N-

acetylglucosaminidases, N-acetylmuramidases and lytic transglycosylases) 

hydrolyse the glycan backbone, the N-acetylmuramyl-L-alanine amidases remove 

peptide side chains from the carbohydrate polymer and the peptidases 

(carboxypeptidases and endopeptidases) cleave the peptides (Fig.1. 13).  
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13Figure 1.13. PG hydrolases action site. N-acetylglucosaminidases hydrolyse the 
terminal non-reducing GlcNAc. The N-acetylmuramidases hydrolyse the β,1,4-bonds 
between MurNAc and GlcNAc. The lytic transglycosylases are N-acetyl muramidases 
that LTs recognise the bond between MurNAc and GlcNAc and catalyse the 
intramolecular cyclisation of MurNAc into anhMurNAc. The N-acetylmuramyl-L-
Ala amidases or simply amidases cleave the amide bond between MurNAc and the L-
Ala residue of the stem peptide. The endopeptidases hydrolyse the peptide cross-link 
in a non-terminal part of the peptide and can be DD, DL or LD. The carboxypeptidases 
can cleave the bond between terminal amino acids of the stem peptide and can be DD, 
DL or LD. 

There are still many unanswered questions on hydrolases physiological roles. 

During cell division, hydrolases may be necessary for continued PG synthesis 

during septation and coordinators of septation and OM invagination with septal 

ingrowth (Haeusser and Margolin 2016; Typas et al., 2012). In addition, 

hydrolases may be required to insert macromolecular structures such as flagella 

into or across the PG (Herlihey and Clarke 2017). However, it is difficult to assign 

the function to each hydrolase because of their high numbers, their redundant 

roles and that hydrolases may have more than one function (Vollmer et al., 2008). 

PG synthesis and hydrolysis is controlled by the regulators of the divisome and 

the elongasome to avoid autolysis as the integrity of the sacculus can be 

compromised (Egan et al., 2017; Szwedziak and Löwe 2013). 

Glycosylases are divided into N-acetylglucosaminidases and N-

acetylmuramidases. N-acetylglucosaminidases hydrolyse the terminal non-
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reducing GlcNAc, like NagZ (Vermassen et al., 2019). The N-acetylmuramidases 

like lysozyme hydrolyse the β,1,4-bonds between MurNAc and GlcNAc. The 

lytic transglycosylases (LTs) are N-acetyl muramidases that catalyse the 

intramolecular cyclisation of MurNAc into anhMurNAc. LTs recognise the bond 

between MurNAc and GlcNAc of the PG strand in the periplasm. Afterwards, the 

new muropeptide anhMurNAc-GlcNAc is transported to the cytoplasm by the 

CM protein AmpG, degraded and recycled (Dik et al., 2017; van Heijenoort 

2011). 

The N-acetylmuramyl-L-Ala amidases cleave the amide bond between MurNAc 

and the L-Ala residue of the stem peptide. The N-acetylmuramyl-L-Ala amidases 

of E. coli are AmpD (cytoplasm) and AmiA, AmiB, AmiC and AmiD (periplasm) 

(van Heijenoort 2011). AmpD degrades the GlcNAc-1,6- anhMurNAc-peptide. 

The signal peptide in the N-termini of the periplasmatic amidases permits their 

transport across the CM. In the periplasm, when the signal peptide is cleaved 

AmiA, AmiB and AmiC become soluble, however AmiD is a lipoprotein 

anchored to the OM. AmiA, AmiB and AmiC are homologous LytC-type N-

acetylmuramyl-L-alanine amidases and play major role in the splitting process, 

cleaving the septum after cell division (Yang et al., 2012; Heidrich et al., 2001). 

AmiD and AmpD are structurally similar. AmpD is specific for anhMurNAc-L-

Ala and AmiD cleaves anhMurNAc-L-Ala and MurNAc-L-Ala (Uehara and Park 

2007). One of the physiological functions of the amidases may be to facilitate 

invagination during septation. This would happen by elimination of the peptide 

side chains of a PG region to inhibit insertion of new monomers (Priyadarshini et 

al., 2007). 

The peptidases are divided into endopeptidases and carboxypeptidases. 

Endopeptidases hydrolyse the peptide cross-link in a non-terminal part of the 

peptide. The DD-endopeptidases (AmpH, PBP4, PBP7, MepA, MepH, MepM, 

and MepS) cleave 4→3 amide bonds between D-Ala at position 4 of one peptide 



 

39 

and m-A2pm, L-Lys or the terminal amino acid of the branch at L-Lys of another 

peptide (Singh et al., 2012; van Heijenoort 2011). The LD-endopeptidases (MepA 

and MepK) (Chodisetti and Reddy 2019; Keck et al., 1990) and DL-

endopeptidases (Srikannathasan et al., 2013; Garnier et al., 1985) recognize L→D 

or D→L linkages present between the different amino acids of the stem peptide 

or between two different stem peptides. The enzymes DD- and/or LD- 

carboxypeptidases (PBP4, PBP4b, PBP5, PBP6, PBP6b, LdcA, AmpH and 

MepS) can cleave the bond between one or both terminal D-Ala from the peptides 

in the murein, although the objective of this action is not clear yet. DL-

carboxypeptidases cleave DL-linkages between terminal peptides (Pazos and 

Peters 2019; Frirdich et al., 2012; van Heijenoort 2011; González-Leiza et al., 

2011). In E. coli, no DL-endopeptidases nor DL-carboxypeptidases have been 

described. However, it is likely that an enzyme performs this activity since Di 

muropeptides are present in the PG (Glauner, Höltje, and Schwarz 1988) 

During cell septation, new PG is synthesised. This new synthesis has an excess 

of 30% that is rapidly digested. In addition, 60% of the PG is hydrolysed each 

generation and efficiently recycled (Uehara and Park 2008; Park and Uehara 

2008). The recycling pathways could involve the action of the oligopeptide 

permease Opp and the murein peptide permease Mpp (Vollmer and Bertsche 

2008; Uehara et al., 2005) or the AmpG permease (Jacobs et al., 1994). Many 

enzymes are involved in this process, for example PBP4 and PBP5 are involved 

in the recycling of non-canonical D-amino acids (Miyamoto et al., 2020) and 

AmpH bifunctional character and its wide substrate range has been associated 

with PG recycling (González-Leiza et al., 2011). 
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1.5. Biogenesis of the cell envelope: elongasome and divisome 

Bacterial elongate and then divide into two daughter cells which requires a 

coordinated elongation, invagination and division of the CM, PG and OM (Gray 

et al., 2015). 

 
14Figure 1.14. Elongasome and divisome of E. coli. PG sacculus is elongates and 
divides controlled by the bacterial cytoskeleton and associate proteins of the 
elongasome and the divisome. In addition, elongasome and divisome are somehow 
involved in the elongation and division of the OM and the CM (Hugonnet et al., 2016). 

PG sacculus is enlarged by insertion of PG precursors into the lateral wall and 

divided by a formation of a septum and constricted cell division and separation 

of the daughter cells (Typas et al., 2012). This process is controlled by the 

bacterial cytoskeleton and associate proteins from inside the cell. The elongasome 

and the divisome are protein complexes that regulate PG synthesis during cell 

elongation and division. Numerous proteins involved in PG synthesis and 

hydrolysis (see 1. 4. Peptidoglycan) are part of the elongasome and the divisome 

protein complexes (Szwedziak and Löwe 2013). However, it is unknown how the 

cytoskeleton coordinates elongation and division of the OM. Some OM 

lipoproteins interact with the divisome and elongasome, but the details and factors 

remain to be disclosed (Berezuk et al., 2018; Typas et al., 2010). 



 

41 

The elongasome produces cylindrical growth or elongation in rod-shaped bacteria 

like E. coli by directing PG insertion into the lateral wall. It is composed by the 

proteins MreB, MreC, MreD, RodZ, RodA, PBP1A, PBP2, RodZ, MurF, Mur G 

and MraY amongst others (van den Ent et al., 2014) (Fig.1.14). MreB forms 

filaments which move coordinated with the CM proteins MreC, MreD, and 

RodA/PBP2 and the PG synthesis proteins MraY and MurG (Shi et al., 2018; 

Domínguez-Escobar et al., 2011; Mohammadi et al., 2007). Without MreB cells 

acquire an spherical shape (Karczmarek et al., 2007). 

The divisome assembles in two steps: The early proteins (FtsZ, FtsA, ZipA, EzrA 

and Zaps) monitor and recruit the late proteins (FtsE, FtsX, FtsK, FtsQ, FtsL, 

FtsB, FtsW, PBP3 (FtsI), FtsN MurJ and Tol-Pal) (den Blaauwen et al., 2017; Du 

and Lutkenhaus 2017) (Fig.1.14). At some point the tubulin-like GTPase FtsZ 

starts the formation of a ring-like structure at midcell (the Z ring) (De Boer et al., 

1992). Afterwards, the proteins of the divisome localize in the Z ring starting by 

FtsBLQ, FtsIW and FtsN. FtsN bridges the early and late proteins, interacting 

with FtsA to stabilize the FtsBLQ complex. The FtsBLQ complex and FtsN 

regulate the initiation of septal PG synthesis. FtsBLQ can inhibit PBP1B and, so, 

the elongation, and PBP3 that participates in septation. The presence of FtsN or 

the OM lipoprotein LpoB suppresses FtsBLQ activating septation (Boes et al., 

2019; den Blaauwen et al., 2017).  

In E. coli and other Gram-negatives, AmiA, AmiB and AmiC (LytC-type N-

acetylmuramyl-L-alanine amidases) play a major role separating daughter cells 

after cell division. These amidases need activation by proteins of the LytM family 

(EnvC, NlpD, YebA and YgeR). If the amidases or their regulators are inhibited 

severe cell separation defects occur (Uehara et al., 2010; Uehara et al., 2009; 

Heidrich et al., 2001). EnvC regulates AmiA and AmiB and the OM lipoprotein 

NlpD regulates AmiC (Uehara et al., 2010). If the regulators EnvC and NlpD are 

inactivated, cells cannot divide and form long chains of cells (Uehara et al., 2009). 
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EnvC and NlpD localize in the septum before septal PG is synthesised. Later on, 

Ami B and AmiC translocate to the septum as well ( Peters et al., 2011). In E. 

coli, FtsN and FtsEX activate EnvC and NlpD respectively (Uehara et al., 2010). 

YebA and YgeR are also required for cell septation, although they seem not to be 

recruited in the septum like EnvC and NlpD. It has been speculated that EnvC 

and NlpD are specialised division factors, while YebA and YgeR have a minor 

cell separation activity but other implications in PG biogenesis (Uehara et al., 

2009). 

CM elongation and division is coordinated with PG. It is still unknown how this 

happens, the CM may invaginate by the contraction of the Z-ring in the cytoplasm 

and the boost of the septal PG synthesis (Cabré et al., 2013; MacAlister et al., 

1987). 

Interestingly, many regulators of the PG elongation and septation are located in 

the OM. The essential glycosyltransferases and transpeptidases PBP1A and 

PBP1B are regulated by the OM lipoprotein LpoA and LpoB respectively. LpoB 

stimulates PBP1B transpeptidase activity (Egan 2018; Paradis-Bleau et al., 2010; 

Typas et al., 2010). In addition, LpoA together with RlpA (another OM 

lipoprotein from E. coli of unknown function) directly interacts with the divisome 

protein FtsK (Berezuk et al., 2018). 

The Tol-Pal system links the OM and PG layers and seem to promote OM 

constriction during cell division. The Tol-Pal system is composed by TolQ, TolR, 

TolA (TolQRA), TolB and Pal. TolQRA are proteins located in the CM. TolB, is 

a periplasmic protein and Pal is a PG-binding OM lipoprotein (Egan 2018; 

Gerding et al., 2007). The Tol-Pal system may also have a direct role in promoting 

glycan cleavage at the septal site by enzymes localised in the OM, since TolA and 

CpoB interact directly with PBP1B-LpoB and modulate its activity (Gray et al., 

2015). Although, amidase activation is independent from the Tol-Pal system, the 

catalysis products from amidase activities cannot be efficiently processed without 
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the Pal-system and that impairs cell separation (Yakhnina and Bernhardt 2020). 

Other examples of coordination of PG and OM during division is the OM 

lipoprotein NlpD regulator of AmiC, that links PG remodelling and OM 

invagination during cell division (Tsang et al., 2017). Also, in Pseudomonas 

aeruginosa, lytic transglycosylases are necessary for the OM integrity (Lamers et 

al., 2015). As well, the OM protein NlpI is implicated in the degradation of the 

carboxy/endopeptidase MepS. NlpI interacts with DD-endopeptidases (PBP4, 

PBP7 and MepM) and may locate them by the OM and PG synthesis sites 

(Banzhaf et al., 2020; Su et al., 2017). Furthermore, PG synthesis machineries 

adapt to problems in the OM biosynthesis by producing PG with more LD-

crosslinks. When OM synthesis is altered, E. coli responds by increasing the LD-

crosslinks in the PG and the glycosyltransferase activity of PBP1B, its activator 

LpoB and the DD-carboxypeptidase PBP6B (Morè et al., 2019). 
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1.6. Antibiotic resistance 

1.6.1. Need for urgent action and new antibiotics 

Antibiotics have played a crucial role in global development and are essential for 

modern medicine (IACG 2019). They are essential medicines (Hsia et al., 2019; 

WHO 2017) which access is vital to treat severe communicable diseases. 

Vaccination and antimicrobial medication have changed the leading causes of 

death from communicable diseases to non-communicable diseases in high income 

countries. Also, significant progress in the prevention and treatment 

communicable diseases have been made in low income countries (WHO 2016).  

The so called Antibiotic Era started in 1928 when Penicillin was discovered 

(Ligon 2004). Since then, bacteria have developed adaptation mechanisms to 

slowly become resistant to antibiotics in a natural fight for survival. However, 

misuse and overuse of antibiotics in human medicine and food production have 

accelerated the appearance of antibiotic resistant bacterial strains. Today we face 

an uncomfortable reality: the possibility of a time in which antibiotics are no 

longer effective (IACG 2019). The European Centre for Disease Prevention and 

Control (ECDC) calculate that about 33,000 people die each year in the EU due 

to infections with antibiotic-resistant bacteria (Cassini et al., 2019). The World 

Bank estimates that the number of deaths caused by antibiotic resistant bacteria 

will quickly rise from the current 700,000 deaths per year to as many as 10 million 

deaths annually by 2050. This will specially affect the most vulnerable 

populations from low- and middle-income countries and areas affected by 

fragility, conflict and violence (World Bank 2019).  

To address the worldwide antibiotic resistance crisis, the World Health 

Organisation (WHO) proposes five strategic objectives: 1) improve awareness 

and understanding on antibiotic resistance; 2) strengthen the knowledge and 

evidence base though surveillance and research; 3) reduce infections incidence 
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through effective sanitation, hygiene and prevention measures; 4) optimize the 

use of antimicrobials in human and animal health; and, 5) develop the economic 

case for sustainable investment that takes account of the needs of all countries 

and increase investment in new medicines, diagnostic tools, vaccines and 

interventions (WHO 2015).  

However, the fulfilment of WHO strategic objectives is challenging, specially to 

encourage the development of new antibiotics. Most antibiotics were developed 

between 1940-1962 and many are still used nowadays. At present, the discovery 

of novel classes of antibiotics has slowed dramatically (Coates et al., 2011). 

Pharmaceutical companies do not find profitable to develop new antibiotics 

because of their limited profit compared to the treatment of chronic diseases. 

Also, approval by the authorities is long and the research of non-toxicity and 

superiority to no treatment exigent. Once commercialised, benefits are still 

limited as novel antibiotics are usually reserved to be used in the case that no 

other treatment is possible. In addition, most new antibiotics have a very narrow 

spectrum, making necessary the application of diagnostic tools to identify the 

pathogen. Besides, new antibiotics may soon become ineffective and no-

marketable since bacteria rapidly develop resistance to new small molecules 

(Fernandes and Martens 2017; Ventola 2015). 

Gram-negative bacteria are Critical Priority Pathogens for which urgent new 

treatment is needed (WHO 2017b). Gram-negative bacteria present intrinsic 

resistance due to the presence of the OM, that gives bacteria the ability to resist 

small hydrophobic molecules, like most antibiotics, and large polar molecules 

(Silhavy et al., 2010). But also, Gram-negative bacteria represent a tremendous 

challenge since they have developed diverse mechanisms for antibiotic resistance 

against medicines that were effective before. Some of these mechanisms of 

resistance are the acquisition of genes associated with mobile plasmids or 

transposons or mutations which alter bacterial targets for antibiotics, the 
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permeability of the OM, the regulation of innate efflux systems, etc. Treatment 

of infections caused by Gram-negative bacteria is becoming very difficult (Li et 

al., 2015; Boucher et al., 2009).  

1.6.2. Antibiotics: targets and resistance 

Antibiotics have diverse chemical structures and mechanism of action. Cationic 

peptides, polymyxins, b-hairpin peptidomimetics, anionic lipopeptides, b-

lactams (penicillins, cephalosporins and carbapenems), b-lactamase inhibitors, 

glycopeptides, moenomycins aminoglycosides, tetracyclines, glycylcyclines, 

amphenicols, oxazolidinones, pleuromutilins, lincosamides, macrolides, 

streptogramins, steroid antibacterials, rifamycins, quinolones, sulphonamides, 

and others are some of the families in which antibiotics are classified (Fig.1.15). 

 
15Figure 1.15. Antibiotics and their targets in the bacteria. 
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Main commercialised antibiotics against Gram-negative bacteria are b-lactams 

(especially b-lactam and b-lactamase inhibitor combinations, later-generation 

cephalosporins, and carbapenems), fluoroquinolones, and aminoglycosides.  

Targeting the outer membrane 

The OM is an intrinsic and essential component of Gram-negative bacteria. As an 

exacerbating agent for antibiotic resistance, the OM and its specific transport 

machineries: Lpt, BAM and Lol pathways, are potential targets for antibiotics that 

can either kill Gram-negative bacteria or make OM more permeable to antibiotics. 

Currently there are no antibiotics approved that target OM building machineries, 

but some promising molecules are under study.  

Altering the OM 

Cationic peptides are complex structures that can kill Gram-negative and Gram-

positive bacteria, enveloped virus, fungi and cancer cells. Cationic peptides are 

natural products of the innate host defences from animals and plants such as 

defensins, cathelicidins and kinocidins. Despite their high structural diversity and 

large variability in peptide sequences, all cationic peptides share a three-

dimensional arrangement, and the mechanism of action seems to be an interaction 

with the negatively charged membrane. Cationic peptides form transmembrane 

channels that depolarize and destabilize the membrane, in addition to their 

immunomodulatory effects (Peschel and Sahl 2006). Since the mode of action 

relies on charge–charge and hydrophobic interactions, resistances development 

against cationic peptides is unlikely (modifying the composition and structure is 

difficult). Also, the variability in peptide sequences implies that there is not a 

unique recognition site for protease cleavage. Bacteria would need to develop 

specific proteases for different peptide sequences and a combination of different 

cationic peptides could be used. Cationic peptides are a start point for the 
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development of new antimicrobials, like Pexiganan (MSI-78), MSI-367, MSI-

594, and MSI-843 (Lee et al., 2015) or the polymyxins (Trimble et al., 2016). 

Lipopeptides are linear or cyclic peptides with a fatty acid moiety covalently 

attached to the N-terminus, they can be positive or negatively charged (Straus and 

Hancock 2006). Polymyxins (Polymyxin B, Colistin) are positive charged 

lipopeptides. They are synthesised from cationic amphiphilic peptides with 

acetylated N-terminus (C8–C18 fatty acid chain length). Polymyxins interact with 

the phosphate residues of lipid A producing CM permeabilisation and death. 

Polymyxins’ lipid tail increases the activity of the cationic peptide. However, they 

are neurotoxic and nephrotoxic (Trimble et al., 2016). Although, polymyxins are 

used as last-line therapeutic option, bacteria have already developed resistances. 

Bacteria can modify their LPSs in order to reduce their negative charge and 

prevent polymyxins binding and also increase drug efflux, alter membrane 

proteins to decrease permeability to polymyxins and increase anionic capsular 

polysaccharide production (Moffatt et al., 2019). Negatively charged or anionic 

lipopeptides (Amphomycin, Daptomycin, Echinocandins, Surfactin) target the 

CM of Gram-positive bacteria by producing a depolarisation. The mechanism of 

action are not clear yet, but it seems promising since resistances development is 

still rare (Straus and Hancock 2006). 

Targeting OM building machineries 

Table 1.3 summarises the molecules in development that target LPS synthesis, 

Lpt, BAM and Lol. The most promising molecules are the b-hairpin 

peptidomimetics (L27-11, Murepavidin, JB-95, LlpA) which are cationic 

peptides that disrupt OMPs of the Lpt and BAM complexes. Murepavadin is a 14 

amino acid synthetic peptidomimetic that causes LptD inhibition, its activity is 

limited to P. aeruginosa, likely due to the extended N-terminal domain of LptD 

of Pseudomonas spp. (Andolina et al., 2018). Murepavadin, however, caused 

kidney toxicity in phase III clinical trials (Lehman and Grabowicz 2019). 



3Table 1.3. Antibiotics that target OM building machineries. 

 
 

Compound Target Mechanism 

Compound 1 and 2 LpxA 
1 substrate-competition; 2 targets LpxA-product 
complex. No acylation UDP-GlcAc (Han et al., 
2020) 

BB-78485, Lpc-004, CHIR-090  LpxC 
No de-acetylation of the UDP-GlcNAc precursor of 
lipid A (Erwin 2016) 

Sulfonyl piperazine and 
pyrazole LpxH  

No UMP cleavage of the UDP-2,3-
diacylglucosamine (Nayar et al., 2015) 

Bacitracins (Bacitracin A)  Und-P No Und-P dephosphorylation. No synthesis LPS nor 
PG (Manat et al., 2014) 

Hit compounds Heptosyltransferase No transfer of heptose to the Kdo during the building 
of the core (Panda, Saxena, and Guruprasad 2019) 

Tetrahydrobenzothiopenes and 
G907  MsbA  No ATPase activity, LPS translocation (Ho et al., 

2018) 

4-phenylpyrrolcabazoles LptBFGC  ATP-competitive kinase inhibitor (Sherman et al., 
2013)  

Novobiocin  DNA gyrase  
Stimulate LptB.  

Stimulation LptB - increase in LPS transport - 
synergism polymyxin (Mandler et al., 2018) 

Thanatin and its derivatives  LptCAD 
 

Binds common b-strand domain and other 
mechanisms (Vetterli et al., 2018)  

IMB-881  LptA  Blocks interaction LptA-LptC (Zhang et al., 2019) 

L27-11 and Murepavidin  LptD  
Binds extended N-terminal domain of LptD of 
Pseudomonas (Andolina et al., 2018) 

JB-95  b-barrel OMPs  Non-specific: BamA, LptD and others (Robinson 
2019) 

LlpA BamA Lectin-like bacteriocin (Robinson 2019) 

Darobactin  BamA  Blocks BAM complex in a gate-closed conformation 
(Imai et al., 2019) 

MRL-494  BamA Small molecule. No OMP folding (Hart et al., 2019)  

Chimeric peptides  BamA and LPS b-hairpin peptide macrocycle linked to macrocycle of 
polymyxins (McLaughlin and Van Der Donk 2020) 

Monoclonal antibodies (MAB1)  BamA  No OM proteins folding 
Only active if LPS truncated (Storek et al., 2019) 

Batimastat  RseP  
Blocks cleavage of RseA, no sE activation: 
accumulation unfolded OMPs in periplasm 
(Konovalova et al., 2018) 

b-signal peptides  BamD  Interfere recognition of OMPs (Hagan et al., 2015) 

Globomycin LspA peptidases 
Other 

Hydrophobic cyclic peptide, mimic substrate 
(Lehman and Grabowicz 2019) 

Myxovirescin  LspA Prevents lipoproteins from being properly localised 
in the membrane (Kitamura et al., 2018) 

Benzamides  LspA Prevents lipoproteins from being properly localised 
in the membrane (Kitamura et al., 2018) 

Pyridineimidazoles  LolCDE.  Inhibit the LolA-dependent release of Lpp (McLeod 
et al., 2015) 

G0507  LolCDE  Increase ATPase activity 
Accumulation of Lpp in CM (Nickerson et al., 2018) 

Thioureas, MAC13243, A22, S-
4-chlorobenzylisothiourea  LolA  Inhibits lipoprotein transport to the OM (Barker et 

al., 2013) 

Arylomycins (G0775)  LepB peptidase 
Inhibit cleavage of the signal peptide and the release 
of mature b-barrel OMPs into periplasm (Smith et al., 
2018) 

Trifolitoxin Unknown Gram-negative bacteria (Epand et al., 2016) 
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1.7. Commensal bacteria 

1.7.1. Commensal microbiota: an overview 

The human body is inhabited by trillions of microorganisms, known as the human 

microbiota which is composed by Bacteria, Archaea, Eukarya and Virus (Cho and 

Blaser 2012; Human Microbiome Project Consortium 2012). The microbiota 

inhabits various niches in the human body, such as gut (Thursby and Juge 2017), 

oral cavity (Arweiler and Netuschil 2016), skin (Grice and Segre 2011), vagina 

(Martin 2012) and respiratory airways (Man et al., 2017). The microbiota 

contains at least 100 times more genes than the human genome (Gill et al., 2006) 

and commensal bacteria alone are as numerous as human cells (3.8 1013 in a 70 

kg man) (Sender et al., 2016). The microbiota plays crucial roles in the host 

immunity, metabolism, behaviour and disease development although more 

studies are necessary to fully understand its real involvement in human 

metabolism (Lloyd-Price et al., 2017). 

Different microbiota populations are associated with particular body niches 

(Lloyd-Price et al., 2017; Human Microbiome Project Consortium 2012). In 

general, the human body is primarily colonised by bacteria and these are mainly 

part of the phyla Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, 

Fusobacteria and Cyanobacteria (Lloyd-Price et al., 2017; Sartor and Wu 2017; 

Cho and Blaser 2012). In the human intestine, instead, microbes of the phyla 

Firmicutes and Bacteroidetes predominate followed by bacteria belonging to the 

phyla Actinobacteria, Proteobacteria, Verrucomicrobia, Fusobacteria, 

Cyanobacteria and Tenericutes (Rinninella et al., 2019). The dominating phyla 

and variability of bacterial microbiota in the different body sites together with the 

factors that alter microbiota populations are shown in figure 1.16 (Gupta et al., 

2017; Man et al., 2017; Arweiler and Netuschil 2016; Rodríguez et al., 2015; 

Human Microbiome Project Consortium 2012; Cho and Blaser 2012; Grice and 

Segre 2011). 
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16Figure 1.16. Main phyla and variability of bacterial microbiota in the different 
body sites and factors that alter microbiota populations.  

The microbiota ecosystem with the highest diversity and highest level of 

personalisation is the gut (Lloyd-Price et al., 2017), followed by the oral cavity 

and the skin (Fig.1.16). In addition, diversity increases among hunter-gatherer 

societies when compared to the rural agriculturalists and urban industrial 

populations (Gupta et al., 2017). 

1.7.2. Gut microbiota 

The gut microbiota is an extremely complex ecosystem and it varies depending 

on diet, host genetics, antibiotic exposure (naturally produced or administered), 

maternal colonisation at birth, age, the metabolites that other gut microbiota 

produce and so forth (Fig.1.16) (Milani et al., 2017; Thursby and Juge 2017). 

Moreover, bacterial composition also differs between organs and organ layers 

(Donaldson et al., 2016). 
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Gut microbiota colonisation starts in the uterus where bacteria can enter the 

uterine environment through the bloodstream. Contextually, some species are 

correlated with negative pregnancy outcomes (Dunlop et al., 2015; Han et al., 

2009). Afterwards, larger inocula are transferred during vaginal delivery and 

breastfeeding (Rodríguez et al., 2015). The disruption of the normal balance of 

the gut microbiota is known as dysbiosis and it is associated with intestinal and 

extra-intestinal diseases such as obesity and cancer (Álvarez-Mercado et al., 

2019). 

The gut microbiota signifies tremendous benefices for the host. Gut microbes 

protect the intestinal track from pathogenic colonisation by competing for 

adhesion sites and nutrients or by producing antimicrobials (Thursby and Juge 

2017). In addition, the gut microbiota regulates host immunity, maintains the 

integrity of the mucosal barrier and produces nutrients like vitamins (Thursby and 

Juge 2017). It also produces different bioactive substances that interact with the 

host locally and through the blood. For example, members of the gut microbiota 

produce short fatty acid chains by fermentation of the dietary fibre, which might 

ultimately mediate microbiota-gut-brain communication (Dalile et al., 2019). 

The gut has a specialised mucosal immune system in which innate and adaptive 

immunity cooperate and balance each other to tolerate the gut microbiota. It has 

a physical barrier composed by the epithelial cells connected by intercellular tight 

junctions and covered by mucus which lubricates the intestinal tract. The mucus 

layer is mainly composed by gel-forming mucin glycoproteins. The small 

intestine has a single penetrable mucus layer protected by antibacterial mediators. 

The large intestine has a double mucus layer: the inner mucus layer is 

impenetrable and sterile, and the outer mucus layer is less dense and where 

mucus-associated bacteria live (Fig.1.17). The glycans present in the mucin 

glycoproteins are very diverse, offering bacteria many adhesion sites. Mucus is 

constantly produced, providing mucus-associated bacteria a place to live and 
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nutrients to grow. In summary, the mucus layer has a protective as well as 

prebiotic function. The integrity of the mucus is essential for a normal functioning 

of the intestine, integrity alterations are associated with disorders such as Crohn 

disease and ulcerative colitis (Johansson and Hansson 2016; Derrien et al., 2010). 

 
17Figure 1.17. Schematic view of the small intestine and the colon (Johansson and 
Hansson 2016). 

The chemical barrier relies on numerous cytokines and chemokines that are 

secreted to regulate immune cells (neutrophils, macrophages, basophils, and T-

cells). In addition, the gut has some specialised cells from non-hematopoietic 

(epithelia, Paneth cells, goblet cells) and hematopoietic (macrophages, dendritic 

cells, T-cells) origin involved in the immune responses. Furthermore, intestinal 

cells express PRRs that recognize MAMPs, such as LPS and PG (Price et al., 

2018; Chassaing et al., 2014; Oviedo-Boyso et al., 2014), but how the immune 

system discriminates between gut microbiota and pathogens remains to be 

determined. From the host side, the transcription factor, nuclear factor kappa B 

(NF-κB) is essential to activate and control immune responses (Lehman and 

Grabowicz 2019). It is plausible that the host down-regulates specific receptors 

and their expression, like TLRs (Price et al., 018). On the other side, commensal 

may achieve immune tolerance by evading immune recognition, modulating the 
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host immune response when recognition occurs or directly inhibiting the host 

response. The molecular communication between the symbionts and the host 

immune system is however very complex (Round and Mazmanian 2009; 

Sansonetti and Medzhitov 2009), briefly, certain gut bacteria can suppress 

unnecessary inflammatory responses, helping to maintain immune homeostasis 

(Kelly et al., 2004) and this is performed through their MAMPs. Therefore, 

differences in the nature of MAMPs from gut microbiota bacteria and other 

bacteria may occur. More information about the degree of diversity of MAMPs 

in commensals compared to pathogens is necessary. 

1.7.3. LPS and PG of gut microbiota 

Some examples of gut microbiota bacteria with LPS and PG that elicit immune 

responses have been described. For example, the phylum Bacteroidetes achieves 

resistance to inflammation-associated cationic antimicrobial peptides by 

dephosphorylation of the lipid A (Cullen et al., 2015). Moreover, pathogenic and 

commensal bacteria modify the PG to subvert the host defence by glycan 

backbone modifications and stem peptide modifications (especially m-A2pm 

amidation) (Sukhithasri et al., 2013). Recognition by receptors may determine 

their local effects, for example, increased epithelial TLR4 stimulation modulate 

intestinal microbiota and the susceptibility to colitis (Dheer et al., 2016). 

In addition, both LPS and PG from gut microbiota can be found in the blood 

stream (Laugerette et al., 2011; Clarke et al., 2010). They can be secreted by 

various ways, like the OMVs which are secreted by Gram-negative bacteria as a 

natural way to communicate with other bacteria and the host. OMVs can contain 

LPS and PG (Tan et al., 2018; Bonnington and Kuehn 2016; Vanaja et al., 2016). 

In addition, free PG is liberated during natural cell wall turnover (Johnson et al., 

2013). As well, LPS and its fragments may be freely liberated, although it has 

never been demonstrated. The remarkable diversity of PG and LPS structures in 

gut microbiota bacteria and their interaction with different host receptors pose the 
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question if their anatomy may play a role in the development of local and systemic 

beneficial effects as they reach the blood stream.  

In healthy humans, not many LPS cross the intestinal barrier, with levels 

circulating in plasma remaining lower than 200 pg/mL (Benoit et al., 1998; 

Hurley 1995). However, many diseases increase intestinal permeability (Luchetti 

et al., 2020; Bischoff et al., 2014; Teixeira et al., 2012; Fasano 2011; Rapin and 

Wiernsperger 2010), as happens for Clostridium spp. that produce deoxycholic 

acid (Liu et al., 2018). Also, blood endotoxic LPS levels are higher in humans 

with obesity, type 2 diabetes, non-alcoholic fatty liver disease, pancreatitis, 

amyotrophic lateral sclerosis, atherosclerosis, and Alzheimer’s disease compared 

to healthy individuals. This suggests that an increase in gut permeability could 

favour LPS translocation into the blood stream (Loffredo et al., 2020; Fuke et al., 

2019). Also, LPS levels greatly depend on diet (probiotics, prebiotics, 

polyphenols and dietary habits) and gut microbiota populations (Fuke et al., 

2019). Consequently, gut microbiota LPS might have, not only local, but systemic 

effects. For instance, total LPS produced by the healthy human gut microbiota 

potently antagonizes TLR4-dependent cytokine production (d’Hennezel et al., 

2017). Same for PG that can be recognised by NOD-1 receptors (MurNAc-L-Ala-

D-iGlu-m-A2pm), activate the transcription factor NF-κB and restore neutrophil 

function (Clarke et al., 2010). Also, PGRPs discriminate between symbionts and 

pathogens in many organisms. In mammals, the lack of PGRPs, favours the 

growth of pro-inflammatory and damaging microbiota (Saha et al., 2010). 

Within this frame, LPS and PG structures may be somehow implicated in the 

development of beneficial and negative effects of Akkermansia muciniphila and 

Fusobacterium nucleatum. A. muciniphila can reduce insulinemia, cholesterol, 

body weight and fat mass (Depommier et al., 2019). The oral commensal F. 

nucleatum facilitates the formation of the dental plaque biofilm (Brennan and 

Garrett 2019). Conversely, when F. nucleatum spreads extra-orally, it is involved 
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in numerous diseases such adverse pregnancy outcomes or colorectal cancer (Han 

2015; Han and Wang 2013). Describing their LPS and PG architecture is crucial 

to fully understand these interactions and maybe, use bacterial MAMPs or 

develop analogues with clinical applications. 

1.7.4. Akkermansia muciniphila 

Akkermansia muciniphila is an oval non-spore forming Gram-negative bacteria. 

It is non-motile even if it presents pili proteins (Zhang et al., 2019). It is anaerobic 

although it can grow in presence of some oxygen (Geerlings et al., 2018). A. 

muciniphila is present in the intestines of humans and other animals and is one of 

the few bacteria that successfully inhabits the mucus layer; Its presence is 

associated with a healthy intestine (Zhang et al., 2019). 

A. muciniphila belongs to the phylum Verrucomicrobia, and it is the only member 

of this phylum that lives in the human intestine where it is one of the most 

abundant species (Zhang et al., 2019). It is classified in the super-phylum PVC, 

together with Planctomycetes, Poribacteria, Lentisphaerae and Chlamydiae 

(Gupta et al., 2012; Lee et al., 2009) (Fig.1.18). At least eight different species of 

the Akkermansia genus live in the human intestinal tract, although it is not clear 

if they are niche-specific or not (Van Passel et al., 2011). 

The chromosome of A. muciniphila has a circular chromosome of 2,6 106 base 

pairs and only 65% of the protein-coding genes have been assigned to a putative 

function. A. muciniphila has specific genes that are absent in the other genomes 

of Verrucomicrobia members. Specific genes related to carbohydrate transport 

and metabolism and OM biogenesis are enriched. In contrast, specific genes 

related to ribosomal structure and biogenesis or nucleotide transport and 

metabolism are underrepresented (Van Passel et al., 2011). Interestingly, A. 

muciniphila genome does not code for the enzyme Glm essential for PG synthesis 
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as it converts fructose-6-phosphate to glucosamine-6-phosphate. A. muciniphila 

synthesizes PG by using GlcNAc present in the mucin (van der Ark et al., 2018). 

 
18Figure 1.18. Phylogenetic profiling of Akkermansia muciniphila. The numbers on 
the node indicate the percentage of statistical support for different nodes using 
neighbour-joining / maximum likelihood algorithms of Gupta, Bhandari, and Naushad 
2012.  

There are various strains of A. muciniphila that inhabit the mucus layer (Van 

Passel et al., 2011). Because of its mucus degradation capacity, A. muciniphila 

plays a crucial role in the natural mucus turn over, degrading mucine and 

stimulating mucine production (Derrien et al., 2008).  

A. muciniphila colonizes the human intestine very early in life and the amount of 

this bacterium quickly increases during the first year of life. It probably arrives to 

the human intestinal tract through breastfeeding since it has been detected in 

human milk. It has also been isolated from the oral cavity, pancreas, biliary 

system, small and large intestines, and appendix (Table 1.4). All these body sites 

have mucins or oligosaccharides with chemical composition similar to the 

intestinal mucus glycans. Interestingly the population levels of this bacterium are 

altered in disease and also slightly decreased in elderly (Geerlings et al., 2018). 
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4Table 1.4. Isolation sites of A. muciniphila in the digestive track. Modified from 
Geerlings et al 2018. 

Low abundance High abundance) 

Oral cavity Cecum 

Pancreas Appendix 

Gallbladder Ascending colin 

Duodenum Transverse colon 

Common bile duct Descending colon 

Ileum Sigmoid colon 

The presence of A. muciniphila has been associated with a healthy intestine. 

Lowered population levels are associated with diseases such ulcerative colitis 

Crohn’s disease, pre-diabetes, type 2 diabetes, obesity and other metabolic 

disorders. Many of these diseases alter the mucus layer and, therefore, the 

population levels are not enough to establish a causative effect populations-

disease. However, A. muciniphila population can be used as biomarker for 

pathological state of the intestine (Álvarez-Mercado et al., 2019; Earley et al., 

2019; Geerlings et al., 2018; Derrien et al., 2017).  

There is evidence of the beneficial effect of A. muciniphila. Studies in mice 

suggest that A. muciniphila reduces fat accumulation and body weight and 

regulates glycemia levels (Everard et al., 2013). Also, a very recent clinical trial 

(NCT02637115) probed that the daily oral supplementation with live or 

pasteurised A. muciniphila is safe and improve insulin sensitivity and reduces 

insulinemia, cholesterol and blood markers for liver dysfunction and 

inflammation without affecting the rest of the microbiome structure. Also, it 

slightly decreases body weight and fat mass (Depommier et al., 2019). Positive 

effects of A. muciniphila are maintained when pasteurised bacterium is 

administered, but not after autoclaving (Cani and de Vos 2017). As well, specific 
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parts of the bacterium can produce positive effects. A specific pilus-associated 

protein isolated from the OM of A. muciniphila (Amuc_1100) interacts with 

TLR2 and has been linked to improvement of the gut barrier and reduction of fat 

mass development, insulin resistance and dyslipidaemia in mice (Plovier et al., 

2017). 

There are still many open questions concerning its implications on health and 

disease. Likely, the strong effects of A. muciniphila administration are a 

consequence of its uniqueness (Derrien et al., 2017). Deciphering structures 

inherent to A. muciniphila such as the LPS and PG will contribute to the 

understanding of their interaction with the host. It will also give key information 

for the development of new pharmaceutical molecules to prevent and treat 

metabolic diseases.  
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1.7.5. Fusobacterium nucleatum 

Fusobacterium nucleatum is a non-spore forming, non-motile, rod shape, 

anaerobic Gram-negative bacterium. It is a commensal that inhabits the oral 

cavity and plays a crucial role in the formation of biofilms. It produces mainly 

butyric acid as product of the fermentation of glucose and peptone (Bolstad et al., 

1996) which seems to be relevant for the development of ulcerative colitis 

(Ohkusa et al., 2003). It belongs to the phylum Fusobacteria which is divided into 

two families: Leptotrichiaceae and Fusobacteriaceae (Brennan and Garrett 2019) 

(Fig.1.19). The genus Fusobacterium is divided into five subspecies (spp.): 

polymorphum, nucleatum, vincentii, fusiforme, and animalis (Karpathy et al., 

2007). They are commensal or disease-associated (Brennan and Garrett 2019). 

The genome size of F. nucleatum is about 2,4 106 base pairs, and G+C content of 

27 to 28 mol% (Bolstad 1994). Interestingly, F. nucleatum does not have sialidase 

activity and therefore sialic acid cannot be used as source of energy, carbon and 

nitrogen (Moncla, Braham, and Hillier 1990), not even as virulence factor to 

expose and use sialic acid for ligand binding (Sudhakara et al., 2019). Sialic acid 

metabolism genes usually form clusters called Nan cluster and although F. 

nucleatum possess those genes, their activity is minimal (Yoneda et al., 2014). 

F. nucleatum is a ubiquitous member of the human oral flora. It is present in case 

of health and disease, although the population significantly increases in case of 

periodontitis (Bolstad et al., 1996). As an oral commensal, F. nucleatum plays 

integral and beneficial roles. Thanks to its elongated shape and the expression of 

numerous adhesines, it can interact and connect with different bacterial species 

and human cells facilitating the formation of the dental plaque biofilm (Brennan 

and Garrett 2019). 
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19Figure 1.19. Phylogenetic profile of Fusobacterium nucleatum. Modified from 
Brennan and Garrett 2019. 

Although it is an oral commensal, it is involved in periodontal diseases (Yang et 

al., 2014) as well as extra-oral disorders such as adverse pregnancy outcomes 

(Han et al., 2009), gastro intestinal disorders like colorectal cancer, ulcerative 

colitis, inflammatory bowel disease and appendicitis (Shang and Liu 2018), 

cardiovascular diseases like atherosclerosis (Velsko et al., 2015), rheumatoid 

arthritis (Témoin et al., 2012), respiratory tract infections (Brook 2013), 

Lemierre’s syndrome, organ abscesses (Brook 2013) and Alzheimer’s disease 

(Sparks Stein et al., 2012). Its correlation with disease is clear since it is rarely 

detected in healthy tissues other than the mouth and in some disorders it is 

detected in significantly high proportions (Han and Wang 2013). For example, F. 

nucleatum has been isolated from infected respiratory tissue (Brook 2013) and 

oral hygiene has been proved to prevent pneumonia and respiratory tract 

infections (Sjögren et al., 2008). F. nucleatum spp. animalis is the most involved 

in intrauterine infections (Han 2015) and colorectal cancer (Ye et al., 2017; Gao 

et al., 2017), reaching these extra-oral tissues through the blood (Abed et al., 
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2016; Han et al., 2004). F. nucleatum potentiates intestinal tumorigenesis mainly 

by selectively recruiting of tumour-infiltrating myeloid cells, predominantly 

myeloid-derived suppressor cells, with potent immunosuppressive activity (Ye et 

al., 2017), and inhibits human T-cell response (Mima et al., 2015), leading to 

colorectal neoplasia progression. Also the LPS from F. nucleatum has proved to 

stimulate the B lymphocytes (Hofstad et al., 1993) and production of TNFa and 

IL-8 (Krisanaprakornkit et al., 2000). However, the mechanisms underpinning 

the interaction of F. nucleatum with immune cells remain undefined. 

LPSs and PG play a crucial role in immune system evasion and tissues invasion 

(Bartholomew et al., 2019; Juan et al., 2018; Sukhithasri et al., 2013; Yan et al., 

2012; Kawasaki et al., 2004; Edwards et al., 2000) The dual behaviour 

commensal-pathogen of F. nucleatum, makes especially important the study of 

its LPS and PG. The structure of the OPS of the strains ATCC 23726 (Vinogradov 

et al., 2018a), MJR 7757B (Vinogradov et al., 2018b), 10953 (Vinogradov et al., 

2017; Okahashi et al., 1988), 12230 (Vinogradov et al., 2017a) and 25586 

(Vinogradov et al., 2017b) has been determined. Also, the composition of the 

LPS of the strain JCM 8535 (Onoue et al., 1996) and Fev1 (Hofstad and 

Fredriksen 1979) and the structure of the lipid A of Fev-1 (Hase et al., 1977). 

These data showed high diversity in carbohydrate composition among strains and 

common the presence of amino sugars, uronic acids and amino decorations. The 

composition of the PG of Fusobacterium nucleatum has only been described for 

Fev 1 which presents meso-lanthionine instead of m-A2pm (Vasstrand 1981; 

Vasstrand et al., 1979). Enhancing our understanding of the interaction 

commensal-host, pathogen-host and with other members of the microbiota of F. 

nucleatum and during disease development by LPS and PG characterisation is 

necessary.  
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1.8. Aims of the thesis 

The overarching goal of this Ph.D. thesis is to characterize LPS and PG and their 

structural determinants when bound to major proteins involved in its transport 

across the periplasm. This way contributing to the understanding of the 

interaction of pathogen and commensal Gram-negative bacteria with the host 

through their MAMPs: LPS and PG; and deepening the understanding of the 

trans-envelope machineries to find new targets for antibiotics.  

The specific objectives are: 

1. To disclose the composition and structure of the LPS and the PG of 

Akkermansia muciniphila MucT (ATCC BAA-835) and Fusobacterium 

nucleatum spp. animalis ATCC 51191, contributing to phylogenetic and 

epidemiological knowledge. 

2. To disclose the immunological properties of the LPS of A. muciniphila 

MucT (ATCC BAA-835) and F. nucleatum, contributing to the 

understanding of the interaction of pathogen and commensal bacteria 

with the host. 

3. To study the effects of mutations of the essential b-barrel proteins 

assembly machinery (BAM) on the LPS synthesis, to deepen in the 

understanding of the relationship of different trans-envelope machineries. 

4. To develop a tool for the study of the interaction between LPS with 

proteins such as Lpt or immune receptors by NMR. 

5. To study the formation of the Lpt periplasmic bridge across the periplasm 

and the PG layer, contributing to the understanding on the functionality 

of the trans-envelope machineries. 
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2.1. The lipooligosaccharide of Akkermansia muciniphila MucT 

2.1.1. Production and purification of the LOS of A. muciniphila 

Akkermansia muciniphila MucT (ATCC BAA-835) freeze-dried cells (8 g) were 

treated through a combination of the phenol/chloroform/light petroleum (PCP) 

and the hot phenol/water extractions to isolate the LOS. The SDS-PAGE with 

silver staining evidenced the presence of LOS in both phases resulting from the 

PCP extraction and the water phase of the hot phenol/water extraction. 

Subsequently, the sample underwent an enzymatic digestion. SDS-PAGE 

evidenced the presence of LOS in the normal precipitate (B) and the precipitate 

of the ultra-centrifuge (UC) (C) resulting from the enzymatic digestion of the 

water phase of the hot phenol/water extraction (yield 16.2 mg LOS / 1 g dried 

cells) (Fig.2.1.1). 

 
20Figure 2.1.1. SDS-PAGE with silver staining 9 µL sample. A. E. coli LPS; Hot 
phenol/water extraction: B. Precipitate after enzymatic digestion of aqueous phase; 
C. Precipitate UC after enzymatic digestion of aqueous phase; D. Supernatant UC 
after enzymatic digestion of aqueous phase; E. Precipitate centrifuge after enzymatic 
digestion phenol phase; F. Precipitate UC after enzymatic digestion phenol phase; G. 
Supernatant UC after enzymatic digestion phenol phase. 

B C E FA D G
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Mild acid hydrolysis was performed on the full LOS (16 mg) in order to separate 

the polysaccharidic chain from the lipid A. The lipid A was successfully isolated 

(5.6 mg, 35% of LOS). In the supernatant, however, a mix of different 

oligosaccharides was obtained and separated by High Performance Liquid 

Chromatography (HPLC) (Phenomenex C18 Reversed Phase). The HPLC 

resulted in a chromatogram with four different peaks (Fig.2.1.2). 1H NMR 

experiments were performed for all the four fractions (Fig.2.1.3). The first and 

third peaks contained two oligosaccharides, a nonasaccharide (NONA) and a 

tetradecasaccharide (TETRAD) respectively as evidenced by MALDI analysis 

(Fig.2.1.4). The second peak presented a mix of the NONA and a TETRAD; last 

peak presented an impurity. 

	
21Figure 2.1.2. Mild acid hydrolysis was performed on the full LOS of A. 
muciniphila MucT (16 mg) in order to separate the polysaccharidic chain from the 
lipid A. In the supernatant, mix of different polysaccharides was obtained and 
separated by HPLC (High Performance Liquid Chromatography system Agilent 1100 
Phenomenex C18 Reversed Phase in isocratic conditions; flow =0.8 mL/min and 
monitoring the eluate with a refractive index detector (206 nm). The HPLC resulted 
in a chromatogram with four differentiated peaks named from A to D. 1H NMR 
experiments are presented in figure 2.1.3. 
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22Figure 2.1.3. 1H NMR spectra recorded for the fractions obtained by purification 
by HPLC of the polysaccharidic mix resulting from the acid hydrolysis of the crude 
LOS of A. muciniphila MucT (600 MHz). A and C contained two different 
polysaccharides respectively, B a mix of the polysaccharides from fractions A and C. 
Finally, D, presented an impure mix. The polysaccharides A and C were a 
nonasaccharide (NONA) and a tetradecasaccharide (TETRA) respectively. 

	
23Figure 2.1.4. Negative-ion MALDI-TOF mass spectrum of the a. nonasaccharide 
and the b. tetradecasaccharide of A. muciniphila MucT. 
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2.1.2. Compositional analysis of the Nonasaccharide and the 

Tetradecasaccharide 

Monosaccharide chemical analysis as acetylated O-methyl glycosides of the 

nonasaccharide detected the presence of fucose (Fuc), galactose (Gal), 

glucosamine (GlcNAc), galactosamine (GalNAc), L-glycero-D-manno-heptose 

(Hep) and 3-deoxy-D-manno-octulosonic acid (Kdo). The O-octylglycoside 

derivatives and the partially methylated alditol acetated methods, disclosed the 

presence of t-L-Fuc, 2,3-L-Fuc, 3,4-D-Gal, t-D-GlcNAc, t-D-GalNAc and 6-Hep 

(Fig.2.1.5.a). 

Monosaccharide chemical analysis as acetylated O-methyl glycosides of the 

tetradecasaccharide detected the presence of Fuc, mannose (Man), Gal, glucose 

(Glc), GalNAc, GlcNAc, Hep and Kdo. The O-octylglycoside derivatives and the 

partially methylated alditol acetated methods, disclosed the presence of t-L-Fuc, 

2-D-Man, 3,4-D-Gal, 2,3-D-Glc, 4-D-Glc, t-D-GlcNAc, 6-D-GalNAc, and 6-

Heptose (Fig.2.1.5.b). 

 
24Figure 2.1.5. Partially methylated alditol acetated method results of a. 
nonasaccharide and b. tetradecasaccharide fractions obtained by purification by 
HPLC of the polysaccharidic mix resulting from the acid hydrolysis of the crude LOS 
of A. muciniphila MucT. 
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2.1.3. NMR analysis of the Nonasaccharide of A. muciniphila 

The structure of the NONA was determined by analysing 1H,1H homo- and 1H,13C 

heteronuclear 2D NMR experiments recorded by dissolving this glycan in D2O. 
1H,1H COSY and 1H,1H TOCSY experiments were used to disclose the protons 

of each spin system; each carbon atom was identified through the analysis of the 
1H,13C HSQC and further confirmed by 1H,13C HSQC-TOCSY. Finally, the 

primary sequence was inferred by analysis of inter-residue and long-range dipolar 

and scalar correlations from 1H,1H TROESY and 1H,13C HMBC spectra, 

respectively. 

The HSQC spectrum presented eight main anomeric signals at 1H 5.4-4.5 ppm 

that were labelled with a capital letter (A-I, Fig.2.1.6, Table 2.1.1).  

 
25Figure 2.1.6. Expansion of HSQC spectrum recorded for NONA from A. 
muciniphila MucT (600 MHz, 32 °C). Grey densities correspond to “CH2” carbons. 
The structure is reported in figure 2.1.11 and labels refer to table 2.1.1. 
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NMR analysis started from H-1 of A (5.39 ppm) that displayed three correlations 

in the TOCSY spectrum (Fig.2.1.7), with that at 4.18 ppm in common with the 

COSY spectrum. Hence, this density was assigned to H-2, and by a similar 

approach H-3 (4.05 ppm) and H-4 (3.88 ppm). Lack of further correlations from 

H-1 enabled the recognition of A as a galacto-configured residue. Combination 

of TOCSY from H-3 (Fig.2.1.7) and HMBC from H-4 spectrum pointed to H-5 

(4.93 ppm) (Fig.2.1.8) and it enabled the finding of H-6 via the corresponding 

COSY correlation (1.27 ppm). HSQC and the HSQC-TOCSY (Fig.2.1.8) spectra 

defined all the carbon chemical shifts of A (Table 2.1.1), an a-fucose based on 

the low chemical shift of C-6 (16.3 ppm), it is 2,3 O-substituted based on the low 

chemical shift of C-2 and C-3 (68.6 and 80.2 ppm). 

Correlations on the TOCSY spectrum originating from H-1 of B (5.35 ppm), C 

(5.09 ppm), D (5.09 ppm) and I (4.54 ppm) had the same pattern of A, hence were 

galacto-configured residues. C was also a a-fucose, TOCSY spectrum 

(Fig.2.1.7), showed H-2 (3.81 ppm), H-3 (3.86 ppm) and H-4 (3.82) as 

overlapped, but HMBC and the HSQC-TOCSY (Fig.2.1.8) spectra allowed the 

unequivocal identification of both H and C chemical shifts. 

B (5.35 ppm) and D (5.09 ppm) spin systems are a-galactoses based on the 3JH1,H2 

(3.4 Hz) value and COSY-TOCSY signals of H-5 with H-6, however, the specific 

identification of the H-6 was not possible because of the overlap of the signals in 

the CH2 region. B residue was identified as a terminal a-galactosamine based on 

the chemical shift of C-2 (50.7 ppm). D residue was identified as a 3,4-a-

galactose based on the values of C-3 and C-4 (76.4 and 72.8 ppm). 
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5Table 2.1.1. Proton (1H) (plain text) and carbon (13C) (italic) NMR chemical shifts 
of the NONA polysaccharide from A. muciniphila MucT (600 MHz, 32 °C, D2O). 

 1 2 3 4 5 6 7 8 

A 

2,3-a-Fuc 

5.39 4.18 4.05 3.88 4.93 1.27   

99.4 68.6 80.2 73.2 67.2 16.3   

B 

t- a-GalNAc 

5.35 4.19 3.79 3.96 4.17    

98.1 50.7 70.7 69.9 72.9    

C 

t-a-Fuc 

5.09 3.81 3.86 3.82 4.18 1.27   

102.9 69.6 70.5 72.8 68.6 16.3   

D 

3,4-a-Gal 

5.09 3.69 3.91 3.91 3.91    

102.9 74.7 76.4 72.8 72.8    

E 

Free Kdof 

  2.13/2.69 4.62 4.37 3.72 3.51 3.77/3.92 

 105.6 44.3 70.1 86.3 63.3 76.3 61.8 

F 

t-a-GlcNAc 

5.06 4.10 3.72 3.50 3.74    

96.8 54.4 72.7 71.4 73.9    

G 

t-a-GlcNAc 

4.99 3.99 3.79 3.59 3.74    

101.8 55.2 72.3 70.6 73.9    

H 

6-a-Hep 

4.87 4.03 4.03 4.01 3.82 4.21   

104.1 71.7 71.7 68.0 73.6 79.9   

I 

t-b-GalNAc 

4.54 2.02 3.67 3.86 3.64    

101.5 53.5 72.6 69.1 76.7    

K 

4,5,7-Kdop 

  1.89/1.98 4.25 4.09 3.94 3.94 3.87/3.76 

 97.75 34.96 72.6 76.6 72.4 81.5 62.7 
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I residue (4.54 ppm) was b-galacto-configured based on the 3JH1,H2 (8.5 Hz) value 

and COSY-TOCSY signals of H-5 with H-6, however, the specific identification 

of the H-6 was not possible because of the overlap of the signals in the CH2 

region. The chemical shift of the C-2 (53.5 ppm) highlighted the presence of an 

amino function. In conclusion, I was a terminal b-galactosamine. 

 
26Figure 2.1.7. Expansion of TOCSY (black) and COSY (cyan/red) spectra of the 
NONA from A. muciniphila MucT (600 MHz, 32 °C). Labels refer to table 2.1.1. 

 
27Figure 2.1.8. Expansion of HMBC (black) and HSQC-TOCSY (red) spectra of the 
NONA from A. muciniphila MucT (600 MHz, 32 °C). Labels refer to table 2.1.1. 
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H-1 of F (5.06 ppm) and G (4.99 ppm) TOCSY spectra displayed signals with all 

the carbons of the spin system (Fig.2.1.7), also, the 3JH1,H2 value was 3.2 Hz, 

characterizing  F and G as a-gluco-configured residues. They were identified as 

hexoses based on the COSY-TOCSY signals of H-5 with H-6; however, the 

specific identification of the H-6 was not possible because of the overlap of the 

signals in the CH2 region. F and G showed a high field chemical shift of the C-2 

(54.4 and 55.2 ppm) identifying them as terminal a-glucosamines.  

H-1 of H (4.87 ppm) was recognised as manno-configured α-heptose residues, 

because of the lack of signals in the COSY and TOCSY spectra with other proton 

from the spin system other than H-2 (4.03 ppm) (Fig.2.1.7) and the low 3JH1,H2 

value, which is diagnostic for an equatorially oriented H-2. By TOCSY and 

ROESY spectra, from H-2 it was possible to assign all other cross-peaks up to H-

7. It is identified as a 6 linked a-L-glycero-D-manno-heptose because of the high 

chemical shift of C-6 (73.6 ppm). 

Finally, there were two different molecules of 3-deoxy-D-manno-octulosonic acid 

(Kdo) present in the sample named as E (H-4 4.62 ppm) and K (H-4 4.17 ppm). 

The analysis started from the H-3/C-3 methylene signals (4.62/70.1 and 4.17/72.3 

ppm). The TOCSY connected these two protons to the H-4 (4.62 and 4.17 ppm) 

and H-5 (4.37 and 4.09 ppm), the COSY established the correct sequence between 

the two signals. E presented a COSY signal to H-6 (3.72 ppm) and this with H-7 

(3.51 ppm). From H-5 of K there were overlapped TOCSY signals to H-6 

(3.94ppm) and H-7 (3.94 ppm). Note that the low resonances of H-4, H-5 and H-

7 of K indicated that the positions were substituted). E was a furanose form of 

Kdo, as evidenced by the long‐range correlation of C-2 with H-5 (Fig.2.1.9), and 

the chemical shift values of H‐3s (2.13, 2.69 ppm), C‐2 (105.6 ppm) and C‐5 

(86.3 ppm) (Table 2.1.1). This unit was not part of the nonasaccharide, it was co-

eluted with it during the HPLC purification. 
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The combination of the HMBC (Fig.2.1.8) and TROESY (Fig.2.10) allowed the 

location of all carbohydrate residues in an oligosaccharide chain. Hence, the 

NONA from A. muciniphila is a nonasaccharide as reported in figure 2.1.11 and 

is consistent with the data from the GC-MS.  

 
28Figure 2.1.9. Expansion of HMBC (black) and HSQC (blue) spectra of the NONA 
from A. muciniphila MucT (600 MHz, 32 °C). Labels refer to table 2.1.1. 

 
29Figure 2.1.10. Expansion of TROESY (black) and COSY (cyan/red) spectra of the 
NONA from A. muciniphila MucT (600 MHz, 32 °C). Labels refer to table 2.1.1. 
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30Figure 2.1.11. Structure of the NONA from A. muciniphila MucT using Symbol 
Nomenclature for Glycans (SNFG). Labels refer to table 2.1.1. 

2.1.4. NMR analysis of the Tetradecasaccharide of A. muciniphila 

The structure of the TETRAD was determined by NMR using the same approach 
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identified through the analysis of the 1H,13C HSQC and further confirmed by 
1H,13C HSQC-TOCSY. Finally, the primary sequence was inferred by analysis of 

inter-residue and long-range dipolar and scalar correlations from 1H,1H TROESY 

and 1H,13C HMBC spectra, respectively. 
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also displayed four correlations in the TOCSY spectrum (Fig.2.1.13) and were 

identified as b-Glc based on their 3JH1,H2 values (8.63, 8.04 and 7.7 Hz 

respectively). Both F and H were 4-substituted residues as evidenced from the 

high resonance of their C-4 (78.3 and 81.0 ppm respectively). O presented a 

similar signal arrangement with a C-2 at 54.6 ppm, indicative of a t-b-GlcN. 

 
31Figure 2.1.12. HSQC spectrum expansion of the TETRAD from A. muciniphila 
MucT (950 MHz, 27 °C) the structure is reported in figure 2.1.16. Labels refer to table 
2.1.2. 
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6Table 2.1.2. Proton (1H) (plain text) and carbon (13C) (italic) NMR chemical shifts 
of the TETRAD polysaccharide from A. muciniphila MucT (950 MHz, 27 °C, D2O). 

 1 2 3 4 5 6 7 8 

A 
t-a-GlcNAc 

5.06 4.08 3.73 3.48 3.74 3.77/3.93   

96.6 54.4 73.9 71.3 72.8 61.9   

B 
6-a-Hep 

4.87 4.02 3.83 3.88 3.74 4.21 3.94/3.83  

104.1 71.7 73.8 68.1 73.8 80.8 64.5  

C 
3,4-a-Gal 

5.97 3.83 3.86 3.91 3.91 3.77/3.92   

102.7 74.7 72.6 73.3 72.7 60.8   

D 
6-b-GalNAc 

4.50 3.93 3.71 3.95 3.75 3.86/4.07   

101.3 53.6 72.4 68.6 74.5 70.9   

E 
t-a-Fuc 

5.35 3.74 4.03 3.83 4.77 1.23   

99.3 69.5 70.5 73.5 67.8 16.7   

F 
4-b-Glc 

4.61 3.34 3.80 3.64 3.69 3.77/3.95   

103.9 74.2 77.3 78.3 75.7 61.9   

G 
4-a-Glc 

5.40 3.63 3.81 3.67 3.86 3.88   

100.5 72.7 72.7 79.56 72.6 61.1   

H 
4-b-Glc 

4.55 3.39 3.78 3.62 3.68 3.77/3.91   

103.57 74.15 75.4 81.0 75.7 61.4   

I 
2-b-Man 

4.71 4.59 4.07 3.55 3.49 3.61/3.97   

102.5 71.2 74.8 66.9 77.8 62.87   

K 
4,5,7-Kdo 

  1.90/2.22 4.25 4.09 3.93 3.93 3.87/3.72 

174.7 97.9 34.6 72.6 76.2 72.3 81.0 62.8 

L 
2,3-b-Glc 

4.98 3.38 3.67 3.35 3.41 3.71/3.91   

95.5 79.5 77.8 71.5 77.3 61.9   

M 
t-a-Fuc 

5.31 4.90 4.32 4.06 4.69 1.22   

97.97 74.4 68.3 73.0 69.9 16.4   

N 
t-a-Fuc 

5.10 3.81 3.86 3.82 4.17 1.19   

102.5 69.5 72.5 72.9 68.5 16.97   

O 
t-b-GlcNAc 

4.69 3.61 3.53 3.31 3.41 4.05/3.91   

102.5 54.6 74.8 72.1 76.8 63.0   
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32Figure 2.1.13. Expansion of TOCSY (black) and COSY (cyan/red) spectra of the 
TETRAD from A. muciniphila MucT (950 MHz, 27 °C). Labels refer to table 2.1.2. 
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33Figure 2.1.14. Expansion of HMBC (black), HSQC-TOCSY (blue) and HSQC 
(cyan) spectra of the TETRAD from A. muciniphila MucT (950 MHz, 27 °C). Labels 
refer to table 2.1.2. 

 
34Figure 2.1.15. Expansion of ROESY (black) and COSY (cyan/red) spectra of the 
TETRAD from A. muciniphila MucT (950 MHz, 27 °C). Labels refer to table 2.1.2. 
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H-1 of B (4.87 ppm) was recognised as manno-configured α-heptose residue, 

because of the lack of signals in the COSY and TOCSY spectra with other protons 

from the spin system other than H-2 (4.02 ppm) (Fig.2.1.13). By TOCSY and 

ROESY spectra, from H-2 it was possible to assign all other cross-peaks up to H-

7. It is identified as a 6 linked a-L-glycero-D-manno-heptose because of the high 

chemical shift of C-6 (80.8 ppm). 

Finally, K was identified as Kdo (H-4 4.25 ppm). The analysis started from the 

H-3/C-3 methylene signals (1.90, 2.22 / 34.6 ppm). The TOCSY connected these 

two protons to the H-4 (4.25 ppm) and H-5 (4.09 ppm), the COSY established the 

correct sequence between the two signals. From H-5 HSQC-TOCSY signals and 

NOESY signals from H-4 to H-6 (3.91 ppm). H-7 (3.93 ppm) overlapped with H-

6 in the 1D experiments but was identified using the HSQC-TOCSY and 

subsequently the H-8 (3.87/3.72 ppm). The low resonances of C-4, C-5 and C-7 

of K indicated that the positions were substituted (72.6, 76.2 and 81.0 ppm 

respectively).  

 
35Figure 2.1.16. Structure of the TETRAD from A. muciniphila MucT using SNFG. 
Labels refer to table 2.1.2. 

The combination of the HMBC (Fig.2.1.14) and ROESY (Fig.2.1.15) allowed the 

identification of the oligosaccharide chain sequence. Hence, the TETRAD from 

A. muciniphila is a tetradecasaccharide with high level of ramification by fucoses 

as reported in figure 2.1.16 and is consistent with the data from the GC-MS. 

Kα,5
α,7

α,4

α,6β,4

α,3β,3

α,2

2Ac

β,2 β,4 β,4 α,4 β,6

A

N

BCD

E

FGHI
M

L

O



 
85 

2.1.5. Structural characterisation of the Lipid A of A. muciniphila 

The lipid compositional analysis of the LOS of A. muciniphila revealed the 

presence of iso-tetradecanoic acid (i-C14:0), iso-3-hydroxy pentadecanoic acid 

(i-C15:0 (3-OH)) and heptadecanoic acid (C17:0) amongst others (Fig.2.1.17). 

The negative-ion MALDI-TOF MS spectrum recorded in negative ion polarity of 

the lipid A from A. muciniphila isolated through mild acid hydrolysis of the LOS, 

is reported in figure 2.1.18. 

 
36Figure 2.1.17. GC-MS profile of A. muciniphila MucT LOS lipid compositional 
analysis C16:0, C16:1 and C18:0 are impurities or cell derived fatty acids. 

The spectrum showed in the m/z range 1332.1–1978.7, the presence of a 

heterogeneous pattern of signals relative to deprotonated [M−H]− lipid A species 

that differed in the nature and number of fatty acid chains and in the phosphate 

content. There were three main groups of signals at around m/z 1922.6, 1670.3 

and 1430.1, identified as hexa-acylated, penta-acylated and tetra-acylated lipid A 

respectively. They all presented a mono-phosphorylated form at m/z 1842.8, 

1590.4 and 1350.1 respectively (Table 2.1.3). 

In particular, the main peak at m/z 1922.6 matched with a bis-phosphorylated lipid 

A carrying i-C15:0 (3-OH) as primary O-linked and N-linked fatty acids, whereas 

i-C14:0 and C17:0 residues corresponded to secondary acyl substituents. In 

addition, a cluster of peaks at about m/z 1670.3 was assigned to bis-

phosphorylated penta-acylated lipid A species lacking one C17:0 unit, and the 
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family of peaks at about m/z 1430.1 were attributed to bis-phosphorylated tetra-

acylated lipid A species because of the absence of both C17:0 and one of the 

primary O-linked i-15:0 (3-OH). Notably, the spectrum showed differences of 14 

amu (-CH2- unit) diagnostic for the occurrence of lipid A species differing in the 

length of the acyl chains, further incrementing the heterogeneity of this lipid A. 

A negative‐ion MS/MS analysis was conducted in order to establish the exact 

location of the acyl chains with respect to the glucosamine disaccharide 

backbone.  

 
37Figure 2.1.18. Negative ion MALDI mass spectrum of the lipid A from A. 
muciniphila MucT. Differences of 28 amu are reported in the spectrum. The families 
of lipid A species differing in the acylation degree were also indicated as “Hexa-
acylated”, “Penta-acylated”, “Tetra-acylated” and “Tri-acylated”. P: phosphate group. 
The relevant ion peaks are described in the text and in table 2.1.3. 

7Table 2.1.3. The main MALDI-TOF MS ion peaks A. muciniphila MucT lipid A. 
Report of the predicted mass and the proposed interpretation of the substituting fatty 
acids and phosphates on the lipid A backbone. See figure 2.1.18 for full spectrum. 

Predicted 
mass (Da) 

Observed ion 
peaks (m/z) 

Acyl 
substitution 

Proposed fatty acid/phosphate 
composition 

1923.3 1922.6 Hexa-acyl HexN2P2 [i-15:0(3-OH)]4
 (17:0) (14:0) 

1843.3 1842.6 Hexa-acyl HexN2P [i-15:0(3-OH)]4 (17:0) (14:0) 
1671.1 1670.3 Penta-acyl HexN2P2 [i-15:0(3-OH)]4 (14:0) 
1591.1 1590.4 Penta-acyl HexN2P [i-15:0(3-OH)]4 (14:0) 
1430.9 1430.1 Tetra-acyl HexN2P2 [i-15:0(3-OH)]3

 (14:0) 
1350.9 1350.1 Tetra-acyl HexN2P [i-15:0(3-OH)]3 (14:0) 
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In particular, the MS/MS spectrum recorded on precursor ion at m/z 1922.6 

relative to a bis-phosphorylated hexa-acylated lipid A species, showed, among 

others, an ion derived from the loss of a whole unit of a hydroxylated C15:0 

bearing the secondary C17:0 substituent and one phosphate group matched peak 

at m/z 1314.3. It also showed an ion derived from the sequential loss of a C15:0 

(3-OH) and a C17:0 at m/z 1394.4, and two ions originated from the sequential 

loss of a C15:0 (3-OH), a C17:0 and a phosphate group at m/z 1296.4 (Fig 2.1.19). 

Remarkably, the peak m/z 738.1 was attributed to an Y1-type ion derived from the 

cleavage of the glycosidic linkage (Domon and Costello 1988) which was 

essential to define the location of the two secondary acyl chains with respect to 

the glucosamine backbone. It suggested that the reducing glucosamine was 

acylated by two primary units of C15:0 (3-OH) (Fig 2.1.19) thus implying the 

location of the secondary acyl substituents on the non-reducing GlcN. 

 
38Figure 2.1.19. Negative ion MS/MS spectrum of m/z 1922.6 of the lipid from A. 
muciniphila MucT. This is a representative ion peak of the cluster ascribed to bis-
phosphorylated hexa-acylated lipid A species. The main fragments’ assignment is 
indicated in the spectrum. The proposed structure is reported in the inset.  

In addition, to confirm the structural hypothesis a treatment of the lipid A with 

NH4OH was performed to selectively remove the acyl and acyloxyacyl esters, 

while leaving the acyl and acyloxyacyl amides unaltered; this approach followed 

by a MALDI-TOF MS investigation of the related product is typically crucial in 

providing a clear indication of the location of the lipid A acyl chains. The 

negative-ion MS spectrum, recorded in reflectron mode, is shown in figure 2.1.20. 

1664.5

1652.5
1646.5

1554.4
1824.7

1394.41296.41074.1

634.0 887.6 1141.2 1394.8 1648.4 1902.0
Mass (m/z)

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

1380.61314.31197.7690.1 738.1 1447.3850.0791.9 1256.3

-H3PO4

1566.5

-15:0 (OH)

-15:0 (OH)
-17:0

-17:0
-17:0
-H3PO4

-15:0 (OH)
-H3PO4

-15:0 (OH)
-17:0
-H3PO4

Y1

-15:0 (O17:0)
-H3PO4

-15:0 (O17:0)

-H3PO4

-15:0 (OH)

Y1

Precursor ionm/z 1922.6



 
88 

The peak at m/z 1189.8 was attributed to a bis-phosphorylated and tri-acylated 

lipid A product characterised by the occurrence of two units of C15:0 (3-OH) and 

one C14:0 (Fig.2.1.20). This information, complemented with those attained by 

MS/MS analysis, supported the hypothesis of C14:0 to be the substituent of the 

N-linked primary C15:0 (3-OH) of the non-reducing GlcN while C17:0 may be 

the substituent of the O-linked primary C15:0 (3-OH) of the same GlcN. 

 
39Figure 2.1.20. Reflectron negative ion spectrum of the NH4OH-treated lipid A 
disclosing the location of the secondary acyl chains. 

Therefore, by combining data from fatty acid compositional analysis and from 

MALDI MS and MS/MS, it was possible to establish the fine structure of the lipid 

A from A. muciniphila of which the main bis-phosphorylated forms are presented 

in figure 2.1.21. 

 
40Figure 2.1.21. Proposed structure for the main bis-phosphorylated lipid A species 
of A. muciniphila MucT. The absolute configuration of the primary acyl chains and 
the anomeric configuration of the two GlcN residues are based on literature data. 
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2.1.6. Inner core determination of the LOS of A. muciniphila 

Three pieces of the LOS were identified: the nonasaccharide, the 

tetradecasaccharide and the lipid A, to analyse how they were linked NMR 

experiments were performed. However, the NMR analysis was not conclusive 

due to the presence of numerous overlaps and the weak HMBC signals generated 

from the position 3 of the Kdo residues. 

Therefore, Electrospray Ionisation Fourier Transform Ion Cyclotron Resonance 

Mass Spectrometry (ESI FT-ICR MS) was performed on the fully de-acylated 

molecule by Dr. Nicolardi from Leiden University (see Material and methods). 

41Figure 2.1.22. Positive mode ESI FT-ICR MS of de-acylated A. muciniphila MucT 
polysaccharide. The intact polysaccharide was not detected. Instead, the signals from 
intense protonated in-source fragment ions characterised the mass spectrum. 
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The intact polysaccharide was not detected while intense fragments, generated 

from in-source decay, were detected in the mass spectrum. Fragment ions with 

residual acylation and/or acetylation were also detected. In-source decay 

fragment ions were further characterised by ESI-CID FT-ICR MS (Fig.2.1.22). 

In the MS and MS/MS spectra, intense fragment ions from the loss of H3PO4 were 

observed (97.9769 Da) (data not shown). The identification of the specific 

monosaccharide residues was based in the results described above, since the 

identification of different isomers is not possible by this technique. 

The existence of a central Kdo that links to the lipid A and a terminal Kdo instead 

of a linear sequence of 3 Kdos was stablished by the presence of 

TETRAD+lipidA+2Kdos and TETRAD+lipidA+3Kdos and was further 

confirmed by MS/MS. In addition, a complementary Kdo in-depth analysis is 

currently ongoing to confirm the presence of a terminal Kdo and gather more 

information on the central Kdo. 

The results seemed to indicate the presence of a total of 4 Kdo residues 

(Fig.2.1.23). A central Kdo substituted with the NONA, the TETRAD, the lipid 

A and a terminal Kdo. However, the substitution site has not been determined yet. 
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42Figure 2.1.23. Preliminary results on the structure LOS of A. muciniphila MucT. 
The substitution pattern of the central Kdo remains to be disclosed. 

2.1.7. Immunological properties of the LOS of A. muciniphila 

The immunological properties of the LOS were evaluated by screening TLR2 and 

TLR4 activation in HEK-Blue hTLR2 and hTLR4 cell lines, by the team of Prof. 

De Vos at Wageningen University. In these cell lines, stimulation of TLR2 or 

TLR4 and subsequent activation of NF-κB and AP-1 induced the production of 

secreted embryonic alkaline phosphatase (SEAP), which was quantified 

spectrophotometrically. The full LOS were obtained and purified, the lipid and 

the saccharides obtained by PCP and subsequent hot phenol/water extractions and 

purified by enzymatic digestion and dialysis. The lipid A and the saccharide were 

the precipitate and the supernatant respectively after the mild acid treatment of 

the purified LOS. The synthetic TLR2 agonist Pam3CSK4, the TLR4 agonist 

hexa-acylated Escherichia coli O111:B4 LPS, the growth medium (Dulbecco's 

Modified Eagle Medium, DMEM) and the buffer (Phosphate-buffered saline 

PBS) were used as controls. 
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43Figure 2.1.24. Analysis of the immune activity of LOS, saccharide and lipid A of 
A. muciniphila MucT on HEK-Blue hTLR4 and hTLR2 cells. NF-κB and AP-1 
induced the production of SEAP, which was quantified spectrophotometrically. Bars 
represent the median values from 3 independent replicates. 

The purity of the LOS was established by Coomassie staining of the SDS-PAGE 

at University Federico II of Naples and MS analysis (not showed) at Wageningen 

University and proved the absence of contaminant proteins. 

The test showed that the LOS, the saccharide and the lipid A of A. muciniphila 

MucT triggered a TLR4 activation significantly smaller than the LPS of E. coli at 

equal concentrations (Fig.2.1.24.TLR4). Remarkably, the LOS and the lipid A 

triggered a TLR2 response when E. coli LPS were silent and Pam3CSK4 was 

active (Fig.2.1.24.TLR2). 

2.1.8. Discussion 

The structure of the LOS of A. muciniphila MucT has almost entirely been solved, 

and the only point open regards the substitution pattern of the central Kdo 
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(Fig.2.1.23). The structure is totally unique as well as some of its characteristic 

features. Briefly, the saccharide is found to be composed by two chains (a 

nonasaccharide and a tetradecasaccharide) and a heterogeneous mixture of three 

species of lipid A characterised by the high presence of iso-acyl chains. This LOS 

has a high molecular weight and is very ramified compared to the LOS of other 

bacteria. The nonasaccharide and the tetradecasaccharide have characteristic 

features in common, like the substitution pattern of the Kdo and the high 

fucosylation level. The Kdo is substituted on position 4 by GlcNAc, on 5 by Hep 

and on 7 by Fuc. The presence of Hep on 5 is rather common, whether the 

presence of GlcNAc and Fuc are rather uncommon (Gronow et al., 2010). LOS 

and LPS commonly possess two Kdo subunits, named inner and outer Kdo. The 

inner Kdo is directly linked to the lipid A, has a heptose in position five that in 

turn is further elongated with the saccharidic part of the LOS. Finally, the inner 

Kdo is normally substituted at position 4 with the outer Kdo, or with a phosphate 

in case this second unit is missing. The outer Kdo can be terminal or further 

substituted with other residues, as GlcN at position 4, as described for various 

bacteria of the genus Pectinatus (Helander et al., 2004). Position 7 of both types 

of Kdos is normally free, although there are some examples of Kdo substituted at 

this position in nature, the query run on CSDB in December 2020 showed that 

Fuc has never been described on this position before. The high level of 

fucosylation could be related to the critical role that Fuc cell-surface moieties play 

on cells interactions (Li et al., 2018). More importantly, our proposed structure 

contains more than two Kdo residues, which is very uncommon, although 

structures with three and four Kdo residues have been described (Kosma 1999). 

As for the lipid A, iso-acyl lipid A species have been described in some 

pathogenic and commensal bacteria and has been correlated to the lack of 

recognition by TLR4 (Di Lorenzo et al., 2019). 

The proposed LOS structure is the one that best fit the structural evidence 

collected. Indeed, the LOS must include at least 3 Kdo residues because: 1) 
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NONA and TETRAD are part of the full LOS because it was possible to separate 

them only after mild acid hydrolysis of the LOS and not from the fully de-acylated 

LOS (Wang and Cole 1996); 2) free Kdo was found in the NMR analysis of the 

NONA, suggesting the presence of at least 3 Kdo residues in the LOS; 3) the first 

Kdo linked to the lipid A normally has a Kdo linked to position 4 (Silipo and 

Molinaro 2010), so both the NONA and the TETRAD should not be linked to the 

lipid A because their position 4 has a GlcNAc, thus at least another Kdo should 

be present in the molecule; 4) LOS with 3 or 4 Kdo residues have been described 

in members of the phylum Chlamydiae (Fig.1.17) (Kosma 1999), taxonomically 

close to phylum Verrucomicrobia, to which A. muciniphila belongs to.  

With regard to the immunological data, expressing the output of the assays 

(Fig.2.1.24) in mols, it seems that the LOS is a better immunostimulant than the 

isolated lipid A, which apparently contradicts the fact that the lipid A is the 

immunostimulant ligand of TLR4 (Molinaro et al., 2015). Our explanation is that 

the reduced activity observed for the lipid A alone is due to its poor solubility in 

aqueous solvents, so that the amount administered to the cells is less than that 

calculated. Conversely, LOS is soluble in the buffer used, so that the amount of 

sample delivered to the cells is that expected. The structure of the lipid A is 

intrinsically related to the immune potency (Seydel et al., 2000), the high 

presence of iso-acyl chains may be responsible for the reduced TLR4 stimulation, 

as showed in members of the genus Bacteroides and Prevotella (Di Lorenzo et 

al., 2019). In addition, this study highlights the involvement of TLR2 in the 

recognition of the LOS of A. muciniphila. It has recently been demonstrated that 

some atypical LPS (like Bacteroides vulgatus or Helicobacter pylori) can also 

activate TLR2, with a synergic effect with the TLR4 for the production of nuclear 

factor-kB (Di Lorenzo et al., 2020; Chavarría-Velázquez et al., 2018). The 

activation of TLR2 seems to be fundamental for the colonisation of the gut 

microbiota as it engenders mucosal tolerance (Round et al., 2011). Coomassie 

staining of the SDS-PAGE and MS analysis confirmed that this activity is due to 
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the LOS and not because of contaminating proteins. However, it is still not known 

how the LOS-TLR2 interaction takes place, for this reason molecular modelling 

experiments are currently being conducted. Activation of TLR2 by a protein 

isolated from the OM of A. muciniphila (Amuc_1100) has been linked to 

improvement of the gut barrier and reduction of fat mass development, insulin 

resistance and dyslipidaemia in mice (Plovier et al., 2017). Its LOS may also play 

a role in this effect. In addition, more assays should be performed to stablish other 

interactions with immunologic receptors, for instance, the high degree of 

fucosylation may suggest the recognition by lectins and other receptors.  

Studies in mice suggest that A. muciniphila reduces fat accumulation and body 

weight and regulates glycemia levels (Everard et al., 2013). Also, a very recent 

clinical trial (NCT02637115) probed that the daily oral supplementation with live 

or pasteurised A. muciniphila is safe and improve insulin sensitivity and reduces 

insulinemia, cholesterol and blood markers for liver dysfunction and 

inflammation without affecting the rest of the microbiome structure. Also, it 

slightly decreases body weight and fat mass (Depommier et al., 2019). Positive 

effects of A. muciniphila are maintained when pasteurised bacterium is 

administered, but not after autoclaving (Cani and de Vos 2017). Our results pave 

the way to the understanding of the mechanism involved in these beneficial 

effects. 
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2.2. The peptidoglycan composition of Akkermansia muciniphila MucT 

2.2.1. Purification and analysis of the peptidoglycan of A. muciniphila 

A. muciniphila MucT cells were pelleted, resuspended in ice-cold water, boiled in 

the presence of 4% SDS and treated with Pronase E. The purified PG was treated 

with cellosyl and the resulting muropeptides were reduced with sodium 

borohydride. This was performed by the author of this Ph.D. thesis under the 

guidance of Dr. Biboy and Dr. Daniela Vollmer at Newcastle University, during 

a secondment. The reduced muropeptides were applied to a micro-C18 reversed-

phase HPLC column which was directly coupled to a Thermo LTQ ion trap Mass 

Spectrometer (see Material and methods) by Dr. Gray from Newcastle University. 

The chromatogram is shown in figure 2.2.1 and its preliminary interpretation is 

presented in table 2.2.1. 

Interestingly, the muropeptide profile revealed changes in the acetylation pattern 

of the glycan chains. Some MurNAc residues were O-acetylated and some 

GlcNAc residues were de-acetylated to N-acetylglucosamine (GlcNH2). The two 

major peaks corresponded to the muropeptide Tetra (GlcNAc-MurNAc-L-Ala-D-

iGlu-m-A2pm-D-Ala) (peak 4) and its O-6-acetylated form (GlcNAc-

MurNAc(Ac)-L-Ala-D-iGlu-m-A2pm-D-Ala) (peak 5), and the de-N-acetylated 

Tetra (GlcNH2-MurNAc-L-Ala-D-iGlu-m-A2pm-D-Ala) (peak 3), de-N-

acetylated TetraTetra dimer (peak 6) and the TetraTetra (peak 8). Peaks 2a, 4 and 

8 had the same structures as the corresponding muropeptides from E. coli, the Tri 

(GlcNAc-MurNAc-L-Ala-D-iGlu-m-A2pm), Tetra (GlcNAc-MurNAc-L-Ala-D-

iGlu-m-A2pm-D-Ala) and TetraTetra (Glauner 1988). 

None of the major peaks of A. muciniphila MucT corresponded to anhydro (Anh) 

muropeptides, which originate from glycan chain ends, or muropeptide trimers or 
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tetramers. It is possible that these muropeptides exist in the PG of A. muciniphila 

MucT, but they were not detected due to their low abundance. 

 

 
44Figure 2.2.1. A. Separation of muropeptides A. muciniphila MucT. Muropeptides 
were released from PG by cellosyl, reduced using sodium borohydride, and separated 
by C18 reversed-phase HPLC. The interpretation of the labelled peaks is in table 2.2.1. 
B. MS spectrum of peak 3 corresponding to the de-N-acetylated Tetra-muropeptide. 

8Table 2.2.1. Reduced muropeptides detected in A. muciniphila MucT. Peak numbers 
refer to the labels of figure 2.2.1. 

Peak Rt 
(min) 

Mass/charge 
(m/z) 

Neutral 
mass 
(amu) 

Theoretical 
mass (amu) Muropeptide* 

1 6.36 829.16 (1+) 828.16 828.34 GlcNH2-MurAc-Ala-iGlu-A2pm 

2a 9.49 871.09 (1+)  870.09 869.35 GlcNAc-MurNAc-Ala-iGlu-A2pm 

2b 9.49 930.17 (1+) 929.17 -- GlcNAc-MurNAc-Ala-iGlu-A2pm-X 

3 15.00 900.14 (1+) 899.14 899.38 GlcNH2-MurAc-Ala-iGlu-A2pm-Ala 

4 20.90 942.14 (1+) 941.14 941.39 GlcNAc-MurNAc-Ala-iGlu-A2pm-
Ala 

5 26.11 984.12 (1+) 983.12 983.40 GlcNAc-MurNAc(Ac)-Ala-iGlu- 
A2pm-Ala 

6 30.72 891.18 (2+) 1780.36 1780.74 Dimer of GlcNH2-MurNAc-Ala-iGlu- 
A2pm-Ala 

7 33.55 912.15 (2+) 1822.40 1822.75 
Dimer of GlcNH2-MurNAc-Ala-iGlu-

A2pm-Ala and GlcNAc-MurNAc-
Ala-Glu-A2pm-Ala 

8 36.12 933.30 (2+) 1864.60 1864.76 Dimer of GlcNAc-MurNAc-Ala-
iGlu-A2pm-Ala 

9 46.30 954.32 (2+) 1906.64 1906.77 
Dimer of GlcNAc-MurNAc(Ac)-Ala-

iGlu- A2pm-Ala and GlcNAc-
MurNAc-Ala-Glu-A2pm-Ala 

10 53.73 975.34 (2+) 1948.68 1948.78 Dimer of GlcNAc-MurNAc(Ac)-Ala-
iGlu-A2pm-Ala 

* Ac means acetyl group at position O-6 of the MurNAc. 
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2.2.2. Discussion 

The preliminary results of the muropeptide composition of A. muciniphila MucT 

reveal its difference compared to the typical Gram-negative PG in E. coli 

(Glauner 1988). The lack of peaks of A. muciniphila MucT corresponding to Anh-

muropeptides, muropeptide trimers or tetramers is probably due to their low 

abundance (Vollmer et al., 2008; Glauner 1988) and these muropeptides are 

probably represented by some of the unidentified minor peaks. 

The PG of A. muciniphila MucT is unusual because a de-N-acetylated 

glucosamine (GlcNH2) has not been described before in the PG of Gram-negative 

bacteria, except for Helicobacter pylori (Wang et al., 2009) which, however, was 

not confirmed in other studies (Chaput et al,. 2016). Some Gram-positive bacteria 

have been described to contain GlcNH2 in their PG like Streptococcus 

pneumoniae (Vollmer and Tomasz 2000) and Listeria monocytogenes (Boneca et 

al., 2007). Other bacteria, like Bacilllus subtilis, possess de-N-acetylated 

muramic acid (MurNH2) (Blair and Van Aalten 2004) and one, Bacillus 

anthracis, has both GlcNH2 and MurNH2 in its PG (Zipperle, et al., 1984). Both 

the de-N-acetylation of the GlcNAc and the MurNAc are factors for resistance 

against lysozyme (Bera et al., 2005; Zipperle et al., 1984).  

The enzyme responsible of the formation of GlcNH2 from GlcNAc in S. 

pneumoniae and L. monocytogenes is the peptidoglycan GlcNAc deacetylase 

(PgdA) (Q8DP63-1 and B3VUE6-1 respectively)(Boneca et al., 2007; Vollmer 

and Tomasz 2000). The enzyme responsible of the formation of MurNH2 from 

MurNAc in Bacilllus subtilis is the peptidoglycan-N-acetylmuramic acid 

deacetylase (PdaA) (O34928-1) (Blair and Van Aalten 2004). Therefore, a query 

using tBlastp was performed to confront these enzymes against the proteome of 

Akkermansia muciniphila MucT (taxid: 349741). For both PgdA the percentage 

of identity is 39% and 40% respectively and the similarity 61% and 64% 
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respectively with the protein Amuc_1500. PdaA presents a percentage of identity 

of 34% and a similarity of 54% (Table 2.2.2).  

Interestingly, A. muciniphila genome does not encode for the enzyme Glm 

essential for PG synthesis as it converts fructose-6-phosphate to glucosamine-6-

phosphate. A. muciniphila synthesizes PG by using GlcNAc present in the mucin 

(van der Ark et al., 2018). 

 9Table 2.2.2. Summary of the results of the alignment search between Akkermansia 
muciniphila MucT (taxid: 349741) and PG modifying enzymes of different 
microorganism. 

De-N-acetylation has been demonstrated to be an evasion mechanism from 

immune responses in Gram-positive bacteria since it is not recognised by NOD-

1 receptor (Boneca et al., 2007). NOD-1 recognizes MurNAc-L-Ala-D-iGlu-m-

A2pm (muramyl tripeptide) which is present in almost all Gram-negative bacteria 

and the Gram-positive bacteria of the genus Bacillus, Mycobacteria and L. 

plantarum activating the transcription factor NF-κB pathway (Girardin et al., 

2003). Once the definitive compositional analysis of A. muciniphila MucT PG is 

known, it will be interesting to perform immunological assays on them.  

MurNAc O-acetylation (also here reported as component of A. muciniphila MucT 

muropeptides) is found in many Gram-positive and Gram-negative bacteria and 

has been demonstrated to be an evasion mechanism from immune detection by 

Enzyme Microorganism 
of origin 

Identification 
number 

E 
value 

Identity* 
(%) 

Similarity* 
(%) 

Region 
length 
(amino 
acids) 

Enzyme of 
A. muciniphila 

PgdA S. peumoniae Q8DP63.1 8e-44 39 61 185 WP_012420537 
Amuc_1500 

PgdA L. 
monocytogenes B3VUE6.1 1e-41 40 64 153 WP_012420537 

Amuc_1500 

PdaA B. subtilis O34928.1 3e-36 
 34 54 190 WP_012420537 

Amuc_1500 

PatA N. gonorrhoeae A0A5K1KKD4.1 -- n.s. n.s. --  

PatB/Ape N. gonorrhoeae SCW06924.1 -- n.s. n.s. --  

OatA S. aureus Q2FV54.1 4e-28 39 60 168 WP_012419812.1 
Amuc_0761 

* n.s. means no significant identity/similarity found.  
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the lysozyme and the inflammasome, but without impairing NOD-2 recognition 

(Brott and Clarke 2019). The addition of an acetyl group on the hydroxyl group 

of C-6 of MurNAc is catalysed by the PG O-acetyltransferases PatA and PatB (or 

Ape2) in Gram-negative bacteria as described for Neisseria gonorrhoeae 

(Weadge et al., 2005). PatA transports the acetyl groups from the cytoplasm to 

the periplasm and then PatB introduces it in the MurNAc residues of the PG. For 

Gram-positives the O-acetyltransferase OatA has been described in S. aureus and 

S. pneumoniae (Bera et al., 2005), called Adr in the latter species (Crisóstomo et 

al., 2006). Therefore, a query using Blastp was performed of these enzymes 

against the genome of A. muciniphila MucT (taxid: 349741). For PatA 

(A0A5K1KKD4-1) and PatB (or Ape, SCW06924.1) no significant similarity 

was found. For OatA of S. aureus (Q2FV54-1) percentage of identity was 39% 

and the similarity was 60% (Table 2.2.2). Although the most significant hit of 

OatA of S. aureus was found with the protein Amuc_0761 from A. muciniphila, 

there were also matches with the acetyl transferases Amuc_2098, Amuc_0773 

and Amuc_1793 with a smaller percentage of identity and a higher the E-value. 

Hence, the identified homologs of PgdA and OatA are candidates for the PG 

GlcNAc deacetylase (Amuc_1500) and O-acetyltransferase (Amuc_0761) in A. 

muciniphila, which could be tested in further studies. 
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2.3. The lipopolysaccharide of Fusobacterium nucleatum ATCC 51191 

2.3.1. Production and purification of the LPS of F. nucleatum 

LPS from F. nucleatum spp. animalis ATCC 51191 cells was isolated by hot 

water/phenol extraction (see Material and methods). LPS was further purified by 

enzymatic treatment, centrifugation and ultracentrifugation steps. SDS-PAGE 

analysis of the water layer of the extract showed the presence of two main groups 

of bands, suggesting that this bacterium produces smooth(S)-type LPS (LPS with 

O-polysaccharide) and rough(R)-type LPS (composed only by lipid A and core 

region). The apparent molecular weight of the smooth(S)-type LPS was estimated 

between 25-35 kDa (Fig.2.3.1 left). 

 
45Figure 2.3.1. On the left: electrophoresis analysis: A. E. coli O111:B4 LPS (8 µg). 
B. F. nucleatum ATCC 51191 LPS (8 µg) C. BlueEye protein standard. (12% SDS-
PAGE and visualised by silver staining). On the right: GC-MS profile of F. nucleatum 
ATCC 51191 LPS: D. acetylated methyl glycosides, E. lipid compositional analysis. 
i: impurities; C16:1 and C18:0 are impurities or cell derived fatty acids. 

Monosaccharide compositional analysis of purified LPS was performed via 

derivatisation to acetylated O-methyl glycosides and revealed the presence of 

Glc, Hep, and traces of Kdo; no other monosaccharides could be detected using 

this approach, probably due to the resistance to cleavage of the aminuronic acids 
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composing the OPS. These units, along with the 2,4-diamino-2,4,6-

trideoxydeoxy-galactose (FucpN4N) were detected during the NMR analysis. 

The fatty acid analysis revealed the presence of C14:0, 3-hydroxytetradecanoic 

acid (C14:0 3-OH), hexadecanoic acid (C16:0) and 3-hydroxyhexadecanoic acid 

(C16:0 (3-OH)) (Fig.2.3.1 right).  

A mild acid hydrolysis of the purified LPS was then carried out in order to analyse 

separately the lipid A and the OPS fraction. The lipid A, obtained as a precipitate 

after centrifugation of the acid hydrolysis product, was analysed via MALDI-

TOF MS and MS/MS, while the polysaccharide part was further purified by size 

exclusion chromatography and the purified polysaccharide (yield 55.5%) was 

analysed by 1D and 2D NMR (Fig.2.3.2). The first fraction did not produce 

relevant signals in the proton NMR spectrum, which suggested that it could a 

minor fraction of LPS that survived to the mild acidic treatment. The material 

eluted after the OPS, contained carbohydrate material with several anomeric 

signals with no apparent stoichiometric ratio, which suggested that it was a 

mixture of oligosaccharides deriving from the core region of the rough 

component of the LPS. This fraction was not investigated further. 

2.3.2. Structural characterisation of the O-polysaccharide of F. nucleatum 

The structure of the OPS of F. nucleatum ATCC 51191 LPS was determined by 

analysing homo- and heteronuclear 2D NMR experiments recorded by dissolving 

this glycan in D2O. 1H, 1H COSY and 1H, 1H TOCSY experiments were used to 

disclose the protons of each spin system; each carbon atom was identified through 

the analysis of the 1H, 13C HSQC. Finally, the primary sequence was inferred by 

analysis of inter-residue and long-range dipolar and scalar correlations from 1H, 
1H NOESY and 1H, 13C HMBC spectra, respectively. 

The 1H NMR spectrum (Fig.2.3.2) presented six main anomeric signals in the 

range 5.5 - 4.4 ppm and a crowded carbinolic region (4.3 - 3.4 ppm); furthermore, 



 
103 

eight signals in the region of the methyl groups were detected (2.1 - 1.0 ppm). 

These were identified as the methyl groups of acetyl groups (2.1 - 1.8 ppm), of 

alanine (1.43 ppm) and of two 6-deoxy sugars (1.23 and 1.04 ppm) (Fig.2.3.2). 

In the HMBC spectrum, several signals were observed in the region of the 

carbonyl groups between 172 - 176 ppm, consistent with the presence of the 

alanine group, two uronic acid residues and several acetyl moieties.  

 
46Figure 2.3.2. 1H NMR spectrum (600 MHz) of the OPS of F. nucleatum ATCC 
51191. The analysis was carried out at (a) neutral pH (550 µL D2O, 25°C); (b) acid 
pH (550 µL D2O + 4 µL of DCl conc, 37°C), and (c) alkaline pH (550 µL D2O + 4 
µL of NaOD 4 M, 25°C). 

Three different monosaccharide residues were found to compose the F. nucleatum 

ATCC 51191 OPS repeating unit: i.e. b-D-GlcpNAcA, b-D-GlcpNAc3NAlaA 

and a-D-FucpNAc4NAc. However, the anomeric region of the spectrum 

presented six relevant signals indicative of non-stoichiometric substitutions; the 

spin systems were labelled in couples as A-A’, B-B’ and C-C’ (Figs. 2.3.2, 2.3.3 

and Table 2.3.1).  
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47Figure 2.3.3. 1H, 13C HSQC spectrum of the OPS of F. nucleatum ATCC 51191 
(600 MHz, 25 °C, 550 µL of D2O, neutral pH). P1 and P3 are not relevant signals 
related to minor species. 

The NMR analysis of residue A’, whose anomeric proton (5.32 ppm) correlated 

with H-2, H-3 and H-4 in the TOCSY spectrum (Fig.2.3.4), suggested a galacto-

configured residue. Combining the analysis of the TOCSY and COSY spectra 

with those of the HSQC spectrum, the corresponding carbon chemical shifts were 

identified (Table 2.3.1). Identification of the C-4 value allowed assignment of the 

methyl group at 1.24 ppm, based on the corresponding long-range correlation in 

the HMBC and also provided information about H-5/C-5 chemical shifts. Thus, 

A’ was identified as a FucpN4N based on the diagnostic carbon chemical shifts 

of C-2 and C-4 (48.8 and 55.9 ppm, respectively) characteristic of nitrogen 

bearing carbon atoms. Based on the H-2 and H-4 chemical shifts, it was possible 

to establish that the amino group at C-2 was acetylated (H-2 at 4.02 ppm) while 

the C-4 was not (H-4 at 3.82 ppm). The a configuration of the anomeric centre 

was inferred by the chemical shift of the anomeric proton, by the presence of a 
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NOE correlation between H-1 and H-2 of A’, and further confirmed by 

comparison with literature data (Vinogradov et al., 2017b; Wang et al., 2009). 

The analysis of residue A, conducted as above for A’, indicated that it also 

corresponded to an a-D-Fucp2N4N. However, there was a significative 

difference in the proton chemical shifts between H-4 of A’ (3.82 ppm) and H-4 

of A (4.27 ppm), indicating that N-4 of A was acetylated.  

10Table 2.3.1. Proton (1H) and carbon (13C) (italic) NMR chemical shifts of the OPS 
of F. nucleatum ATCC 51191 (600 MHz, 25 °C, 550 µL of D2O, neutral pH). The 
chemical shifts of the methyl protons belonging to the N-acetyl groups resonated at 
about 1H 2.1-1.8 ppm. 

Residue 1 2 3 4 5 6 

A’ 

3-a-D-FucpNAc4N 
5.32 4.02 4.20 3.82 4.27 1.24 

98.2 48.9 75.2 56.0 64.1 16.2 

A 

3-a-D-FucpNAc4NAc 
5.29 4.13 4.09 4.27 4.17 1.04 

98.4 50.1 74.6 54.3 67.3 16.5 

B’ 

b-D-GlcpNAc3NAlaA 
4.71 3.84 4.08 3.78 3.78  

103.9 54.5 54.0 79.1 79.1 176.5 

B 

b-D-GlcpNAc3NAlaA 
4.64 3.67 4.06 3.73 3.73  

102.8 55.2 54.0 79.3 79.3 176.5 

C’ 

b-D-GlcpNAcA 
4.47 3.65 3.73 3.69* 3.75  

102.0 56.9 75.5 78.1* 78.0 176.5 

C 

b-D-GlcpNAcA 
4.46 3.63 3.71 3.67* 3.75  

102.9 56.7 75.5 77.9* 78.0 176.5 

Alanine -- 

172.6 

3.98 

50.2 

1.43 

18.1 
   

*C4 and C’4 attribution can be exchanged. 
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The analysis of the NOESY spectrum showed that the anomeric proton of A and 

A’ had one correlation at about 3.73 ppm, an area of the spectrum which 

contained several proton signals, belonging to residues C (and C’) and to B (or 

B’) (Fig.2.3.4). However, the linkage of A’ to B’ was ruled out because B was 

connected to A as inferred by the NOE effect between H-1 of B with H-3 of A 

(vide infra). For this reason, A (or A’) was connected to C (or C’). The exact 

point of substitution was confirmed in a further NMR analysis by varying the pH 

(as described below), which decreased the overlap between the signals in that 

region of the proton spectrum. 

The anomeric proton C’ (4.47 ppm) was almost coincident with that of C (4.46 

ppm) at neutral pH (Fig.2.3.2a), while it appeared at a distinct chemical shift when 

the spectra were recorded at acidic pH (Fig.2.3.2b). For both C and C’, the 

correlation pattern in the TOCSY spectrum suggested a b-gluco-configured 

residue (Fig.2.3.4), with all the ring protons next to each other at 3.77-3.61 ppm. 

Identification of H-2 protons was inferred by analysing the COSY spectrum, 

while identification of H-3 and H-5 protons was possible by observing the H-1/H-

3 and H-1/H-5 NOE’s effects, with the sorting between H-3 and H-5 driven from 

the correlation in the COSY spectrum, then the density left out in the TOCSY 

spectrum was assigned to H-4. 

The HSQC showed a chemical shift for C-2 at 56.9 ppm evidencing the presence 

of an amino function, and the HMBC related H-4 and H-5 to a C-6 at 176.5 ppm 

thus disclosing its nature as an uronic acid. Therefore, based on this information, 

C’ and C were identified as two units of glucosaminuronic acid (GlcpNA). 

However, due to the crowded region of signals in the HSQC spectrum, the 

assignment of the C-3, C-4 and C-5 values of this residue was confirmed by 

analysing the spectra recorded at acidic pH. 

The analysis of the NOESY spectrum (Fig.2.3.4) was not resolutive, because C’ 

and C had a very intense NOE in a region were their H-3 and H-5 appeared along 
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with the protons of B’ and B. The information that C’ (or C) was linked to O-4 

of B’ (or B) was inferred by analysing the spectra at acidic pH. 

 
48Figure 2.3.4. 1H TOCSY (red) and 1H NOESY (black) spectra of the OPS of F. 
nucleatum ATCC 51191 (600 MHz, 25 °C, 550 µL of D2O, neutral pH). 

Residues B and B’ were analysed in a similar way to C and identified these as a 

b-gluco configured unit. However, B (or B’) presented amino functions on both 

C-2 and C-3, with N-3 bearing an alanine as proved by the correlation in the 

HMBC spectrum between H-3 and a carbonyl at 172.6 ppm (Kocharova et al., 

2001). According to the Carbohydrate Structure Database (CSDB) (Toukach and 

Egorova 2016; Toukach 2011), GlcN3NA is present in different bacterial LPS 

and with the amino group at position C-3 bearing different types of groups 

including L-alanine (and never D-) which is instead, further decorated by a formyl 

group. The lack of signal at about 8.0 ppm in the proton spectrum indicated that 

in the F. nucleatum ATCC 51191 OPS the formyl moiety was not present.  

Finally, residue B’ was proposed to be linked to O-3 of A’ based on the NOE 

correlation between the anomeric proton signal of B’ and H-3 of A’ (Fig.2.3.4); 

the same connectivity was assumed between B and A because the corresponding 

NOE was not visible since it overlapped with that between H-1 of B and its H-3. 

A1C4,5

A’1C’4,5

A1,4

A1,2

A1,3

A’1,2

A’1,3

A1C3

B’1A’3

B1,3

B1,4,5

B1,2

B’1,2

B’1,4,5

B’1,3

C1,2

C1,4

C1,3

C1B4,5



 
108 

Together, the above NMR analysis identified two partial sequences: b-D-

GlcNAc3NAlaA-(1®3)-a-D-FucNAc4N (B’®A’), and b-D-GlcNAc3NAlaA-

(1®3)-a-D-FucNAc4NAc (B®A), respectively. The absolute configuration for 

these three units was assumed to be D since this is the only isomer reported for 

each of them in the CSDB database (Toukach and Egorova 2016). Similarly, the 

absolute configuration of Ala was assumed as L, since the CSDB database 

reported only L-Ala and never D-Ala attached to GlcN3NA (last query placed in 

October 2020). However, at neutral pH, it was not possible to locate C (or C’) in 

the sequence due to the overlap occurring for some of the proton signals.  

In order to determine the full sequence of the OPS repeating unit, NMR spectra 

were acquired at acidic and alkaline pH, with the one at acid pH being the most 

resolutive (Table 2.3.2). Following the same approach as above, the analysis of 

the NMR spectra led to the unequivocal identification of the C-3, C-4 and C-5 of 

C’ and C (Fig.2.3.5, Table 2.3.2) that, combined with the results from the NOESY 

spectrum, showed that A’ (or A) was linked to O-4 of C’ (or C) (Fig.2.3.5). The 

NOESY spectrum revealed the presence of a glycosidic bond between C-1 of C’ 

and the O-4 of B’. The same connectivity was proposed for C and B as the 

corresponding NOE overlapped with that of the H-3 of C and, therefore, was not 

visible (Fig.2.3.5).  

Moreover, the evident change of the H-5 chemical shifts of B and C at acidic pH 

(B: 3.75 vs 4.02 ppm; C: 3.67 vs 3.98 ppm), confirmed that the carboxylic groups 

(residues B/C and B’/C’) were free and not amidated. 

The sample solved in alkaline condition (Fig.2.3.2c) was not further investigated 

because of the strong overlap between the two sets of anomeric signals. However, 

the spectrum in alkaline condition reported a shift at high field for the methyl 

group of alanine, which suggested that the amino function of this amino acid was 

not capped with any acyl but present in the free form. 
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49Figure 2.3.5. On the left and middle part 1H TOCSY (red) and 1H NOESY (black) 
spectra, on the right 1H, 13C HSQC at acid pH of the OPS of F. nucleatum ATCC 
51191 (600 MHz, 37 °C, 550 µL D2O + 4 µL of DCl conc). P1 and P3 are not relevant 
signals related to minor species. 

 

 
50Figure 2.3.6. Structure of the OPS isolated from F. nucleatum ATCC 51191. 4)-b-
D-GlcpNAcA-(1-4)-b-D-GlcpNAc3NAlaA-(1-3)-a-D-FucpNAc4NR-(1-. R= Acetyl 
(60%). When R = Ac, residues are labelled A, B and C, when R = H residues are 
labelled A’, B’ and C’. 
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11Table 2.3.2. Proton (1H) and carbon (13C) (italic) NMR chemical shifts of the OPS 
of F. nucleatum ATCC 51191(600 MHz, 37 °C, 550 µL D2O + 4 µL of DCl conc). 

Residue 1 2 3 4 5 6 

A’ 

3-a-D-FucpNAc4N 
5.30 4.07 4.19 3.79 4.22 1.22 

98.5 48.8 75.0 55.8 64.0 16.3 

A 

3-α-D-FucpNAc4NAc 
5.26 4.19 4.01 4.32 4.06 1.04 

98.8 49.5 71.5 53.6 67.3 16.7 

B’ 

4-β-D-GlcpNAc3NAlaA 
4.74 3.87 4.13 3.82 4.02  

102.4 54.2 53.7 75.9 75.9 176.1 

B 

4-β-D-GlcpNAc3NAlaA 
4.74 3.71 4.13 3.82 4.02  

102.4 54.6 53.7 75.9 75.9 176.1 

C’ 

4-β-D-GlcpNAcA 
4.51 3.64 3.97 3.73 3.98  

102.3 56.7 75.5 77.9 78.0 176.1 

C 

4-β-D-GlcpNAcA 
4.48 3.64 3.97 3.73 3.98  

102.5 56.7 75.5 77.9 78.0 176.1 

Alanine  3.99 1.42    

172.6 50.1 18.0    

 

In conclusion, the OPS repeating unit of F. nucleatum ATCC 51191 has been 

identified as [→4)-b-D-GlcpNAcA-(1→4)-b-D-GlcpNAc3NAlaA-(1→3)-a-D-

FucpNAc4NR-(1→], R = Acetyl or H (Fig.2.3.6).  

Hence, the amino function at C-4 of the a-D-Fucp2NAc,4N (A-4 and A’-4) is 

acetylated in a non-stoichiometric fashion, and the integration of the HSQC 

densities of A and A’ revealed that acetylation occurs for approximately 60% of 

the residues. The presence (or absence) of the acetyl units influences the chemical 
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shifts of the other sugars, so that two different repeating units are identified by 

NMR. 

2.3.3. Structural characterisation of the lipid A of F. nucleatum 

The negative-ion MALDI-TOF MS spectrum of the lipid A from F. nucleatum 

ATCC 51191 (Fig.2.3.7) showed in the m/z range 1346.7–1909.2, the presence of 

a heterogeneous pattern of signals relative to deprotonated [M−H]− lipid A 

species that differed in the nature and number of fatty acid chains and in the 

phosphate content. Two main groups of signals at around m/z 1801.1 and 1881.1 

were identified as hexa-acylated lipid A species substituted by one or two 

phosphate groups, respectively (Table 2.3.3). In particular, as described below, 

the main peak at m/z 1881.1 matched with a bis-phosphorylated lipid A carrying 

C14:0 (3-OH) and C16:0 (3-OH) as primary O-linked and N-linked fatty acids, 

whereas two C14:0 residues corresponded to secondary acyl substituents. In 

addition, a cluster of peaks at about m/z 1670.9 and 1590.9 was assigned to bis- 

and mono-phosphorylated penta-acylated lipid A species lacking one C14:0 unit, 

whereas peaks at m/z 1444.7 and 1364.7 were attributed to bis- and mono-

phosphorylated tetra-acylated lipid A species devoid of both one C14:0 and one 

C14:0 (3-OH).  

 
51Figure 2.3.7. Negative-ion MALDI-TOF (reflectron mode) mass spectrum of the 
lipid A of F. nucleatum ATCC 51191. Differences of 28 amu are reported in the 
spectrum. The families of lipid A species differing in the acylation degree were also 
indicated as “Hexa-acylated”, “Penta-acylated” and “Tetra-acylated”. P: phosphate 
group. 
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Notably, the spectrum clearly showed differences of 28 amu (-CH2CH2- unit) 

diagnostic for the occurrence of lipid A species differing in the length of the acyl 

chains. A negative‐ion MS/MS analysis was conducted in order to establish the 

exact location of the acyl chains, as well as of the phosphate decorations of the 

mono-phosphorylated lipid A species, with respect to the glucosamine 

disaccharide backbone. In particular, the MS/MS spectrum recorded on the 

precursor ion at m/z 1801.1 relative to a mono-phosphorylated hexa-acylated lipid 

A species, is reported in figure 2.3.8.  

The spectrum clearly showed the presence of two main peaks matching with ions 

originated from the loss of one C14:0 (m/z 1573.0) and one C14:0 (3-OH) (m/z 

1557.0) unit, respectively.  

 
52Figure 2.3.8. Negative-ion MALDI MS/MS spectrum of precursor ion at m/z 
1801.1 of the lipid A of F. nucleatum ATCC 51191. This is a representative ion peak 
of the cluster ascribed to hexa-acylated and bis-phosphorylated lipid A species. The 
main fragments are indicated in the spectrum. The proposed structure is reported in 
the inset. The loss of C12H24O (184 mass units) and C14H28O (212 mass units) 
indicated was due to a rearrangement on primary acyl chains when their 3-OH group 
is free, thus contributing to the establishment of the secondary acyl substitution. 
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12Table 2.3.3. The main MALDI-TOF MS ion peaks F. nucleatum ATCC 51191 
lipid A. Report of the predicted mass and the proposed interpretation of the 
substituting fatty acids and phosphates on the F. nucleatum ATCC 51191 lipid A 
backbone. See figure III.3.6 for full spectrum. 
Predicted 
mass (Da) 

Observed ion 
peaks (m/z) 

Acyl 
substitution 

Proposed fatty acid/phosphate composition 

1364.96 1364.68 Tetra-acyl HexN2P [14:0(3-OH)] [16:0(3-OH)]2 (14:0) 
1444.92 1444.69 Tetra-acyl HexN2P2 [14:0(3-OH)] [16:0(3-OH)]2 (14:0) 
1591.15 1590.86 Penta-acyl HexN2P [14:0(3-OH)]2

 [16:0(3-OH)]2 (14:0) 
1671.11 1670.87 Penta-acyl HexN2P2 [14:0(3-OH)]2

 [16:0(3-OH)]2 (14:0) 

1801.35 1801.15 Hexa-acyl HexN2P [14:0(3-OH)]2
 [16:0(3-OH)]2 (14:0)2 

1881.31 1881.15 Hexa-acyl HexN2P2 [14:0(3-OH)]2
 [16:0(3-OH)]2 (14:0)2 

       

An ion derived from the loss of a whole unit of a hydroxylated C14:0 bearing the 

secondary C14:0 substituent matched peak at m/z 1346.7; in contrast, an ion 

originated from the sequential loss of one C14:0 (3-OH) and one C14:0 was 

attributed to peak at m/z 1328.7. Importantly, a peak that was crucial to define the 

location of the two secondary C14:0 acyl chains with respect to the glucosamine 

backbone was detected at m/z 738.2; this was attributed to an Y1-type ion derived 

from the cleavage of the glycosidic linkage (Domon and Costello 1988), which 

demonstrated that the phosphate group was on the reducing glucosamine that in 

turn was acylated by one C14:0 (3-OH) and one C16:0 (3-OH). In parallel, the 

presence of this fragmentation-derived ion demonstrated that the secondary acyl 

14

14
14

14

16 16

53Figure 2.3.9. Proposed 
structure for the main bis-
phosphorylated hexa-acylated 
lipid A species of F. 
nucleatum ATCC 51191. The 
absolute configuration of the 
primary acyl chains and the 
anomeric configuration of the 
two GlcN residues are based 
on literature data. 
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substitutions occurred on the primary acyl chains of the sole non-reducing 

glucosamine. Finally, the absence of any peak matching with the loss of a C16:0 

(3-OH) unit suggested that this fatty acid was present only as an acyl amide 

moiety. Therefore, by combining data from fatty acid compositional analysis and 

from MALDI MS and MS/MS, it was possible to establish the fine structure of 

the lipid A from F. nucleatum ATCC 51191 LPS of which the main form is bis-

phosphorylated hexa-acylated (Fig.2.3.9). 

2.3.4. Immunological properties of the LPS of F. nucleatum 

Monocyte-derived dendritic cells (moDCs) and monocyte-derived macrophages 

(moMfs) were stimulated with the LPS of F. nucleatum ATCC 51191 

(Fig.2.3.10) by Dr. Lamprinaki at Quadram Institute Bioscience. 

 
54Figure 2.3.10. Immunostimulation of monocyte-derived dendritic cells (moDCs) 
and monocyte-derived macrophages (moMfs) when exposed to the LPS of F. 
nucleatum ATCC 51191. Bars represent the median values from 3 replicates. 

Stimulation of moDCs with F. nucleatum LPS resulted in a marked increased 

production of IL-10 and TNFa. A different profile was observed with moMfs 

where stimulation led to a significant induction of IL-10 production and low 

levels of TNFa production. The response was concentration dependant.  
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2.3.5. Discussion 

Using a combination of chemical, MS and NMR approaches, the structure of the 

OPS [→4)-b-D-GlcpNAcA-(1→4)-b-D-GlcpNAc3NAlaA-(1→3)-a-D-

FucpNAc4NR-(1→], (R= Acetylated 60%) and the heterogenous lipid A moiety 

of the LPS from F. nucleatum spp. animalis ATCC 51191 were determined 

adding to the knowledge on the high variability of OPS structures characterised 

to date on F. nucleatum strains (Okahashi et al., 1988; Vinogradov et al., 2018a; 

2018b; Vinogradov et al., 2017; 2017a; 2017b; Onoue et al., 1996; Hofstad and 

Fredriksen 1979). According to the Bacterial Carbohydrate Structure Database 

(Toukach 2011; Egorova and Toukach 2014), F. nucleatum ATCC 51191 LPS 

represents a novel OPS structure for bacterial LPS. The tool was used in the 

“composition” mode, by searching for a glycan containing the three units. This 

search produced no results, even though the queries with the single 

monosaccharides returned several hits: 63 results for b-D-GlcpNAcA, 132 for b-

D-GlcpNAc3NAcA, and 167 for a-D-FucpNAc4NAc. Importantly, a-D-

FucpNAc4NAc was described for other strains of F. nucleatum such as MJR 7757 

B (Vinogradov et al., 2018b) and strain 10953 (Vinogradov et al., 2017). Such 

uncommon structural features of F. nucleatum ATCC 51191 OPS raise questions 

on the immunomodulatory properties of this polysaccharide.  

Moreover, F. nucleatum ATCC 51191 lipid A consists of a mixture of species 

with a certain degree of heterogeneity in both the acyl chains and phosphate 

content. In particular, the main species detected by negative-ion MALDI-TOF 

MS were identified as bis-phosphorylated and hexa-acylated with C14:0 (3-OH) 

and C16:0 (3-OH) as primary acyl chains, and two C14:0 as secondary fatty acids 

distributed in a 4+2 symmetry (Fig.2.3.9). This analysis is in agreement with the 

lipid A structure reported for F. nucleatum spp. nucleatum strains, (Wollenweber 

et al., 1984; Hase et al., 1977) although no C12:0 fatty acid residue has been 
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detected in F. nucleatum ATCC 51191 compared to data previously reported for 

F. nucleatum spp. nucleatum JCM 8532 (Asai et al., 2007).  

Our immunological assays shows that the LPS is immunogenic, stimulating the 

production of TNFa in dendritic cells (moDCs), but immunomodulatory on 

macrophages (moMfs) producing much higher levels of IL-10 and low levels of 

TNFa . F. nucleatum ATCC 51191 lipid A is similar to that of E. coli in terms of 

acylation degree and distribution of the acyl chains (4+2), however, the length of 

the acyl chains (12 and 14 in E. coli vs 14 and 16 in F. nucleatum ATCC 51191 

is different and may influence its immunopotency (Molinaro et al., 2015). 

Furthermore, Burkholderia cenocepacia has the same acylation pattern than the 

lipid A of F. nucleatum, but only tetra- and penta-acylated lipid A species, and it 

strongly activates human TLR4/MD-2 signalling partly through the occurrence 

of the C16:0 (3-OH) acyl chains (Di Lorenzo et al., 2015), producing 

inflammatory cytokines TNF-α and IL-6 when presented to macrophages 

(Shimomura et al., 2001) and dendritic cells (Guadalupe Cabral et al., 2017). The 

different stimulation between moDCs and moMfs by F. nucleatum LPS must 

likely reside in the OPS and suggested that moDCs stimulated with F. nucleatum 

strains show a pro-inflammatory profile while moMfs acquire a tumour 

associated profile. This is further discussed in 3.4. Comparative analysis of F. 

nucleatum strains. Therefore, the acylation profile of F. nucleatum ATCC 51191 

lipid A and OPS unique structure may significantly contribute to the 

immunostimulatory potency of this strain. 
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2.4. The role of the LPS of F. nucleatum in colorectal cancer development 

F. nucleatum ssp. polymorphum ATCC 10953, F. nucleatum ssp. animalis ATCC 

51191 and F. nucleatum ssp. nucleatum ATCC 25586 strains full cells, LPS and 

outer membrane vesicles (OMVs) were tested against sialic acid–binding 

immunoglobulin-like lectins (Siglecs) expressed on innate immune cells to test 

how F. nucleatum promotes colorectal cancer progression by facilitating immune 

evasion in the tumour microenvironment. The OMV compositional analysis was 

performed by the author of this Ph.D. thesis at University Federico II of Naples 

and the Siglecs assays were performed by Dr. Lamprinak at Quadram Institute 

Bioscience and Dr. Hellmich at Norfolk and Norwich University Hospitals. 

2.4.1. Outer membrane vesicles compositional analysis 

The OMVs are secreted by Gram-negative bacteria as a natural way to 

communicate with other bacteria and the host. The external membrane of the 

OMVs, as the bacterial OM, contains LPSs and phospholipids. The composition 

of the OMVs depend, of course, of the bacterial specie and strain, but also of the 

environmental conditions (Tan et al., 2018; Bonnington and Kuehn 2016; Vanaja 

et al., 2016).  

The OMVs of three different strains of F. nucleatum were studied to determine 

the proportion of LPSs versus phospholipids by measuring the content of three 

fatty acids: C14:0, C16:0 and C18:0.  

C14:0 was considered the reporter group of the LPS of Fusobacterium. Indeed, 

the most abundant species of lipid A contain two units of this lipid (Fig.2.3.9), as 

found by our MALDI analysis (Fig.2.3.7) and in the literature (Hase et al., 1977). 

C16:0 and C18:0 were considered reporters of the phospholipids. Each 

phospholipid has, in good approximation, two units of C16:0, because the amount 

of C18:0 seems rather low in our analysis and in the literature (Sadek et al., 1998).  
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A semiquantitative analysis of C14:0, C16:0 and C18:0 was performed via GC-

MS, by analysing them as methylesters. The analysis was semiquantitative 

because it did not estimate the amount of these lipids in the sample, but the 

amount of each component (in this case C14:0) versus the other (C16:0 and 

C18:0) by means of a corrective (or response) factor. 

As for the response factor, C14:0 versus C16:0 and C18:0 versus C16:0 were 

calculated by preparing a series of standards for the calibration (Fig.2.4.1). This 

information was used to calculate the proportion of C14:0 in comparison with 

C16:0 and C18:0. A good correlation by linear regression was found (Fig.2.4.1) 

and was used to relate the amount of C14:0 versus that of C16:0 and C18:0 in the 

OMV. 

A blank was used to quantify C16:0 and C18:0 derived from the 

solvents/reactives used. In the analysis of 5 mg of dried weight of OMVs, the 

error caused from the contaminants on the evaluation of the response factor was 

about 1-5%. Therefore, the contribute of the contaminants to the area of the peak 

was not significative. 

 
55Figure 2.4.1. Response factor calculated for C14:0 versus C16:0 (in mol) (on the 
left) and C18:0 versus C16:0 (on the right). 

The OMVs (5 mg) underwent the monosaccharide chemical analysis as acetylated 

O-methyl glycosides and total fatty acid composition analysis by methanolysis 

(De Castro et al., 2010). The monosaccharide content (Fig.2.4.2). was consistent 
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with the already described LPS of F. nucleatum 10953 (Vinogradov et al., 2017), 

F. nucleatum 25586 (Vinogradov et al., 2017b) and F. nucleatum 51191 (see 

section 3.3). The total fatty acid composition analysis by methanolysis 

(Fig.III.4.3) was used for the elaboration of the semiquantitative analysis of 

C14:0, C16:0 and C18:0 (Table 2.4.1).  

For F. nucleatum 10953 the calculations showed that C14:0 is 1.47 times more 

abundant than C16:0 + C18:0 (in mols) and this same number relates the mols of 

LPS to those of phospholipids. Thus, the ratio LPS/phospholipids is 1.47 or 

59.5% (approx. 60%). 

For F. nucleatum 25586 the calculations showed that C14:0 is 1.86 times more 

abundant than C16:0 + C18:0 (in mols) and this same number relates the mols of 

LPS to those of phospholipids. Thus, the ratio LPS/phospholipids is 1.86 or 

65,07% (approx. 65%). 

For F. nucleatum 51191 the calculations showed that C14:0 is 2,76 times more 

abundant than C16:0 + C18:0 (in mols) and this same number relates the mols of 

LPS to those of phospholipids. Thus, the ratio LPS/phospholipids 2,76 or 73.4% 

(approx. 70%). 
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56Figure 2.4.2. Acetylated O-methyl glycosides results of the OMVs of F. nucleatum 
10953, F. nucleatum 25586 and F. nucleatum 51191. QuiNAc: N-Acetyl-
quinovosamine, Neu5Ac: N-Acetylneuraminic acid, Fuc2NAc4NAc: 2,4-diamino-
fucose, GlcNAc3NAlaA: 2,3-diamino-3N-alanine-glucuronic acid, i: unknown. 
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57Figure 2.4.3. Total fatty acid composition analysis by methanolysis of the OMVs 
of Fusobacterium nucleatum 10953, F. nucleatum 25586 and F. nucleatum 51191. 
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13Table 2.4.1. Fatty acids methylesters of OMVs. 

Peak Retention 
time 

Area (blank 
corrected) Area rel. /C16 Mol/molC16+C18 

F. nucleatum 10953 

C12:0 5.96 264223.6 0.05225065 --* 

C14:0 10.58 6728494.6 1.33057058 1.465 

C14:0 (3-OH) 14.68 698521.5 0.13813375 --* 

C16:1 15.63 2407438.7 0.47607485 --* 

C16:0 16.28 5056849.1 1 0.932 

C18:19 21.53 542252.7 0.10723133 --* 

C18:0 22.18 261938.3 0.05179871 0.067 

F. nucleatum 25586 

C12:0 5.96 430037.5 0.05345365 --* 

C14:0 10.58 13787707.2 1.71381145 1.863 

C14:0 (3-OH) 14.68 93346.,3 0.1160297 --* 

C16:1 15.63 4974225.8 0.61829606 --* 

C16:0 16.28 8045054.9 1 0.920 

C18:19 21.53 2340011.8 0.29086337 --* 

C18:0 22.18 500442.9 0.06220504 0.079 

F. nucleatum 51191 

C12:0 5.96 4588147.1 0.05345365 --* 

C14:0 10.58 106043639.1 1.71381145 2.762 

C14:0 (3-OH) 14.68 13422740.4 0.1160297 --* 

C16:1 15.63 22076192.2 0.61829606 --* 

C16:0 16.28 40868873.7 1 0.901 

C18:19 21.53 4319881.5 0.29086337 --* 

C18:0 22.18 3208850.6 0.06220504 0.098 

* not calculated because the response factor is not available. 
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2.4.2. Immunological properties of F. nucleatum derived LPS and OMVs  

A series of assays were performed using full cells, OMVs and LPS from F. 

nucleatum at Quadram Institute Bioscience by Prof. Juge’s team. 

F. nucleatum strains ATCC 51191, ATCC 25586 and ATCC 10953 full cells 

showed to bind to Siglec-7 when tested by flow cytometry and to investigate 

whether the binding of F. nucleatum ssp. to Siglec-7 was due to cell surface sialic 

acid (Neu5Ac), the bacterial cells were treated with Neuraminidase A, a sialidase 

with broad specificity to (a2-3,6,8,9) sialylated linkages, cleaving linear and 

branched non-reducing terminal sialic acid residues from glycoconjugates. The 

sialidase treatment led to a small reduction in the binding of F. nucleatum ssp. to 

Siglec-7. Also, OMV and LPS showed to bind Siglect-7 by ELISA-type assay 

(not showed). 

To investigate the impact of F. nucleatum ssp. on the immune response, myeloid 

cells moDCs and moMfs were stimulated with F. nucleatum strains, F. 

nucleatum-derived OMVs and LPS. Stimulation of moDCs with F. nucleatum 

strains resulted in a marked increase in cytokine production of TNFa, IL-8, IL-6 

across all strains (Fig.2.4.4). A different profile was observed with moMfs where 

stimulation with F. nucleatum strains led to a significant induction of IL-10, IL-

6 and IL-8 production and low levels of TNFa (Fig.2.4.4). These results were 

consistent throughout all strains and the response was dose dependent. This 

tendency was similar when isolated LPS were tested (Fig.2.4.5). 
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58Figure 2.4.4. F. nucleatum-derived OMVs mediated moDC and moMf cytokine 
induction. Bars represent the median values from 3 independent replicates.  

59Figure 2.4.5. F. nucleatum LPS mediated moDC and moMf cytokine induction. 
Bars represent the median values from 3 independent replicates. 

Overall, our results suggest that moDCs stimulated with F. nucleatum strains 

show a pro-inflammatory profile while moMfs acquire a tumour associated 

profile and that Siglect-7 may be involved in it. 

2.4.3. Discussion 

The approach used to analyse the LPS content on OMVs enabled the 

semiquantitative determination of the lipids in the sample, because disclosed the 

relative amount of each component (in this case C14:0 and C18:0) versus C16:0, 

by means of a corrective (or response) factor. Our contribute to this work shows 

that the proportion of LPS in the OMVs seems unrelated to the immunopotency 
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of each OMVs, suggesting that this depends on specific structural differences, yet 

to be defined. 

Siglec-7 shows to be involved in the interaction of F. nucleatum with immune 

cells. Human NK cells, macrophages, DCs and CD8+ T cells constitutively 

express inhibitory Siglec-7 (Miyazaki et al., 2012). While the most Siglec-7 

positive cells in blood are NK cells among leukocytes, this differs in colonic 

lamina propria cells where monocytes and macrophages are the major Siglec-7 

positive populations (Miyazaki et al., 2012). These results show that F. nucleatum 

ssp. induces a pro-inflammatory profile in moDCs and a tumour associated profile 

in moMf characterised by the induction of IL-10, IL-6, IL-8 cytokines 

characteristic of F. nucleatum-associated macrophage type 2 polarisation (Kostic 

et al., 2013; Chen et al., 2018). This phenotype could be recapitulated using F. 

nucleatum derived OMV or LPS, implicating LPS as a potential ligand of the 

interaction with Siglec-7. The interaction of F. nucleatum derived LPS with 

surface receptors like TLR4 expressed on epithelial cells also lead to polarisation 

of macrophages that is associated with tumour cell proliferation and metastasis 

(Chen et al., 2018). These data suggest that F. nucleatum strains and OMVs can 

promote immune evasion by hijacking glycan-lectin responses.  

To date Siglec-7 has been reported to bind to terminal sialic acid moieties with 

diverse underlying glycan structures. The sialidase treatment led to a small 

reduction in the binding of F. nucleatum ssp. to Siglec-7. This may suggest that 

some of the Neu5Ac residues are not accessible to or are not recognised by the 

sialidase, as shown for F. nucleatum ATCC 10953 LPS containing internal 

Neu5Ac residues (Vinogradov et al., 2017). In addition, this may suggest that 

other monosaccharides are involved in the recognition: the strain F. nucleatum 

ATCC 25586 contains a novel sialic acid-like molecule named as fusaminic acid 

(Vinogradov et al., 2017b). Since binding to Siglec-7 was also observed using 

LPS and OMVs derived from all 3 strains, it is likely that the LPS glycans in F. 
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nucleatum ATCC 51191, that is devoid of sialic acid, realizes the observed 

binding to Siglec-7 by a different mechanism. Enzymatic removal of sialic acids 

from cancer cell surfaces enhanced immune cell-mediated clearance of those cells 

through loss of Siglec-7 and Siglec-9 binding although the physiological ligands 

of Siglec-7 and Siglec-9 remain to be identified (Fraschilla and Pillai 2017). Our 

results reporting the interaction of F. nucleatum strains and their OMVs with 

Siglec-7, open a new dimension in our understanding of the role of sialic acid–

Siglec interactions in cancer progression and provide mechanistic insights into 

how F. nucleatum promotes colorectal tumour progression by facilitating immune 

evasion in the tumour microenvironment. Targeted glycan interventions to 

displace Siglec-7 interactions with F. nucleatum OMVs as a potential checkpoint 

inhibition strategy could prove to be an effective way of improving current 

approaches for the treatment of cancer without compromising the rest of the gut 

microbiome or inducing antimicrobial resistance. 
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2.5. The peptidoglycan composition of F. nucleatum ATCC 51191 

2.5.1. Purification and analysis of the peptidoglycan of F. nucleatum 

In a first approach, PG of F. nucleatum ATCC 51191 was extracted from the cell 

pellet after PCP and hot phenol/water extractions for LPS (see Material and 

methods). The pellet was boiled in the presence of SDS and treated with Pronase 

E to remove contaminant proteins. Then, the PG was treated with the muramidase 

cellosyl to liberate the muropeptides and these were reduced with sodium 

borohydride. Finally, the reduced muropeptides were applied to a micro-C18 

reversed-phase HPLC. Simultaneously, E. coli D456 cells were treated in the 

same way to be used as a standard. This was performed by the author of this Ph.D. 

thesis under the guidance of Dr. Biboy and Dr. Daniella Vollmer at Newcastle 

University, in occasion of the secondment of the author of this Ph.D. thesis. 

Figure 2.5.1 presents the HPLC chromatographic profiles of the muropeptides of 

E. coli D456 and F. nucleatum ATCC 51191. Both profiles were very different, 

and the retention times could not be used to assign a preliminary identity of the 

peaks. In addition, to verify that this diversity was not caused by the method used 

(starting from phenol treated and freeze-dried cells), in the next experiment the 

standard approach was followed before the HPLC and MS analysis. 

F. nucleatum ATCC 51191 cells were pelleted, boiled in the presence of SDS and 

treated with Pronase E. Then, the PG was treated with cellosyl and reduced with 

sodium borohydride. The reduced muropeptides were applied to a micro-C18 

reversed-phase HPLC column which was directly coupled to an Thermo LTQ ion 

trap Mass Spectrometer (see Material and methods) by Dr. Gray from Newcastle 

University. 

The chromatogram is shown in figure 2.5.2 and its preliminary interpretation is 

presented in table 2.5.1.  
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60Figure 2.5.1. Separation of muropeptides of E. coli D456 and F. nucleatum ATCC 
511191 (first preparation). Muropeptides were released from PG by cellosyl, reduced 
with sodium borohydride and separated by C18 reversed-phase HPLC.  

 
61Figure 2.5.2. Separation of muropeptides F. nucleatum ATCC 511191 (second 
preparation). Muropeptides were released from PG by cellosyl, reduced using sodium 
borohydride, and separated by C18 reversed-phase HPLC. The interpretation of the 
labelled peaks is in table 2.5.1.  

Muropeptides of F. nucleatum ATCC 51191 with L-meso-diaminopimelic acid 

(m-A2pm) were not identified, it was instead substituted by the sulfur-containing 

diamino acid, lanthionine (Lnt) or an unknown amino acid (peaks 7 and 9). Lnt 

was identified because of its mass (208.23 amu), its presence was in agreement 

with previous compositional analysis reported, although the configuration 
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remains to be disclosed (Kato et al., 1979). None of the major peaks of F. 

nucleatum ATCC 51191 corresponded to anhydro (Anh) muropeptides which 

originate from glycan chain ends nor muropeptide trimers or tetramers. It is 

possible that these muropeptides exist in the PG of F. nucleatum, but they were 

not detected due to their low abundance. 

The two major peaks corresponded to GlcNAc-MurNAc-L-Ala-D-iGlu-Lnt-D-

Ala (TetraLnt) and the acetylated version of the TetraLnt, followed by mono- and 

di-acetylated TetraLntTetraLnt (Tetra 3→4 bonded dimer). Only peak 2 

corresponded with a muropeptide isolated in E. coli, the Di-muropeptide 

(GlcNAc-MurNAc- L-Ala-D-iGlu) (Glauner 1988). 

14Table 2.5.1. Reduced muropeptides detected in F. nucleatum ATCC 511191. Peak 
numbers refer to the labels of figure 2.5.2. 

Peak Rt 
(min) 

Mass/charge 
(m/z)  

Neutral 
mass (amu) 

Theoretical 
mass (amu) Muropeptide * 

1 8.4 889.08 (1+) 888.08 888.31 GlcNAc-MurNAc-Ala-iGlu-Lnt 

2 20.9 698.99 (1+) 697.99 696.29 GlcNAc-MurNAc-Ala-iGlu 

3 23.9 960.15 (1+) 959.15 959.35 GlcNAc-MurNAc-Ala-iGlu-Lnt-
Ala 

4 24.9 857.04 (1+) 856.04 -- GlcNAc-MurNAc-Ala-iGlu-X-
Ala 

5(a) 29.5 1002.14 (1+) 1001.14 1001.36 GlcNAc-MurNAc(Ac)-Ala-iGlu-
Lnt-Ala 

5(b) 29.5 741.00 (1+) 740.00 -- Possible MurNAc(Ac)-Ala-iGlu-
Lnt-Ala 

6 30.9 841.04 (1+) 840.04 -- Unknown 

7 31.4 899.04 (1+) 898.04 -- GlcNAc-MurNAc(Ac)-Ala-iGlu-
X-Ala 

8 43.9 883.03 (1+) 882.03 -- Unknown 

9 45.8 951.44 (2+) 1900.88 1900.68 Dimer of GlcNAc-MurNAc-Ala-
iGlu-Lnt-Ala 

10 53.5 972.39 (2+) 1942.78 1942.69 
Dimer of GlcNAc-MurNAc(Ac)-
Ala-iGlu-Lnt-Ala and GlcNAc-

MurNAc-Ala-iGlu-Lnt-Ala 
11 55.7 920.66(2+) 1839.32 -- Unknown 

12 59.1 993.79 (2+) 1985.58 1984.70 Dimer made of two GlcNAc-
MurNAc(Ac)-Ala-iGlu-Lnt-Ala 

*Ac means acetyl group at position O-6 of the MurNAc. 
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2.5.2. Discussion 

The preliminary results of the composition of F. nucleatum ATCC 51191 

revealed its difference compared to the typical Gram-negative PG composition in 

E. coli (Glauner 1988). 

Most Gram-negative species contain m-A2pm at position 3 of the stem peptide, 

although some species have described to have other amino acids like Thermotoga 

maritima (L- and D-Lys) or A2pm enantiomers Myxococcus xanthus (meso- and 

LL-A2pm) (Desmarais et al., 2013) and Micromonospora olivoasterospora, 

Micromonospora sagamiensis and related organisms (3-hydroxy-A2pm) 

(Kawamoto et al., 1981). The muropeptides identified in F. nucleatum ATCC 

51191 have no m-A2pm, that is instead substituted by Lnt and, in lower 

abundance, another yet unknown amino acid (possible serine (Ser)). Others 

already reported that Lnt was one of the major constituents of F. nucleatum PG, 

which was the first time that Lnt was reported as natural constituent of wild PG. 

However, those authors could not determine the optical configuration of the Lnt 

due to the small amount of biological sample available (Kato et al., 1979; 

Vasstrand et al., 1979). Another work showed that it is possible to suppress 

auxotrophy for m-A2pm in E. coli mutants by exogenous cystathionine or Lnt. 

Most of the Lnt incorporated into the precursors and sacculi was meso-

lanthionine (Mengin-Lecreulx et al., 1994). A complementary chemical analysis 

is necessary to identify the optical configuration of Lnt in F. nucleatum. The 

unknown amino acid (peaks 7 and 9) could be Ser because of its molecular weight 

(105.09 amu) and that has already been identified as a component of F. nucleatum 

PG (Kato et al., 1979). However, Ser has never been described to be present in 

position 3 of the PG stem peptide in Gram-negative bacteria (Vollmer et al., 

2008). 

The lack of major peaks of F. nucleatum ATCC 51191 corresponding to Anh-

muropeptides nor muropeptide trimers or tetramers is probably due to their low 



 
131 

abundance (Vollmer, et al., 2008; Glauner 1988) and these muropeptides are 

probably represented by some of the unidentified minor peaks. 

Once the definitive compositional analysis of F. nucleatum ATCC 51191 is 

known, it will be interesting to perform immunological assays on them. NOD-1 

intracellular receptor recognizes MurNAc-L-Ala-D-iGlu-m-A2pm (muramyl 

tripeptide) which is present in almost all Gram-negative bacteria, this recognition 

may be altered by the absence of m-A2pm and its substitution by m-Lnt and other 

amino acids (Tosoni et al., 2019). Interestingly, NOD-1 is highly expressed in 

human colorectal cancer and seems to augment colorectal cancer cell adhesion, 

migration and metastasis (Jiang et al., 2020) although more research is necessary 

to fully understand their role in the immune response to bacterial infection and 

colorectal tumour development.  

In addition, it is important to note that the chromatographic profile obtained from 

PG extracted from the cell pellet after PCP and hot phenol/water extractions for 

LPS (first approach) was significantly different from the standard approach 

(second approach). This is probably caused by the contact of PG with cytoplasmic 

components since the hot phenol/water extractions compromises cell integrity 

(Westphal and Jann 1965). Therefore, these results seem to indicate that the PG 

compositional analysis on phenol treated cells may not be a recommendable 

approach. 
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2.6. Effects BAM complex mutations on LPS production 

BAM system is a fundamental structure for the building of the OM. To date, it is 

unknown if any failure in this system induces changes in the LPS component, 

with a possible impairment of the membrane integrity. Presently, it has been 

addressed how mutations in some components of the BAM system (BamB, BamC 

and BamE) and three periplasmic chaperones (SurA, Skp and DegP) impact on 

the structure of the LOS, taking E. coli K12 as model bacterium (Fig.2.6.1).  

 
62Figure 2.6.1. Wild form LOS along with the structure of the glycan part. Dotted 
lines mean a not stoichiometric substitution. 

Therefore, mutants DsurA, Dskp, DdegP, DbamB, DbamC, and DbamE were 

created and grew by University of Birmingham and their LOS extracted and 

analysed to verify if differences occurred by the author of this Ph.D. thesis at 

University Federico II of Naples. 
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2.6.1. Isolation and purification of the LOS of E. coli mutants 

All mutants were constructed via allele transference from the Keio library into 

the parent strain at the University of Birmingham. Then the kanR cassette was 

removed using the pCP20 plasmid. Dried cells of E. coli K12 BW25113 (wild 

type or WT) and of the mutants DsurA, Dskp, DdegP, DbamB, DbamC, and DbamE 

were treated through the PCP extraction to isolate the LOS (see Material and 

methods). The SDS-PAGE with silver staining evidenced the presence of LOS in 

the precipitate of the PCP from all mutants (Fig.2.6.2). WT and Dskp displayed 

some tailing, however this was related to a major amount of the sample loaded in 

the well and not to significant structural variations (Fig.2.6.2). Yields of all 

bacteria were comparable around 40%. 

 
63Figure 2.6.2. SDS-PAGE profiles of E. coli mutants, as specify in the picture. Each 
sample is about 8 µg, 12% SDS-PAGE and visualised by silver staining. 

2.6.2. Monosaccharide compositional analysis of the LOS  

The acetylated methyl glycosides analysis was performed in order to identify the 

monosaccharides that compose each mutant. The seven samples had the same 

chromatographic profile (Fig.2.6.3 shows that of the WT as example for all the 

others), whose peaks were attributed to Rha, Man, Gal, Glc, GlcN, Hep and Kdo. 
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64Figure 2.6.3. Monosaccharide of E. coli K12 WT. Rhamnose (Rha), mannose 
(Man), galactose (Gal), glucose (Glc), glucosamine (GlcN), L-glycero-D-manno-
Heptose (Hep), 3-deoxy-D-manno-octulosonic acid (Kdo), impurities (i). 

The comparison of the areas of each monosaccharide (Fig.2.6.4) and percentual 

areas (Fig.2.6.5) demonstrated no significative differences between the seven 

samples. 

 
65Figure 2.6.4. Monosaccharide composition of E. coli WT and mutants. Areas are 
normalised with respect to that of Glc and are not corrected with a response factor. 
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66Figure 2.6.5. Monosaccharide percentual area of E. coli WT and of its mutants. 

2.6.3. 1H NMR profiling of the core of LOS of E. coli mutants 

Hence, to confirm that the minor differences between the different 

monosaccharides were not relevant, the saccharide portion was also profiled by 
1H NMR. In detail, the core region of each LOS was cleaved from the lipid A 

moiety by mild acid treatment (Wang and Cole 1996) and separated by 

centrifugation and checked via 1H NMR (Fig.2.6.6).  

In agreement with the monosaccharide chemical analysis, the profiles of each 

glycan resembled to that of the WT strain of E. coli K12 (Fig.2.6.1), leading to 

the conclusion that these mutations had no effect on the glycan part of the LOS. 
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67Figure 2.6.6. 1H NMR profile of the oligosaccharides derived from mild acid 
hydrolysis of the LOS (600 MHz, 25 °C, 550 µL D2O). 

2.6.4. Lipid profiling by GC-MS of the LOS of E. coli mutants 

The procedure used for the analysis of the monosaccharides was extended to 

evaluate the lipid content of each sample. Hence, the fatty acids were recovered 

as ester derivatives after methanolysis by extracting the crude reaction with 

hexane (De Castro et al., 2010). The fatty acid analysis revealed the presence of 

C12:0, C13:0, C14:0, C14:0 (3-OH), C15:0, C16:0, C17:0D and C18:0 (Fig.2.6.7). 

The low abundance of C14:0 (3-OH) can be due to the retention by the column 

of 3-hydroxylated fatty acids. This procedure reports all the lipids present in the 
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sample, along with those of the phospholipids that are co-extracted with LOS at 

some extent by the PCP method.  

Thus, each LOS contained all the lipids expected based on the structure reported 

for E. coli, namely: C12:0, C14:0, and C14:0 3-OH (in green in Fig.2.6.7), along 

with those expected for the phospholipids (C16:0, C18:0, and a-C17:0 in red in 

Fig.2.6.7). However, all the samples (including the WT) presented two additional 

fatty acids with an odd number of carbon atoms, C13:0 and C15:0 (in blue in 

Fig.2.6.7). While this finding is unusual, it does not seem related to any kind of 

mutation, since these two fatty acids appear in the WT bacterium as well. 

Comparison of the areas of each fatty acid (Fig.2.6.8) and percentual areas 

(Fig.2.6.9) focused on those of the lipid A, including C13:0 and C15:0 

demonstrated no significative differences between the samples.  

 
68Figure 2.6.7. Chromatogram of the fatty acid compositional analysis. The colour 
code corresponds to: Green: fatty acids that belong to the lipid A; Blue: fatty acids 
that probably belong to the lipid A; and, Red: fatty acids from phospholipids. 
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69Figure 2.6.8. Fatty acids composition of E. coli WT and of its mutants. Areas were 
normalised with respect to that of C14:0 and not corrected with a response factor. 

 
70Figure 2.6.9. Fatty acids percentual area of E. coli WT and of its mutants. 
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which are classified as primary or secondary depending on their location (see 

Introduction). Primary fatty acids are hydroxylated at C-3 and are directly 

connected to the glucosamine disaccharide backbone, while secondary fatty acids 

are never hydroxylated at C-3 (eventually at C-2 or not at all) and are linked at 

the hydroxyl function of the primary fatty acid. The fatty acid distribution is not 

symmetric, indeed the non-reducing glucosamine on the left  has four fatty acids, 

while the other has only two. It is an asymmetric 4+2 lipid A with composition: 

2×GlcN, 2×P, 4×C14:0 (3-OH), 1×C14:0, 1×C12:0 (Fig.2.6.1).  

Importantly, bacteria generally do not produce a unique lipid A, but a family of 

molecules that differ for the non-stoichiometric presence of phosphates and lipids 

(Mattsby-Baltzer et al., 1984), and this heterogeneity is easily detected by 

MALDI spectrometry. Accordingly, MALDI spectra (Fig.2.6.10) displayed that 

each lipid A had a discrete heterogeneity, as expected. 

Analysis of these spectra disclosed that peaks within the same family were 

separated by 14 u, namely by a methylene unit. For instance, taking into account 

the base peak (1715.9 u) of the WT (Fig.2.6.10), this corresponded to the 

composition: 1×P, 2×GlcN, 4×C14:0 (3-OH), 1×C14:0 and 1×C12:0, implying 

that the species at -14 u (1701.9 u) had one fatty acid replaced with another fatty 

acid shorter by one carbon atom. Hence, the specie at 1701.9 u was consistent 

with the replacement of C14:0 with C13:0. In this same way, the appearance of 

the peak at 1729.9 u implied the substitution of C14:0 with C15:0 or of C12:0 

with C13:0. 
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71Figure 2.6.10. MALDI spectra in negative mode measured for the different lipid 
As. In the short notation reported for the WT, the presence of two GlcN units is 
omitted. 

This same pattern was present in all the other groups of peaks, and in all the tested 

strains. In general, this pattern is unusual for E. coli, as it produces exclusively 

even numbered fatty acids. Nevertheless, this pattern is not related to the kind of 

mutations done because this characteristic is also present in the WT strain.  

As second point, the WT produces both mono- and disphosphorylated lipid A 

(Fig.2.6.10) with the monophosphorylated being slightly more abundant than the 

other form; this same pattern with minor variation is conserved for most of the 

mutants, except for two of them (DsurA and DbamE) where this proportion is 

reversed. 
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2.6.6. Discussion 

The LOS from six different mutants DsurA, Dskp, DdegP, DbamB, DbamC, and 

DbamE have been analysed by chemical and spectroscopical/spectrochemical 

techniques and compared to the WT strain of E. coli K12. The profiling obtained 

by the different approaches shows that the mutants are very similar to the WT and 

that the differences, if any, are not significant. 

The only variation is minor, and it regards the phosphorylation pattern of the lipid 

A moiety of the LOS, that for DsurA and DbamE consists of an increased content 

of the diphosphoryl species. Considering that all the procedures (extraction and 

acid hydrolysis) have been conducted in parallel, it is very likely that this is a true 

difference between the samples and not an artifact. 

Concluding, these preliminary results show that variations in the LOS structure 

are minimal and may not be enough to change significantly the properties of the 

OM. From this evidence it can be foreseen that the permeability to drugs of the 

mutants should be comparable to that of the WT strain. However, targeting BAM 

may alter OMP folding and compromise membrane integrity by an unknown 

mechanism (Storek et al., 2018). As b-barrel protein, LptD transport and folding 

may be compromised, altering in unknown ways the LPS transport. 
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2.7. New NMR tool for the study LPS-protein interaction 

The study of the interactions of LPS with proteins by NMR is difficult because 

of the complexity of both molecules. Therefore, our idea was to create a new tool 

for the study of the interactions of LPS with proteins that recognize the lipid A 

and/or the core, such as Lpt or receptors of the immune system. In detail, the 

attempt was to introduce some active nuclei in the LPS that would give typical 

and recognizable signals when close to the interaction protein regions. 

Active nuclei could be bound to the acid groups (-COOH) of the Kdo or to the 

free amino functions (-NH2) of the glucosamine (GlcN) of the lipid A (Fig.2.7.1). 

 
72Figure 2.7.1. LOS derived molecules to be used as substrate for the introduction of 
active nuclei. A. LOS from E. coli K12. B. Fully de-acylated LOS from E. coli K12. 
C. Fully de-acylated lipid A from E. coli K12. 
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functionalised with the active nuclei. Details of each step will be explained in the 
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coli and Lpt and immune proteins. 

A. 

B. 

C. 

Ethanolamine

COOH

NH2

NH2

Ethanolamine

COOH

NH2

NH2

Phosphate

Kdo

GlcNH2

Glc

Hep

Rha

Man

GlcNAc

HOOC

HOOC



 
146 

2.7.1. LOS production and purification 

Escherichia coli K12 dried cells (20 g) were treated through the PCP method (see 

Material and methods) to yield 18 mg LOS per 1 g dried cells. To confirm the 

identity of the LPS and the quality of the sample, a monosaccharide and lipid 

compositional analysis was performed by GC-MS (Fig.2.7.2). The lack of ribose 

indicated that there was no contamination with nucleic acids. In addition, the lipid 

compositional analysis showed the presence of C14:0 3-OH, C14:0 and C12:0, 

all characteristic of the LOS of E. coli, while C16:0 and C18:0 denoted the 

presence of some phospholipids. 

 
73Figure 2.7.2. A. Acetylated methyl glycosides (AMG) of the crude LOS of E. coli 
K12. B. Fatty acid analysis of the crude LOS of E. coli K12. i: impurities. 

2.7.2. Fully de-acylated LOS production and purification 

Escherichia coli K12 LOS (40 mg) was treated first with methylhydrazine to 

remove the O-acyl chains and then, with potassium hydroxide (KOH) to remove 

the N-acyl chains. The fully de-acylated LOS (DODN-LOS) underwent a 

chloroform extraction to remove the acyl chains and a desalting by G10 
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chromatography (yield 20% w/w of DODN-LOS versus LOS). The quality of the 

sample was verified via 1H NMR (Fig.2.7.3). 

 
74Figure 2.7.3. 1H NMR of the DODN-LOS of E. coli K12 after purification by 
chromatography (600 MHz, 25 °C). 

2.7.3. Fully de-acylated lipid A production and purification 

In order to obtain the fully de-acylated lipid A, 125 mg of E. coli K12 LOSs were 

treated with methylhydrazine and subsequently with 1% acetic acid. In this way 

the Kdo was cleaved and, therefore, the de-O-acylated lipid A and the core were 

separated. Finally, the de-O-acylated lipid A was de-N-acylated with potassium 

hydroxide. 

The fully de-acylated lipid A (DODN-lipid A) was subjected to an extraction with 

chloroform to remove the lipids and then, desalted by G10 chromatography (yield 

32 mg DODN-lipid A / 1 g LOS). To verify the identity and purity of the DODN-

lipid A the 1H NMR, 1H,13C HSQC (Fig.2.7.4 and Table 2.7.1) and MALDI-TOF-

TOF (Fig.2.7.5) experiments were performed. Both experiments disclosed the 

occurrence of slightly heterogenic molecules (for example anomeric carbons in 

NMR). This is due to: 1) partial de-phosphorylation, consequence of the natural 

heterogeneity that occur in nature (Mattsby-Baltzer et al., 1984) (and because of 

the treatments (phosphate group at position 1 is labile and easily removed in acid 
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media) (Wang and Cole 1996); 2) partial de-acylation, some of the lipid chains 

may still be present; and 3) some by-products resulting from the reactions. 

 
75Figure 2.7.4. 1H NMR and 1H,13C HSQC spectra of the DODN-lipid A of E. coli 
K12 (600 MHz, 25 °C, 550 µL D2O). 

15Table 2.7.1. Proton (1H) (plain text) and carbon (13C) (italic) NMR chemical shifts 
of the DODN-lipid A of E. coli K12 (600 MHz, 25 °C, 550 µL D2O). 

 1 2 3 4 5 6a 6b 

A 
6-a-GlcN1P 

5.63 3.37 3.90 3.84 3.84 3.91 4.25 

91.6 55.4 73.4 73.3 73.3 70.0 70.0 

B 
t-b-GlcN4P 

5.03 3.04 3.39 3.58 3.55 3.75 3.85 

100.4 56.9 71.3 76.5 77.1 61.6 61.6 
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76Figure 2.7.5. MALDI-TOF-TOF and MS/MS in negative polarity of the DODN-
lipid A obtained from E. coli K12. 

2.7.4 Active nuclei insertion into the fully-deacylated lipid A 

For the NMR interaction studies, glycans can be labelled with isotopes or tags of 

fluorine or paramagnetic groups (Gimeno et al., 2020). Fluorine is an NMR 

sensitive nucleus, whose chemical shift strongly depends on the environment 

(Dalvit and Vulpetti 2019). A paramagnetic group instead causes the fast 

relaxation of the nuclei in the neighbourhoods (Tesch and Nevzorov 2014), 

therefore, the signals of atoms in close contact with the LPS are expected to 

disappear in the spectrum giving an indication of which amino acids are involved 

in the interaction. To our knowledge, the LPS labelling with tags of fluorine 

and/or paramagnetic groups has never been performed. Therefore, it was decided 

to amidate in dimethylformamide (DMF) using the dicyclohexylcarbodiimide 

(DCC) as activating reagent. 

2.7.4.1. Lipid A amidation with fluoropropanoyl chloride  

DODN-lipid A was treated with DCC and 3-fluoropropanoyl chloride in DMF 

and pyridine, in argon atmosphere (see Material and methods). 
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The product was purified by P10 chromatography in water and all fractions were 

checked via 1H NMR. Based on the 19F-NMR experiment recorded at the CNRS 

of Grenoble by Prof. Simorre’s team and myself during my secondment in his 

laboratory (Fig.2.7.6.c), it could be speculated that the reaction was successful 

based on the 19F NMR analysis of the product which disclosed the presence of 

two fluorine signals at -122.3 and -130.0 ppm (Fig.2.7.6.c) that could belong to 

the two insertions at the two NH2 of the DODN-lipid A and by the 13C chemical 

shifts of the C-2 of the non-reducing GlcN (B) of the lipid A (3.04 to 3.4 and 3.6 

ppm) (Fig.2.7.6.a and d). 

 
77Figure 2.7.6 a. 19F-NMR of the N,N’-difluoropropanoyl-DODN-lipid A (700 
MHz, 27 °C, 550 µL D2O). b. 1H NMR and 1H,1H COSY dqf of N,N’-
difluoropropanoyl-DODN-lipid A (positive red, negative green) (600 MHz, 27 °C, 
550 µL D2O). c. 1H NMR and 1H,13C HSQC of the N,N’-difluoropropanoyl-DODN-
lipid A extension of the dicyclohexylisourea (850 MHz, 27 °C, 550 µL D2O). d. 1H 
NMR and 1H,13C HSQC of the DODN-Lipid A of E. coli K12 (black) N,N’-
difluoropropanoyl-DODN-lipid A (red) (850 MHz, 27 °C, 550 µL D2O). 

However, both 1H NMR and 1H,13C HSQC spectra showed large amounts of 

dicyclohexylisourea (around 1,52-29.9 ppm) and other contaminants. In order to 
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eliminate all the contaminants to enable the NMR interpretation and the use of 

the sample to measure its interaction with the protein(s), the sample underwent a 

subsequent purification with HiTrap column and CaptoQ 1 mL. Nevertheless, the 

dicyclohexylisourea was impossible to eliminate, thus preventing any further use 

of the sample (Fig.2.7.6.b). 

2.7.4.2. Lipid A amidation with doxyl stearic acid 

By a similar approach, the DODN-lipid A was treated with DCC and 5-doxyl 

stearic acid in DMF and pyridine, in argon atmosphere, to produce N,N’-doxyl 

stearate-DODN-lipid A. The N,N’-doxyl stearate-DODN-lipid A was treated 

with ascorbate in order to eliminate the paramagnetic effect and make the product 

visible by NMR at the CNRS of Grenoble by Prof. Simorre’s team and me. 

Despite the numerous attempts, the reaction was not successful. The 1H,13C-

HSQC shows that there are no significant changes between the spectra of DODN-

lipid A (substrate) and the N,N’-doxyl stearate-DODN-lipid A after the ascorbate 

treatment (Fig.2.7.7). 

 
78Figure 2.7.7. 1H NMR and 1H,13C HSQC of the DODN-lipid A (black) and the 
N,N’-doxyl stearate-DODN-lipid A after ascorbate treatment (red) (850 MHz, 27 °C).  
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2.7.5. Discussion 

An uncommon sequence of known reactions was performed to isolate the fully 

de-acylated lipid A consisting on: the methylhydrazine to remove the O-linked 

fatty acids (Haishima et al., 1992), mild acid hydrolysis to cleave the Kdo linkage 

(Wang and Cole 1996) and the de-N-acylation with potassium hydroxide (Holst 

et al., 1994), with the idea to use it as initial substrate for the insertion of the 

fluorine group. 

Therefore, the fully de-acylated lipid A was treated with DCC and 3-

fluoropropanoyl chloride in order to functionalised it with the fluorine. 19F NMR 

analysis of the product discloses the presence of two fluorine signals at -122.3 

and -130.0 ppm that do not correspond to any of the expected subproducts like 3-

fluoropropanoyl chloride in D2O (-218 ppm) nor F- (-125 ppm). In addition, H-2 

of B (t-b-GlcN4P) seems to shift from 3.04 to 3.4 and 3.6 ppm. Thus, suggesting 

that the expected reaction was successful. 

It could be argued that one of the fluorine signals belongs to the O-acylurea 

intermediate and the other to the N,N’-difluoropropanoyl-DODN-lipid A with 

two fluorines equivalent and converging in only one signal. However, this 

hypothesis was discarded because of the instability of the O-acylurea intermediate 

(with respect the dicyclohexylisourea). Moreover, the finding of two fluorine 

signals is reasonable, because the two fluorine nuclei on the DODN disaccharide 

differ for the chemical and the magnetic environment in which they are, in 

particular for their distance from the phosphate group.  

Nevertheless, it was not possible to further purify the developed compound, as 

evidenced by the heavy contamination with the dicyclohexylisourea by-product 

(1,52-29.9 ppm). 
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Hence, these experiments demonstrate that this kind of insertions are possible. 

Other ways of purification must be pursued, and also, a new synthetic approach 

that could produce a purer final compound. One solution could be the amidation 

of the sample N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) in a approach similar to that of Johnson et al., 2011, 

which avoids the formation of the dicyclohexylisourea by-product, facilitating its 

purification. 

Also, this approach can be tried in bigger molecules such as the fully de-acylated 

LOS from E. coli K12 or the LOS from E. coli K12 (Fig.2.7.1). The obtained tool 

would be closer to the molecule that performs the interaction in nature, 

remarkably the Kdo and Hep monosaccharides, that play a role in some LPS-

protein interactions (Cochet and Peri 2017). However, these approaches pose 

other challenges. For fully de-acylated LOS from E. coli K12 active nuclei could 

be bound to the acid groups (-COOH) of the Kdo or the free amino functions (-

NH2) of the glucosamine (GlcN), but also have crossed reactions in which the 

acid and amino groups of different LOS react between them. Protection steps 

should be added to the reaction strategy. In addition, there will be another free -

NH2 at the GlcN of the outer core where the active nuclei would also be 

introduced, however, it is far from the interaction side and it would only be 

considered from a stoichiometry point of view. For the LOS from E. coli K12, 

the presence of acyl changes drastically decreases the solubility of the molecule 

in aqueous solvents, detergents should be added and may interfere with the 

reaction and their traces would also interfere with protein interactions.  
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2.8. LptA interaction with PG hydrolysis machineries 

The Lpt transportation machinery extracts the LPS from the external leaflet of the 

CM, transports it across the periplasm and the PG, flips it across the OM and 

locates the LPS in its external face. The known as periplasmic bridge is composed 

by one LptC, one LptD and a multimer of LptA, which sequestrates the lipid A 

to allow the LPS diffusion through the aqueous periplasm compartment and the 

PG. However, it is not known how the bridge is built (Laguri et al., 2017; Schultz 

and Klug 2017). Here, we hypothesised that LptA may somehow interact with the 

PG hydrolysis enzymes in order to open a hole across it.  

2.8.1. LptA as amidase activator 

LptA could be an amidase regulator itself, this way, amidases would recognize 

LptA before the bridge is formed opening a “hole” in the PG. Therefore, amidase 

activity tests (see Material and methods) on AmiA, AmiB and AmiC with 

LptAHis or LptAmHis (truncated version of LptA at its C-terminus part (Δ160-185) 

unable to oligomerize in solution) were performed. Moreover, AmiA and AmiB 

were tested with their regulator EnvC, as positive control, and AmiC was tested 

with EnvC (instead of its regulator NlpD) as negative control.  

After incubation of the different combinations, reaction was stopped by boiling 

and muropeptides were digested with cellosyl and prepared for HPLC analysis. 

Activity is measured by the decrease in Tetra (GlcNAc-MurNAc-L-Ala-D-iGlu- 

m-A2pm-D-Ala, indicated with a in the Fig.2.8.1) and TetraTetra (dimer of Tetras 

3→4 bonded, named b in Fig.2.8.1) muropeptides and the emergence of amidase 

products (c and d peaks in the Fig.2.8.1) (see Material and methods). 

No decrease in Tetra and TetraTetra muropeptides was detected for either of the 

combinations of LptA proteins with amidases. This suggests that LptA does not 

activate amidases (Fig.2.8.1). As expected, there was decrease in Tetra and 



 
155 

TetraTetra muropeptides and occurrence of amidase products for the controls 

AmiA + EnvC and AmiB + EnvC.  

 
79Figure 2.8.1. HPLC chromatogram of the activity test of the amidases AmiA, 
AmiB and AmiC with amidase regulators or LptAHis or LptAmHis. Muropeptides: a. 
Tetra, b. Tetratetra. c and d are amidase products.  
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2.8.2. Interaction LptA and amidase regulators 

LptA could physically interact with the amidase regulators in order to locate the 

opening of the hole. To test this possibility, an in-vitro pull down assay was 

performed between the soluble His-tagged LptAHis or LptAmHis and the two 

amidase activators YgeR or NlpD.  

LptAHis and LptAmHis were incubated with the amidase activators YgeR or 

NlpD (fraction A, Fig.2.8.2.A), and the mixture was incubated with Ni2+-NTA 

beads for the in-vitro pull-down assay (fraction E, Fig.2.8.2.A) (see Material and 

methods). The same procedure was also performed with the four proteins 

separately (LptAHis, LptAmHis, YgeR, NlpD), as control (Fig.2.8.2.B). 

 
80Figure 2.8.2. Electrophoresis of the in-vitro pull-down assay. (12% acrylamide, 5 
µl marker, 10 µl sample, preheated 10 min 100 °C, 120 V, Coomassie staining). A. 
LptAHis with YgeR or NlpD and LptAmHis with YgeR or NlpD. The no visualisation 
of YgeR nor NlpD in fraction E evidences that no interaction occurs. B. Control: 
LptAHis, LptAmHis, YgeR and NlpD separately. LptAHis and LptAmHis bind the 
Ni2+-NTA beads thanks to the His-tag but not YgeR nor NlpD. M: Protein marker 
PageRulerTM; A: Applied fraction; E: eluate. 

The control shows a band at around 20 kDa for both fractions (A and E) of the 

LptAHis and LptAmHis meaning that they bind the Ni2+-NTA beads, thanks to 

the His-tag, contrary to what found for YgeR and NlpD which appeared only in 

A (Fig.2.8.2.A). Regarding the protein combinations, there were no interactions 
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as two bands were visualised in fractions A, while only LptAHis or LptAmHis 

were visualised in fraction E. This suggests that YgeR and NlpD did not interact 

with any of the two forms of LptA (Fig.2.8.2.A). 

2.8.3. Discussion 

Lpt system is composed by seven essential proteins named Lpt A-G, one LptC, 

one LptD and a multimer of LptA form the periplasmic bridge that forms a 

continuous b-jellyroll across the periplasm and the PG(Laguri et al., 2017; 

Schultz and Klug 2017). PG hydrolases may be necessary to insert 

macromolecular structures into or across the PG layer (Priyadarshini et al., 2007). 

To explore how the periplasmic bridge is built, the role of LptA as amidase 

regulator or its capacity to interact with the amidase regulators YgeR or NlpD 

was tested. 

LptA is a periplasmic protein formed by 16 consecutive antiparallel b-strands, 

folded to resemble a slightly twisted b-jellyroll (Suits et al., 2008). LptA tends to 

form polymers in a head-to-tail fashion in solution. The presented experiments 

were performed both with LptA (that probably formed multimers of unknown 

length) and LptAm that is unable to polymerize to avoid challenges related to the 

polymerisation. It has been probed that the Lpt transport can successfully occur 

with only one subunit of LptA, although the affinity for the LPS decreases (Laguri 

et al., 2017; Schultz et al., 2017). In addition, the use of LptAm for experiments 

related the periplasmic bridge presents another advantage. LptA binds LptDE 

with higher affinity than LptC, suggesting that during Lpt assembly, LptA joins 

LptD/E in the OM and then polymerise until reaching LptC in the CM (Chng et 

al., 2010). Differences in activity between LptA and LptAm could support this 

hypothesis and that the C-terminus needs to be exposed for the construction of 

the PG hole. 
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The performed assays showed that LptA does not act as an amidase regulator as 

discloses by the activity test. On the other hand, results suggested that it does not 

interact with the amidase regulators YgeR or NlpD either. However, it would be 

interesting to continue the investigation about LptA’s interaction with amidase 

regulators, the pull-down assay could be performed between LptA and EnvC, 

YebA and YgeR as they also have implications in PG biogenesis (Uehara et al., 

2009). In addition, the assay could be repeated with milder washes, as interaction 

may occur but with low affinity. More research is necessary to disclose how LptA 

is built across the PG.  
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The main focus of this Ph.D. thesis is to characterize the LPS and PG and their 

structural determinants when bound to major proteins involved in its transport 

across the periplasm. The characterised LPS and PG of Akkermansia muciniphila 

and Fusobacterium nucleatum reported in the first five sections of the results 

chapter contribute to the understanding of the interaction of pathogen and 

commensal Gram-negative bacteria with the host. The assays on the trans-

envelope machineries using E. coli as model bacterium are reported in the last 

three sections of the results chapter.  

The structure of the LPS and the muropeptides composition of the PG reveal 

novel structures with striking immunological features that in case of A. 

muciniphila might play a key role in the protection from metabolic diseases, while 

for F. nucleatum may play a role in the development of the colorectal tumour 

microenvironment. 

 
81Figure 3.1. Summary findings on the LOS and PG of A. muciniphila MucT. 

The structure of the LOS of A. muciniphila MucT is highly complex: it includes 

more than the two canonical units of Kdo, is rich in fucose units and most of the 
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fatty of the lipid A are branched at the penultimate carbon (Fig.3.1). The LOS 

shows to be a mild agonist of TLR4 and relevant activator of TLR2 which may 

play a role in the development of its beneficial effects as it has been linked to 

protection from diet-induced obesity, increased mucosal barrier function and 

reduced insulin resistance and inflammation. Also, A. muciniphila MucT is the 

first case of a Gram-negative bacterium with a de-N-acetylated glucosamine in 

the PG, a modification found so far in some Gram-positive bacteria and linked to 

the avoidance of NOD-1 immune receptors (Fig.3.1). 

The LPS of F. nucleatum ATCC 51191 is composed by a trisaccharide repeating 

unit rich in amino- and aminuronic monosaccharides and a lipid A similar to that 

of Burkholderia cenocepacia (Fig.3.2). In addition, F. nucleatum ssp. 

polymorphum ATCC 10953, F. nucleatum ssp. animalis ATCC 51191 and F. 

nucleatum ssp. nucleatum ATCC 25586 full cells, OVMs and LPSs denote a pro-

inflammatory profile in moDCs and a tumour associated profile in moMfs which 

seems to be mediated by Siglec-7 receptors, being monocytes and macrophages 

the major Siglec-7 positive populations in colonic lamina propria. This provides 

further information on the working of this receptor, up to date thought to interact 

with sialic acid only. The PG of F. nucleatum spp. animalis ATCC 51191 presents 

an alteration of the most common stem peptide by substitution of the L-meso-

diaminopimelic acid by the sulfur-containing diamino acid lanthionine or another 

amino acid (Fig.3.2). This may be crucial to avoid the recognition by NOD-1 

immune receptors potentiating colorectal cancer development. 

The results on A. muciniphila and F. nucleatum pave the way to the development 

of new molecules with clinical applications such as analogues of the LOS of A. 

muciniphila that may mimic its beneficial effects or inhibitors of the Siglect-7 

receptors to treat colorectal cancer without altering the microbiota nor 

contributing to the development of antibiotic resistances. 
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82Figure 3.2. Summary findings on the LPS and PG of F. nucleatum ATCC 51191. 

Remarkably, the second part of the thesis is dedicated to the study of the trans-

envelope machineries in order to find new targets for antibiotics. Interestingly, 

the elucidation of the LPS structure of E. coli BAM mutants DsurA, Dskp, DdegP, 

DbamB, DbamC, and DbamE shows that the alterations in the different structures 

of the BAM machinery do not alter the composition nor structure of the LPS 

(Fig.3.3). This provides an insight on the mechanism by which the alteration of 

the BAM machinery may alter the integrity of the OM. 

In addition, in order to study the interaction sites of the Lpt proteins with LPS, 

the development of a semi-synthetic lipid A with active nuclei instead of acyl 

chains was attempted. The introduction of a paramagnetic group on the fully de-

acylated lipid A failed, while that of fluoropropanoyl chloride seems to be 

partially successful (Fig.3.3). Although, the process needs serious improvements, 

it paves the way to the development of semi-synthetic LPS NMR tools.  

Also, two hypotheses on role of PG hydrolases on the formation of the 

periplasmic bridge were tested disclosing that LptA does not act as an amidase 
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YgeR or NlpD (Fig.3.3). Leaving unanswered the question on how the hole on 

the PG is open to the building of the Lpt bridge.  

 
83Figure 3.3. Study of the trans-envelope machineries. From left to right: Mutations 
in BAM do not alter LOS composition; LptA do not act as amidase regulator nor 
interact with the tested amidase regulators; and the first attempts for the development 
of a semi-synthetic lipid A with active nuclei were performed. 

In conclusion, the architecture of bacterial envelope is crucial for the interaction 

with the host and the knowledge of the structure of its components is a 

fundamental prerequisite to proceed with functional studies, and to dissect the 

role of each component. 

In this frame, the knowledge of the molecular determinants of the bacteria of the 

microbiota is preliminary. This Ph.D. thesis demonstrates that their LPS and PG 

have unexpected structures and activities. Likewise, the biogenesis of OM, 

dissected on model organisms, still presents many gaps to be filled. Thus, our 

understanding of the cell envelope and of its metabolism is still in an early stage. 

However, it is mature enough to devise alive bacteria and/or synthetic analogues 

of their surface structures in clinical practice. 
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4.1. Strains, plasmids, primers, bacterial and growth conditions  

4.1.1. BAM mutants  

4.1.1.1. P1 phage transduction 

At University of Birmingham, Prof. Henderson’s team performed P1 transduction 

to produce a mutant where the gene of interest was replaced by a kanamycin 

cassette from Keio collection in the BW25113 strain. P1vir stock was added to 

the donor culture and incubated for ~3 h or until culture lysis. Chloroform (100 

µL) was added to the culture for complete cell lysis. The recipient cell pellets 

were suspended in 750 µL P1 salts (10 mM CaCl2 and 5 mM MgSO4). 100 µL of 

cells/P1 salts were mixed with 100 µL of the donor P1 lysate. Cells were 

incubated for 30 min at 37 °C. Following which, 1 mL of LB and 200 µL 1 M 

sodium citrate were added to each sample and the culture was incubated for 1 h 

at 37 °C with aeration. The cells were harvested by centrifugation at 4,000 g for 

2 min and re-suspended in 100 µL of LB. The cells were then plated onto agar 

plates containing 50 µg/mL kanamycin, and 5 mM sodium citrate. The plates 

were incubated overnight at 37 °C. The mutants were confirmed by check PCR 

and re-streaked on plates supplemented with 50 µg/mL kanamycin, and 5 mM 

sodium citrate. This step was repeated three times to ensure P1 phage absence. 

4.1.1.2. Removal of the Kanamycin cassette 

At University of Birmingham, Prof. Henderson’s team used some mutant strains 

that contained no resistance cassette in place of a gene. This kanamycin cassette 

contains two FRT sites either side of the resistance gene which allows the 

resistance gene to be flipped out, producing a scar region of around ~100 bp. 

Firstly, the strain of interest was transformed with the plasmid pCP20 and 

incubated at 30 °C. This plasmid is a temperature sensitive and does not replicate 

at 37 °C. The pCP20 plasmid codes for the yeast recombinase Flp, which, 
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recombines the FRT sites either side of the kanaycmcin cassette (Cherepanov and 

Wackernagel 1995). The transformants were selected on 100 µg/mL carbenicillin 

pates. In an attempt to remove the pCP20 plasmid, the transformants were re-

streaked on LB only plates and incubated overnight at 37 °C. Individual colonies 

were then selected and re-streaked onto LB agar plates, LB agar supplemented 

with kanamycin (to confirm deletion) and LB agar supplemented with 

carbenicillin (to confirm plasmid loss). The colonies that grew on the LB plate 

were screened by colony PCR to confirm the deletion. This method was utilised 

in the construction of mutants: DsurA, Dskp, DdegP, DbamB, DbamC, and DbamE. 

Mutants were grown in LB media 37 °C, overnight at University of Birmingham. 

4.1.2. LptA and LptAm mutant  

At the University of Milan, Prof. Polissi’s team obtained LptA with a C-terminal 

His6 tag in the Plasmid pGS109 by PCR (external primers: AP55-AP64; lptA 

open reading frames from genomic MG1655 DNA). The DNA fragment was then 

digested with EcoRI and XbaI and cloned in the corresponding sites of pGS100 

plasmid. Finally, lptAD160-185lptB operon was excised from the plasmid and 

subcloned into EcoRI-HindIII sites of pWSK29 (Sperandeo et al,. 2007).  

The lptAD160-185lptB DNA region was obtained by two-step PCR using (external 

primers: AP55-AP35; templates: the lptA region encoding for amino acids 1–159 

of LptA (LptAm)). It was PCR-amplified from pGS105 using AP55-AP295 

primers. The DNA fragment was then digested with EcoRI and XbaI and cloned 

in the corresponding sites of pGS100 plasmid (pGS105D160-185). Finally, lptAD160-

185lptB operon was excised from the plasmid and subcloned into EcoRI-HindIII 

sites of pWSK29 (Laguri et al,. 2017). 
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4.1.3. Akkermansia muciniphila MucT 

At Wageningen University, Prof. De Vos’ team grew Akkermansia muciniphila 

MucT (ATCC BAA-835) in anaerobic serum bottles sealed with butyl-rubber 

stoppers at 37 °C with N2:CO2 (80:20 ratio) in the headspace at 1.5 atm. The 

bacterial pre-cultures were prepared by overnight growth in: minimal media 

supplemented with type III hog gastric mucin (Sigma-Aldrich, St. Louis, USA) 

(Derrien et al,. 2004). Growth was measured by spectrophotometer as optical 

density at 600 nm (OD600) (OD600 DiluPhotometer™, IMPLEN, Germany). 

4.1.4. Fusobacterium nucleatum 

At Quadram Institute Bioscience, Prof. Juge’s team isolated F. nucleatum ssp. 

polymorphum ATCC 10953, F. nucleatum ssp. animalis ATCC 51191 and F. 

nucleatum ssp. nucleatum ATCC 25586 strains from clinical isolates were 

obtained from ATCC in partnership with LGC standards ltd. All F. nucleatum 

strains were cultured in tryptic soy broth media (Becton Dickinson) supplemented 

with 5 µg/mL hemin (Sigma) and 1 µg/mL menadione (Sigma). 

4.1.5. Escherichia coli K12  

Both at University Federico II of Naples (wild type for 3.7 New NMR tool for the 

study LPS-protein interaction) and at University of Birminghan (wild type and 

BAM mutants for 3.6. Effects of BAM complex mutations on LPS production) 

Escherichia coli K12 was grown at 37 °C in aerobic condition in Nutrient Broth 

4 from Sigma (meat extract, 3 g/L; meat peptone, 5 g/L). After 18 h cells were 

harvested by centrifugation 20 min, 15000 g, 4 °C. 

4.2. LPS, LOS and OMV isolation procedures  

The first step for the study of lipopolysaccharides is their extraction from intact 

bacterial cells and purification. The lipopolysaccharides extraction is usually 



 

170 

performed by the application of two complementary techniques: the phenol-

chloroform-petroleum ether protocol (PCP) for R (rough)-form LPS or 

lipooligosaccharide (LOS) and hot phenol-water method for smooth-type LPS. 

The separated extraction of the different types of LPS is based on the different 

chemical properties, the LOS are more liposoluble. Also, it is remarkable to say 

that the PCP method extracts the LOS maintaining intact the cellule, whole the 

phenol water extraction breaks it. Both techniques should be performed when the 

bacterium phenotype is unknown. 

4.2.1. PCP extraction  

Dry cells were stirred for 30 min at room temperature (RT) in a mixture 

containing liquid phenol, chloroform and light petroleum in proportion 2:5:8 

(v/v/v). Afterwards, the sample was centrifuged, and the supernatant extracted. 

This step was repeated twice, and all the supernatants collected together. 

Consecutively, the low boiling solvents were eliminated by rotary evaporation. 

Then, drops of water were slowly added to the sample with remaining traces of 

phenol and water until LOS precipitated. It needed some hours at low temperature 

to precipitate. The precipitate was separated by centrifugation, dialysed to 

eliminate the traces of phenol and then lyophilised (Galanos et al. 1969). 

4.2.2. Hot water-phenol extraction and enzymatic digestion  

The pellet resulting from the PCP was stirred in water at 65 °C. Once equilibrated, 

the same amount of warm phenol was added and left at 65 °C for 30 min. The 

mix was then centrifuged at 4 °C producing the separation of the phenol layer at 

the bottom and the water layer at the top. The water layer was extracted and 

replaced with the same amount of warm water to repeat the extraction twice. The 

water supernatants pulled together and the phenol phase was dialysed to eliminate 

the phenol and lyophilised (Westphal and Jann 1965). 
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LOS obtained by PCP extraction were not further purified since the material was 

already very pure. On the other hand, the rupture of the cells during the hot water-

phenol extraction, produce nucleic acids and proteins to be present in the sample 

and samples were treated through an enzymatic digestion. The material was 

dissolved in a buffer (100 mM Tris, 50 mM NaCl, 10 mM MgCl2, pH 7.5) at a 

concentration 5.5 mg/mL. Then, RNAse and DNAse were added (100 µg/mL) 

and left at 37 °C 18 h under stirring. Amylase and pullulanase were added in this 

step for the purification of Akkermansia muciniphila and Fusobacterium 

nucleatum material. Consecutively, proteinase K was added at a concentration 

100 µg/mL at 37 °C, 4 h under stirring. Subsequently the resulting material was 

dialysed during 48 h to eliminate the nitrogenous bases and amino acids. After 

lyophilizing the resulting material, it was resuspended in water and underwent a 

step of centrifugation and ultracentrifugation that concluded in the separation, if 

present, of LOS, LPS and capsule (De Castro et al. 2010). 

4.2.3. SDS-PAGE  

Screening to detect the presence and length of LPS in polyacrylamide 

electrophoresis gel, by using the denaturing agent sodium dodecyl sulfate (SDS) 

in a PolyAcrylamide Gel Electrophoresis (PAGE) with silver staining 

(Kittelberger and Hilbink 1993; Tsai and Frasch 1982). 

4.2.4. Outer membrane vesicles isolation  

At Quadram Institute Bioscience, Prof. Juge’s team cultured bacterial cells until 

reaching OD600 of approximately 1.2 and centrifuged cells at 8,500 g for 15 min 

at 4 °C. The supernatant was collected, and vacuum filtered in 0.22 µm 

membrane. The filtered supernatant was ultra-centrifuged at 200,500 g for 2 h at 

4 °C using Type 45 Ti rotor (Beckman Coulter). The filtered supernatant was 

concentrated by spin-filtration using 100,000 MW cut-off filter unit (Sartorius). 

OMVs were recovered from the filter using sterile DPBS and further purified by 
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density gradient ultra-centrifugation. For the gradient, Optiprep media (60% w/v, 

Sigma) was diluted in 0.85% w/v NaCl and 10 mM Tricine-NaOH pH 7.4 solution 

to make 35%, 30%, 25% and 20% density solutions. The OMVs were mixed with 

40% Optiprep solution and placed at the bottom of a 13.2 mL Ultra-clear tube 

(Beckman Coulter) and Optiprep (2 mL) was added subsequently by density-

decreasing order. The preparation was ultracentrifuged at 135,000 g for 16 h at 

4oC with minimum acceleration and deceleration using a SW41 Ti rotor 

(Beckman Coulter). From the top to the bottom, 1 mL fractions were collected 

and analysed by SDS-PAGE in 4–15% Mini-PROTEAN® TGX™ Precast 

Protein Gel (BIO-RAD). The OMV-containing fractions were diluted with sterile 

DPBS and ultracentrifuged at 200,500 g for 2 h at 4oC using a Type 45 Ti rotor 

(Beckman Coulter). OMVs were resuspended in sterile DPBS and then filtered 

using a 0.22 mm membrane (Liu et al,. 2019). 

Purified OMVs were quantified and measured for their particle size by diluting 

100 times in 1 mL DPBS and loading onto a NanoSight LM12 (Malvern 

Panalytical) chamber by a syringe and the sample were slowly released. The 

considered particle size of each OMV sample were the mean of triplicates. 

Instrument settings used: camera shutter 1035, camera gain 680, capture duration 

60 sec. 

4.2.5. De-acylated LPS isolation 

The full polysaccharidic part can be studied by NMR after performing a complete 

de-acylation on the LPS to remove the lipids, leaving intact the glucosamine 

disaccharide. LPS were treated with anhydrous methylhydrazine (37 °C, 90 min, 

cooled under stirring). After wards de-O-acylated LPS were precipitated with ice-

cold acetone. The precipitate was centrifuged, washed with ice-cold acetone, 

dried, dissolved in water and lyophilised. LPS were de-N-acylated with KOH (4 

M, 120 °C, 16 h), followed by a neutralisation with HCl at room temperature. The 

free fatty acids were extracted with chloroform thrice and then passed through a 
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G10 column to eliminate salts (Di Lorenzo et al,. 2016; Holst et al,. 1994; 

Kaczyński et al., 2007). 

4.2.6. Isolation of the lipid A  

The ketosidic bond between Kdo and lipid A (a2→6) is especially susceptible to 

acid cleavage. Therefore, mild acid hydrolysis (1% acetic acid, 100 °C, 2 h) was 

used to cleave the Lipid A and the OPS that were separated by centrifugation 

(Wang and Cole 1996). 

4.2.7. De-acylated lipid A isolation  

An uncommon sequence of known reactions to isolate the fully de-acylated lipid 

A was performed consisting on: the methylhydrazine to remove the O-linked fatty 

acids (Haishima et al,. 1992), mild acid hydrolysis to cleave the Kdo linkage 

(Wang and Cole 1996) and the de-N-acylation with potassium hydroxide (Holst 

et al,. 1994), with the idea to use it as initial substrate for the insertion of the 

fluorine group. 

4.3. LPS composition and structure determination  

A combination of various techniques is required to determine LPS structure. First, 

a compositional analysis of the monosaccharides and lipids is performed by using 

chemical derivatisations and gas chromatography - mass spectrometry (GC-MS). 

Consecutively, the structure of different LPS fractions is analysed by Nuclear 

Magnetic Resonance (NMR), Matrix-Assisted Laser Desorption/Ionisation Mass 

Spectrometry (MALDI-TOF MS), and Electrospray Ionisation Fourier Transform 

Ion Cyclotron Resonance Mass Spectrometry (ESI FT-ICR MS) (Fig.4.1). 
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84Figure 4.1. Schematic view of the techniques used for the LPS structural 
characterisation. 

4.3.1. GC-MS  

In order to study the monosaccharide composition of a sample, it is necessary to 

make the monosaccharide volatile through derivatisation. For the purpose of this 

research the acetylated methyl glycosides (AMG), octyl-glycosides and partially 

methylated alditols acetates (PMAA) methods were used (De Castro et al,. 2010). 

All chemical derivatives were analysed by using a GC-MS Agilent Technologies 

7820A (Santa Clara, CA, USA) equipped with a mass selective detector 5977B, 

equipped with the automatic injector 7693A and HP-5ms capillary column 

Agilent, Italy (30 m x 0.25 mm i.d., 0.25 μm as film thickness, flow rate 1 

mL/min, He as carrier gas). Electron impact mass spectra were recorded with 

ionisation energy of 70 eV and an ionizing current of 0.2 mA. The temperature 

program used was: 150 °C for 5 min, 150 up to 300 °C at 10 °C/min, 300 °C for 

12 min (De Castro et al,. 2010). 
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4.3.1.1. Acetylated methyl glycosides (AMG) 

The monosaccharide content was established by the acetylated O-methyl 

glycoside derivatives method. For this purpose, the capsule (0.5 mg) was treated 

with HCl/MeOH (1.25 M, 80 °C, 16 h) followed by an acetylation step with acetic 

anhydride in pyridine (80 °C, 30 min) (De Castro et al,. 2010). 

4.3.1.2. Octyl-glycosides 

This protocol allows the determination of the absolute configuration of a sample. 

Pure LPS were treated with 200 µL of 2-(-)- octanol and 14 µL acetyl chloride at 

60 °C for 16 h. Octanol excess was eliminated under air flux. Consecutively, the 

octyl glycosides underwent a treatment with 100 µL of pyridine and 50 µL of 

acetic anhydride at 80 °C for 30 min to acetylate the sample (Leontein et al,. 

1978). After drying the sample, an extraction with water and chloroform was 

performed. Afterwards, the organic phase was dried and analysed by GC-MS. 

4.3.1.3. Partially methylated alditols acetates (PMAA) 

The sugar linkage pattern was defined by the partially methylated alditol acetated 

method. The sample (0.5 mg) was solved in DMSO, methylated with CH3I, 

hydrolysed with trifuoroacetic acid (2 M, 100 °C, 1 h), carbonyl-reduced with 

NaBD4, and acetylated with acetic anhydride and pyridine (Di Lorenzo et al,. 

2016). 

4.3.1.4. Fatty acid compositional analysis by methanolysis 

Fatty acids present in LPS could have different length and be saturated simple or 

C-2 or C-3 hydroxylated as well as unsaturated lipids. Their abundance and 

conformation are factors that determines how much the lipid A stimulates the 

immune system. The LPS underwent a treatment with HCl/MeOH (1.25 M, 80 

°C, 16 h) as for the MGA and subsequently lipids were extracted with hexane 
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thrice. Afterwards volume was adjusted, and the sample injected into the GC-MS 

(De Castro et al., 2010). 

4.3.1.5. Semiquantitative analysis of LPS in OMVs 

The OVMs were treated by HCl/MeOH (1.25 M, 80 °C, 16 h) and lipids were 

extracted with hexane and analysed by GC-MS (see Material and methods). The 

content of LPS versus phospholipids was done by measuring the integration of 

the chromatographic profiles of three fatty acids: C14:0, C16:0 and C18:0. C14:0 

(or myristic acid) was considered as the reporter of LPS of Fusobacterium 

nucleatum. C16:0 (or palmitic acid) and C18:0 (or stearic acid), were considered 

reporter of phospholipids. The analysis estimated the amount of each component 

(in this case, C14:0 versus C16:0 and C18:0) by means of a corrective factor 

calculated by preparing a series of standards for the calibration. The correlation 

was done by linear regression: C14/C16 area= 0.846 C14/C16 mols (R2= 0,9549) 

and C18/C16 area= 0.7164 C18/C16 mols (R2= 0,9081). Then the proportion 

LPS/phospholipids was calculated by (C14/C16 mols)/(C16+C18/C16 mols) 

proportions were approximately 1.5-2.5 (60-70%). 

4.3.2. NMR  

For structural assignments of the OPS 1H NMR and 2D NMR spectra were 

recorded using a Bruker 600 (University Federico II of Naples), 850 and 950 MHz 

(CNRS Grenoble, Prof. Simorre) spectrometers equipped with a reverse cryo-

probe with gradients along the z axis. In addition, 19F-NMR experiment was 

recorded 550 µL D2O, 27 °C, at 700 MHz (CNRS Grenoble, Prof. Simorre). The 

sample was solved at a concentration of 1 mg in 550 µL of D2O and the spectra 

were calibrated with internal acetone (dH = 2.225 ppm; dC = 31.45 ppm). The 

conditions were as follows: for A. muciniphila the NONA was recorded 550 µL 

D2O, 32 °C at 600 MHz and the TETRAD 550 µL D2O, 27 °C at 950 MHz; for 

F. nucleatum and E. coli in neutral conditions 550 µL D2O, 25°C at 600 MHz; 
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for F. nucleatum alkaline conditions by adding 4 µL of NaOD 4 M to 550 μL of 

D2O, 25 °C and in acid conditions by adding 4 µL of DCl conc. to 550 μL of D2O, 

37 °C at 600 MHz; for the N,N’-difluoropropanoyl-DODN-lipid A were recorded 

550 µL D2O, 27 °C at 850 MHz.  

Total Correlation Spectroscopy (TOCSY) experiments were performed with 

spinlock times of 100 ms using data sets (t1 × t2) of 2048 × 512 points. Nuclear 

Overhauser Enhancement Spectroscopy (NOESY) experiments were performed 

using data sets (t1 × t2) of 2048 × 512 points with mixing times of 200 ms. 

Heteronuclear Single-Quantum Coherence (HSQC), and Heteronuclear Multiple-

Bond Correlation (HMBC) experiments were performed in the 1H-detection 

mode by single-quantum coherence with proton decoupling in the 13C domain 

using data sets of 2048 × 512 points. HSQC was performed using sensitivity 

improvement and the phase-sensitive mode using echo/antiecho gradient 

selection, with multiplicity editing during the selection step (States et al., 1982). 

HMBC was optimised on long-range coupling constants, with a low-pass J filter 

to suppress one-bond correlations, using gradient pulses for selection. Moreover, 

a 60 ms delay was used for the evolution of long-range correlations. HMBC 

spectra were optimised for 6–15 Hz coupling constants. The data matrix in all the 

heteronuclear experiments was extended to 4092 × 2048 points and transformed 

by applying a qsine or a sine window function (Stern et al., 2002). 

4.3.3. MALDI-TOF MS and MS/MS 

MALDI-TOF MS and MS/MS analysis were performed on an ABSCIEX 

TOF/TOFTM 5800 Applied Biosystems mass spectrometer equipped with a 

Nd:YLF laser with a l of 345 nm, a b500-ps pulse length and a repetition rate of 

up to 1000 Hz. The lipid A was dissolved in CHCl3/MeOH (1:1, v/v), as 

previously described (Larrouy-Maumus et al., 2016; Di Lorenzo 2017). The 

matrix was the trihydroxyacetophenone dissolved in methanol/ 0.1% 
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trifluoroacetic acid/acetonitrile (7:2:1, v/v/v) at a concentration of 75 mg/mL. The 

lipid A solution (0.5 µL) and the matrix solution (0.5 µL) were deposited on the 

MALDI plate and dried at room temperature. All spectra were a result of the 

accumulation of 2000 laser shots, whereas 6000–7000 shots were summed for the 

MS/MS data acquisitions as described previously (Di Lorenzo et al., 2017). Each 

experiment was performed in triplicate. In addition, Prof. Garozzo performed this 

approach on the NONA and the TETRADECA of A. muciniphila at CNR of 

Catania. Alternatively, the lipid A was treated with concentrated NH4OH (RT, 16 

h) and analysed by MALDI (Silipo et al., 2002).  

4.3.4. ESI FT-ICR MS 

At University Leiden University, Dr. Nicolardi performed measurements on a 15 

T solariX XR FT-ICR mass spectrometer (Bruker Daltonics) equipped with a 

CombiSource and a ParaCell. The system was operated using ftmsControl 

software (Bruker Daltonics). A 20 µg/mL solution of the DODN LOS in 

water/ACN (v/v 50%:50%) was infused at a 2 µL/min into the ESI source. The 

ESI dry gas flow rate, drying temperature, nebulizer gas pressure and capillary 

voltage were 4.0 L/min, 200 °C, 1.0 bar, and -4500 V respectively. Mass spectra 

were acquired in the m/z-range 93-5000 with 2 M data points. For collision-

induced dissociation (CID) experiments, precursor ions were selected in the 

quadrupole and fragmented in the hexapole cell. Collision energies were 

optimised for each precursor ion to improve the fragmentation efficiency.  

Fragment ions detected in the ESI-CID mass spectra were exported as a peak list 

of [M+H]+ species. Each list was then loaded into GlycoWorkbench 2 and tested 

against hypothesised polysaccharide fragment structures. Fragment ions were 

assigned within 10 ppm error and allowing a maximum of up to 3 glycosidic 

cleavages. For each fragment ion, only one isomeric structure out of those 

possible was illustrated in the figures (Müller-Loennies et al., 2003). 
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4.4. LPS amidation treatment  

A novel approach on LPS derivatisation was tried to introduce active nuclei such 

as fluorine or paramagnetic groups. This reaction was done using carbodiimide 

conjugation, by activating carboxyl groups to react with amines via amide bond 

formation. 

The fully de-acylated lipid A of E. coli K12 was treated with 3-fluoropropanoyl 

chloride (Enamine) or 5-doxyl stearic acid (Avanti), N,N′-

Dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich) and pyridine (Sigma-

Aldrich) (2 equivalents, 60 °C, 18 h, under stirring) in a Dimethylformamide 

(DMF) solution (10 mg lipid A/ 1 mL DMF). The DMF and pyridine were dried 

with Aw300 400 Å seeds for 2 h (Giordano et al., 1991; Jones et al., 2014). It was 

purified by gel filtration in a HiTrap™ Capto™ Q, 5 mL (Fig.4.2). 

 
85Figure 4.2. Reaction mechanism of the amidation of the DODN-lipid A using the 
DCC and 3-fluoropropanoyl chloride in pyridine, argon and DMF. 

4.5. Peptidoglycan isolation 

Bacterial culture (2 L, OD600 of 0.4, resulting in a CFU of about 1.4 108 cells/ mL) 

was centrifuged. The cell pellet was resuspended in 40 mL of ice-cold 50 mM 

Tris–HCl (pH 7.0). The cell suspension was added dropwise into a flask with 150 
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mL of boiling 5% SDS solution, boiled 30 min and pelleted by ultracentrifugation 

(Wageningen University or Quadram Institute). At Newcastle University, Dr. 

Biboy, Dr. Daniela Vollmer, Dr. Atkinson and I repeatedly washed the pellet with 

deionised water until it was SDS free (Hayashi test). The pellet was resuspended 

in 900 µL of 10 mM Tris/HCl with 10 mM NaCl pH 7.0 + 100 µL of 3.2 M 

imidazole pH 7.0 and hydrolysed with a-amylase (15 µL, 10 mg/mL, 37 °C, 2 h). 

Afterwards, it was treated with Pronase E (20 µL, 10 mg/mL, 60 °C, 1 h) and 

subsequently treated with SDS 4% (1 mL, 100 °C, 15 min) and washed SDS free 

with deionised water (Glauner 1988). 

4.6. Peptidoglycan muropeptides compositional analysis  

At Newcastle University, Dr. Biboy and I prepared and reduced muropeptides for 

HPLC and MS study. First, the muropeptides were mixed with 100 µL of sample 

with 50 µL of 80 mM NaPO4 4×Buffer pH 4.8, and 50 µL of water and treated 

with cellosyl (20 µL, 0.500 µg/mL, 37 °C, ON). The enzyme was then inactivated 

by 10 min at 100 °C and the resulting pellet collected. The supernatant volume 

was reduced in the speed vac to 100 µL and treated with sodium borate (100 µL, 

0.5 M pH 9.0) and solid sodium borohydride (spatula tip, 30 min). The pH was 

adjusted to 3.5 - 4.5 with 20% phosphoric acid and injected in the HPLC (Glauner 

1988). Reversed-phase column (Prontosil 120-3-C18-AQ 3 µm, Bischoff, 

Germany) using an Agilent HPLC1220 infinity series with binary pump. HPLC 

was performed with a column temperature of 55 °C using a linear 135-min 

gradient from 100% buffer A (50 mM NaPO4–pH 4.31+ 10 µL of 10% NaN3) to 

100% buffer B (75 mM NaPO4– pH 4.95 + 15% MeOH (MS grade) at a flow rate 

of 0.5 mL/min. Muropeptide fractions detected at 205 nm were collected 

separately for its analysis by Liquid Chromatography - Mass Spectrometry (LC-

MS). The LC-MS setup consisted of a Waters Acquity Ultra-Performance Liquid 

Chromatography (UPLC) system (Waters, Milford, MA) and an LTQ ion trap 

Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with an 
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Ion Max electrospray source. Chromatographic separation consisted of an 

Acquity UPLC HSS T3 C18 column (1.8 µm, 100 Å, 2.1 mm by 100 mm). Mobile 

phase A (99.9% H2O and 0.1% formic acid) and mobile phase B (95% 

acetonitrile, 4.9% H2O, and 0.1% formic acid). Flow rate 0.5 mL/min and 

gradient program consisted of 1 min 98% A, 12 min from 98% A to 85% A, and 

2 min from 85% A to 0% A, 3 min 100% B, the gradient was then set to 98% A, 

and the column was equilibrated for 8 min (30 °C and the injection volume 5 µL). 

The temperature of the autosampler tray was set to 8 °C. Samples were run in 

triplicates. MS/MS was performed on the full chromatogram and on specific 

peaks by Dr. Gray from Newcastle University. The activation type was CID. 

MS/MS experiments in the ion trap were carried out with relative collision energy 

of 35%, the trapping of product ions was carried out with a false-discovery rate 

(q value) of 0.25, and the product ions were analysed in the ion trap. Data were 

collected in the positive electrospray ionisation (ESI) mode (scan range of m/z 

500 to 3,000 in high-range mode). The resolution was set to 15.000 (at m/z 400) 

(Van Der Aart et al., 2018). 

In another approach, at Newcastle University, Dr. Biboy and I treated 100 µL of 

muropeptides with 10 µL of 50 mM Ammonium formate buffer pH 4.8 and 20 

µL of cellosyl (0.5 mg/mL, prepared in 5 mM Ammonium formate, 10 mM 

Ammonium chloride buffer pH 4.8) (900 rpm, 37 °C, ON). Afterwards, enzymes 

were inactivated (100 °C, 10 min), cooled and centrifuged (14,000 rpm, 10 min). 

The supernatant was collected and dried in the speed vac. The material was then 

resuspended (25 µL of MilliQ water and 25 µL of 0.5 M Ammonium buffer pH 

9.0 adjusted with formic acid). Then it was reduced (few crystals Tetra methyl 

ammonium borohydride, RT, 30 min). The pH was adjusted to 3.5-4.5 using 5% 

Formic acid and injected in the LC-MS (Bui et al., 2009). LC-MS was performed 

by Dr. Gray from Newcastle University. 
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4.7. LptA and LptAm production and purification 

At CNRS of Grenoble LptA was expressed in BW25113 cells containing plasmid 

pGS109 and at Newcastle University, Dr. Winkle and I transformed LptAm in a 

pET21b vector into BL21 cells growth in M9 minimal media 20 °C overnight 

(ON) with ampicillin (100 µg/ml). Induced when OD600 0.6 with 0.5 mM 

isopropyl b-D-1-thiogalactopyranoside (IPTG) (ON at 20 °C, 220 rpm). Cells 

were harvested and resuspended 20 ml Buffer A (50 mM NaPO4, pH 8.0, 300 

mM NaCl, 10 mM imidazole, 10% glycerol). Then, sonicated (2 min, 25%, 2 sec 

on, 2 sec off) and centrifuged, (20,000 rpm, 30 min, 4 °C). Proteins were purified 

by using a Histrap 5 mL column. Mobile buffer A (50 mM NaPO4, pH 8.0, 300 

mM NaCl, 10 mM imidazole, 10% glycerol) and mobile buffer B (50 mM 

NaPO4, pH 8.0, 300 mM NaCl, 500 mM imidazole, 10% glycerol). Flowrate: 1 

mL/min, isocratic flow, 9 6% Buffer A + 4% Buffer B, 10 mL, 96% Buffer A + 

4% Buffer B to 100% Buffer B, 30 mL, isocratic flow, 100% Buffer B, 10 mL, 

isocratic flow, 100% Buffer A, 10 mL (collection in column, 1.5 mL/well) 

(Laguri et al., 2017; Oliver and Beckwith 1982; Sperandeo et al., 2007). 

4.8. LptA, LptAm and PG assays  

4.8.1. Amidase activity test 

At Newcastle University, Dr. Winkle and I performed the assay. Each protein had 

a final concentration of 2 µM in a Buffer 20 mM Hepes, 1 mM ZnCl2, 100 mM 

NaCl, 0.05% Tx-100, pH 7.5. 10 µL of peptidoglycan suspension were added to 

each protein mix simultaneously and incubated at 37 °C for 1 h (Peters et al., 

2016). Reaction was stopped by boiling for 10 min. Followed by digestion with 

cellosyl at 37 °C overnight and preparation as described for muropeptides study 

on the HPLC (see Material and methods). Activity is measured by the decrease 

in the original muropeptides and the emergence of amidase products. 
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4.8.2. Ni2+-NTA beads in-vitro pull-down assay  

At Newcastle University, Dr. Winkle and I performed the assay. A 2 µM of 

ultracentrifuged protein in a final volume of 200 µL of binding buffer (final 

concentration 10 mM Hepes/NaOH (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 

0.05% TX-100). The cocktail was incubated at RT for 15 min. 20 µL of the 

sample were removed, labelled as applied and stored at 4 °C. The rest of the 

sample was added to Ni2+-NTA beads (110 µL, previously washed) and incubated 

(gentle agitation, 4 °C, 3 h). Part of the sample (2 mL) was labelled as “applied” 

and conserved at 4 °C. The mix was then placed in a spin column and centrifuged 

(1 min, 4 °C, 3,000 rpm). The beads were rinsed with 400 µL of washing buffer 

(10 mM Hepes/NaOH (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 0.05% TX-100, 

30 mM imidazole) and centrifuged ten times (3,000 rpm, 1 min, 4 °C). Then 30 

µL 4×SDS loading buffer were added to the spin tube (100 °C, 10 min) and 

centrifuged (10,000 rpm, 5 min) and labelled as “eluate”. Also, 20 µL of 4×SDS 

loading buffer was added to the applied samples (100 °C, 10 min). All collected 

fractions were analysed by SDS-PAGE and Coomassie staining (Egan et al., 

2015; Gray et al., 2015). 

All experiments were confirmed using in parallel a negative control with protein 

alone to check that the apparition of the protein in fraction E was not due to the 

formation of aggregates. 

4.9. Immunological assays 

4.9.1. HEK-Blue cells 

At Wageningen University, Prof. De Vos’ team used HEK-Blue hTLR2 and 

hTLR4 cells to screen for TLR2 and TLR4 activation, respectively. In these cell 

lines, stimulation of TLR2 or TLR4 and subsequent activation of NF-κB and AP-

1 induces the production of secreted embryonic alkaline phosphatase (SEAP), 
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which can be quantified spectrophotometrically. Cell lines were grown and 

subpassaged according to InvivoGen instructions. Cells were subpassaged at 70–

80% of confluency in a maintenance medium of Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with GlutaMAXTM and 4.5 g/L D-glucose), 1x 

MEM non-essential amino acids, 100 U/mL penicillin, 100 µg/mL streptomycin, 

100 µg/mL normocin, 10% (v/v) of heat-inactivated Fetal Calf Serum and 

1×HEK-BlueTM Selection. Cells were maximally maintained until passage 25. 

Receptor activation was tested by seeding cells at 280.000 and 140.000 cells/mL, 

respectively, in flat-bottom 96-well plates in maintenance medium without HEK-

BlueTM Selection in a total volume of 180 μL/well. After 1 day, cells were 

stimulated by addition of 20 µL of the stimulant of interest (up to 3 µg/mL) in 

triplicate. Plates were incubated for 14-20 h at 37 °C under 5% CO2 with A. 

muciniphila’s LPS, O-chain or lipid A. The receptor ligand Pam3CSK4 (100 

ng/mL) and Ultrapure LPS from E. coli O111:B4 (up to 3 µg/mL) was used as 

control for TLR2 and TLR4 respectively. PBS and culture medium without 

antibiotics were used as a negative control. SEAP activity was detected by 

measuring the absorbance at 600 nm at 1 h after addition of 20 µL of induced 

HEK-Blue hTLR2 supernatant to 180 µL of QUANTI-Blue. Signals were 

normalised to negative controls (cell culture medium). 

4.9.2. Recombinant Siglec-Fc proteins 

At Quadram Institute Bioscience, Prof. Juge’s team cultured CHO-Siglec-7-Fc 

cells in Glasgow Modified Essential Medium (GMEM) without L-glutamine 

media supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL 

streptomycin and 50×GS supplements. Adherent CHO-Siglec-7-Fc cells (80-90% 

confluence) were washed twice with DPBS and protein expression was induced 

by culturing the cells with GMEM without L-glutamine media supplemented with 

200×FetalClone II, 100 U/mL penicillin and 100 μg/mL streptomycin, 50×GS 
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supplements and 100 µg/mL MSX. After 4 days, supernatant was collected 

gravity-flow column was used for Siglec-7-Fc purification.  

For the flow cytometry binding assays between F. nucleatum spp. and 

recombinant Siglecs. Bacteria (107 cells) were incubated with the pre-complex of 

recombinant Siglec-Fc (4 µg/mL) and mouse a-Fc-PE Ab (anti-Fc domain of 

Siglec-7-fluorescence labelled antibody) (1 µg/mL) in DPBS for 1 h at 37 ˚C. 

Following centrifugation at 14,000 g for 4 min, bacterial cells were washed with 

DPBS and analysed by Fortessa.  

For the ELISA-based binding assays, bacteria (107 cells) or bacteria-derivatives 

(10 µg/ml LPS or lipid A or OPS or 108 OMV particles) in DPBS solution were 

coated in a 96-well plate, o/n at 4˚C. Following a washing step with 0.05% tween 

in PBS (washing buffer) the plates were incubated with 1% bovine serum albumin 

(BSA) (1 h, RT). Followed by 3 times washing the plate were incubated with pre-

complexed Siglec-Fc and a-Fc-HRP for 2 h at RT. Colour development was 

stopped by the addition of 2N H2SO4 and the absorbance was measured at 450 

nm with reference at 570 nm.  

4.9.3. Human primary immune cells  

Human peripheral blood was obtained from haemochromatosis patients 

undergoing a therapeutic venesection at the Norfolk and Norwich University 

Hospital (Norwich, UK). Blood collection in this study was approved by the 

Faculty of Medicine and Health Sciences Research Ethics Committee REC 

reference number 2013/2014 -14HT (University of East Anglia). For monocyte-

derived dendritic cell (moDC) and macrophage (moMf) generation, peripheral 

blood mononuclear cells (PBMCs) were isolated from whole blood following 

centrifugation using Ficoll-Paque gradient media at Quadram Institute 

Bioscience. Monocytes (CD14+ cells) were isolated from PBMCs using CD14 

positive selection microbeads. Freshly isolated CD14+ monocytes (106 cells/ml 
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cells) grown in Mercedes medium supplemented with 25 mM HEPES, 10% FBS, 

55 μM 2-mercaptoethanol, 100 U/mL penicillin and 100 μg/mL streptomycin, 2 

mM glutamine, 1 mM non-essential amino acids and 1 mM Sodium Pyruvate, 

were incubated with granulocyte-macrophage colony-stimulating factor and IL-4 

(25 ng/mL) for differentiation of monocytes to moDCs or with macrophage 

colony-stimulating factor (25 ng/mL) for differentiation of monocytes to moMfs. 

The cells were incubated for 7 days at 37 ˚C, with addition of the cytokines on 

day 3 (Ohradanova-Repic et al., 2016). Human TNFa, IL-10, IL-6 production in 

the supernatant was monitored by ELISA. 

4.11. Image flow cytometry  

At Quadram Institute Bioscience, Prof. Juge’s team incubated monocyte-derived 

human cells at 5 106 cells/mL with 5 × 107 FITC-stained F. nucleatum ssp. for 4 

h. Cells were washed with FACS buffer and analysed by ImageStreamx Mk II 

(Amnis). On INSPIRE software a total of 5000 positive to FITC cells were 

collected.  
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